
INTRODUCTION 

Ophiolites representing the segments ex-
posing on the continent of oceanic lithosphere
are important in terms of determining the petro-
logical descriptions of the oceanic crust and the
upper mantle which is difficult to investigate and
to get information about the geodynamic evolu-
tion of the region which they occur.

Ýzmir - Ankara - Erzincan Suture Zone is the
residual of Ýzmir - Ankara - Erzincan Ocean
which occurs amongst Sakarya, Pontides and
Kýrþehir Blocks and Anatolide - Tauride platforms
(Þengör and Yýlmaz, 1981). This zone which
starts from the north of Ýzmir at west and extends
approximately 2000 km until the Georgian border
at east (Okan and Tüysüz, 1999), continues
namely as the Sevan-Akera Suture Zone at
Caucasians (Khain, 1975; Adamia et al., 1977;

Knipper, 1980). The NE-SW trending Eldivan
Ophiolite occurring within the central parts of
Ýzmir - Ankara - Erzincan Suture Zone (Figure
1a) represents the fragments of lithosphere
belonging to the Neothethys Ocean which has
started to rift towards the ends of Triassic and
closed within the Upper Cretaceous - Lower
Paleocene and there are several studies about
its stratigraphy, tectonical environment and geo-
chemical properties (Bailey and McCallien, 1953;
Akyürek, ,1981; Tankut, 1984; Tankut and
Gorton, 1990; Floyd,  1993; Önen and Hall  1993;
Rojay  et al 1995; Yalýnýz  et al. 1998; Rojay et al.
2001; Rojay et al. 2004; Göncüoðlu et al. 2006;
Dangerfield, 2008; Gökten and Floyd 2007;
Çakýr, 2009;). Units in the region are the rocks
belonging to the Eldivan Ophiolites, Cenoma-
nian and after Cenomanian aged cover rocks
cropping out on them (Figure 1b). 
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Eldivan Ophiolitic deposit from bottom to top
is represented by volcano sedimentary series
(basalt, radiolarite - chert - mudstone) and the
overlying metamorphic series (amphibolite, epi-
dosite, quartzite), tectonites (dunite, harzburgite,
chromite), cumulates (dunite, pyroxenite, gabb-
ro, diorite, plagiogranite) and plate dykes (Figure
2). All units within the deposit except volcanic
series are cut by isolated diabase dykes. Among
these units, volcano sedimentary series and
metamorphics which crop out around close vi-
cinity are not observed on the map (Figure 1) but
were shown on the generalized columnar section
(Figure 2). Mart, Karakoçaþ and Hançýlý forma-
tions which directly lie on the Eldivan Ophiolite
and shown as cover units in figure 2 represent a

tectonical relationship with this ophiolite. The unit
named by Akyürek et al (1979, 1981) starts with
conglomerate and sandstone layers forming by
the sediments of the Eldivan Ophiolites at bottom
and continues with the alternation of siltstone,
sandstone, conglomerate and marn layers.
Limestone layers are sporadically observed at
the uppermost layers. Mart formation is the first
unit that directly overlies the Eldivan Ophiolite.
The age of the unit has been detected as
Cenomanian - Turonian due to its fossil content
(Akyürek et al., 1979). The other unit, Karakoçaþ
Formation is generally composed of reddish co-
lored, coarse grained conglomerates and sand-
stones. The age of the units has been deter-
mined as Late Miocene due to its stratigra-
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Figure 1- a) Map showing the location of study area in Ýzmir-Ankara-Erzincan belt, b) the simpli-
fied  geological map of Eldivan Ophiolite and cover rocks observed in the study area
(modified from Akyürek et al., 1979; Hakyemez et al., 1986).



phical position. However, The Hançýlý formation
is composed of alternation of siltstone, marn,
clayey limestone and tuff - tuffite. Sporadically,
gypsium and coal layers were encountered. The

Late Miocene age were detected from the
samples taken from some coal layers by per-
forming the pollen analysis (Akyürek et al.,
1979). Mart, Karakoçaþ and Hançýlý formations
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Figure 2- The tectono-stratigraphic columnar section of the Eldivan
Ophiolite and units (after the settlement) (not to scale).



unconformably overlie the Eldivan Ophiolite. Due
to the post Miocene tectonism developed, it is
observed that Eldivan Ophiolite had thrusted
over Mart, Karakoçaþ and Hançýlý formations at
some places (Figure 1 and 2). 

In this study, it was aimed at detecting the
geological and geochemical properties of peri-
dotites of the Eldivan Ophiolite which have less
been investigated so far. Within this scope, the
geological map of the region was prepared and
environments of formation of these rocks were
determined analyzing the geochemistry of
olivine, orthopyroxene and spinel minerals in
samples taken from tectonites of the Eldivan
Opholite. 

TECTONITES OF THE ELDÝVAN
OPHIOLITES

Peridotites with tectonite texture form the
most significant part of the Eldivan Ophiolite.
Mylonitic and schistositic serpentines are clearly
observed within the contact zone of tectonites
that had thrusted over volcano sedimentary
series. Tectonites are generally composed of
harzburgites and sporadically constitute dunitic,
chromitic and pyroxenolitic layers and have
traces of plastic deformation. The rock has
gained a distinctively foliated and lineated form
due to gliding, grinding and recrystallization of
intra crystals of minerals. Towards the upper
levels the degree of deformation decreases,
despite that; dunitic levels and chromite ores
were frequently encountered. Harzburgite and
dunitic tectonites were serpentinized at high
levels.

As a result of petrographical studies of
samples taken from tectonites, it was investiga-
ted that these units were formed by serpenti-
nized harzburgites in general. Harzburgites
forming tectonites constitute olivine (60-70%)
(forsterite), orthopyroxene (enstatite) (20-30%),
chromite ((3 -5%) and clinopyroxene (1-2%).
Textural properties observed here are same as

the common textural properties observed in
harzburgites. Rocks are generally granoblastic in
structure (Figure 3a) and in mosaic texture which
small olivine minerals (product of recrystalliza-
tion) have formed especially around peripheral
zones of coarse olivine and pyroxene minerals
were sporadically observed (Figure 3b). Tiny oli-
vine crystals showing mosaic texture are in the
form of surrounding the coarse crystals. Tiny
olivine crystals that are the product of recrystal-
lization show wavy extinction around some of the
coarse olivine crystals that have the same extinc-
tion. This phenomenon indicates that the plastic
deformation causing the wavy extinction con-
tinues after recrystallization too (Engin et al.,
1980). Along cracks that have developed within
olivines the serpentinization is obviously
observed (Figure 3d). Olivines that are present
as disseminated in small dimensions within the
grain sizes of orthopyroxenes enclose orthopy-
roxene grains (See Figure 3a). Orthopyroxene
minerals are generally in medium to coarse
grained and disintegration along cleavages
(Figure 3c) and thin clinopyroxene exsolution
lamellae that have developed parallel to the
planes of cleavage were sporadically observed
(Figure 3d). Deformation lamellae (kink banding)
were seldom observed in enstatite minerals that
showed slight elongation (Figure 3e, 3f). Magne-
tisation at different proportions was observed
around chromite minerals that had variable crys-
tal sizes (Ferric chromite). Serpentinization along
crack systems that developed in one or some-
times two ways was evident in minerals that had
disintegrated as a result of deformation.

Within upper layers of tectonites, generally
veins that have thickness in centimeter or
decimeter scale and often pyroxenolites that are
observed as phyllonite cut harzburgites in such a
way to make a small angle with foliation plane.
Pyroxenolite phyllonite made by solutions of the
partial melting product have been folded during
plastic deformation forming the foliation (Figure
4a). 
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Figure 3- Thin-section images of harzburgites, a) granoblastic texture observed in harzburgites, b) tiny olivine
minerals observed around the orthopyroxene, c) orthopyroxene minerals alterated to the bastite,
d) exsolution lamellae of clinopyroxene among orthopyroxene minerals, e) and f) deformation lamellae
observed in enstatite minerals (Ol: olivine, Opx: orthopyroxene, Cpx: clinopyroxene, Serp: serpentinite
minerals, Cr: chromite, Bs: bastite). 



Dunitic zones are observed as in lenses and
bands at variable thicknesses generally in the
upper layers of tectonites (Figure 4b). Olivine (90
-96%), orthopyroxene (1-3%) and chromite (3-
5%) minerals are present in dunites. While oli-
vines are observed as residuals in some thin
sections (Figure 5a), these are seen as in tiny
particles in nucleic parts of the sieve textured
high level serpentinized samples. It is considered
that the sieve structure that are widely observed
in thin sections have developed in this way.
Chromite minerals within dunites are available
at higher proportions than harzburgites. It is
accepted that the pull apart texture observed in
chromites within dunites have developed as a
result of tensional forces during plastic deforma-
tion (Engin et al., 1980) (Figure 5b). 

Chromites that are present generally in
dunitic and sometimes in harzburgitic zones
show massive, nodular and dispersive distribu-
tions in rock. Typical elongation and orientation
seen in chromite minerals can be observed in the
rock (Figure 6). Flattening and elongation that
could macroscopically be distinguished in mine-
rals such as orthopyroxene and chromite indicate
the presence of foliation planes in the rock. 

Peridotites of the Eldivan ophiolite were large-
ly serpentinized. Serpentines that generally
show massive structure are covered by brown to
yellow colored crust in centimeter thickness
which has formed due to atmospheric leaching.
These rocks that can be described by their
massive and green to black colored views when
broken represent a schistosic appearance at
fault zones and along margins of diabase dikes.
After serpentinization, the rock gains a mottled
green colored, slippery and shiny view as a result
of the period that has occurred in tectonically
active zones. 

Petrographical studies and X-RD analyses
were performed in order to describe serpentine
minerals. Chrysotile- , chrysotile- and lizardite
minerals were encountered during petrographi-
cal investigations of the samples taken (Figure
7). While chrysotiles are distinguished according
to the crystallographic structures of minerals,
lisardites are detected due to their massif form
and are in the form of sieve texture. Due to the
results of X-RD analyses, chromite, orthoserpen-
tinite, forsterite and pyroxene minerals were
encountered in addition to the minerals men-
tioned above (Figure 8). The presence of
chrysotile, lizardite and antigorite minerals
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Figure 4- Within the tectonites of the Eldivan Ophiolite; a) folded pyroxenolite vein observed in harzburgite and
b) Dunitic bands.



altogether indicates that the serpentinization
has formed at a temperature of up to 500°C
(Coleman, 1977). 

MINERAL CHEMISTRY OF PERIDOTITES

As a result of mineralogical investigations
point analyses were performed by means of EDS

(Energy Dispersive Spectrometer) device on two
fresh harzburgite samples (showing no altera-
tion) belonging to Eldivan formation. In order to
perform these analyses, JEOL - 6490 electron
microscope, SQ analysis program and ZAF
correction program have been used which are
available at the Directorate of Sedimantology
and Reservoir Geology of Turkish Petroleum
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Figure 5- Minerals and textures observed in dunites, a) sieve texture, b) pull-apart structures in chromites (ol:
olivine, serp: serpentinite, cr: chromite).

Figure 6- Flattened and elongated chromite minerals within
dunitic zones in the Eldivan Ophiolite.



Corporation (TPAO). By this technique, the
chemistry of minerals (olivine, orthopyroxene,
clinopyroxene, spinel) in the rock were defined
and their structural formulae were calculated by
CALCMIN software. 

Olivine minerals

According to the mineralogical chemistry
analysis performed on olivine minerals in harz-
burgite samples belonging to Eldivan Ophiolite,
forsterite constituents (Fo) of olivines and Mg#
(100*(Mg/(Mg+Fe+2))) values range in between
88 - 92% and 90 - 94%, respectively (Table 1).
Olivine minerals that have Fo88-Fo92 values indi-
cate excessively depleted harzburgite and dunite
(Uysal et al., 2007). 

Pyroxene minerals

Results of analyses obtained from orthopy-
roxene (Table 2) and clinopyroxene (Table 3) in
harzburgites were assessed according to the En
- Wo - Fs classification prepared by Morimoto
(1989). According to this, it was determined that
orthopyroxene minerals showed an abundance
on behalf of enstatite due to their Mg contents
(Figure 9a). However, clinopyroxene minerals

were detected as in the character of diopside
(Figure 9b). 

Cr - Spinel minerals  

Cr - spinels are accepted as one of the best
indicators of partial melting period of mantle peri-
dotites (Matsukage and Kubo, 2003; Tamura and
Arai, 2006; Uysal et al., 2007). Cr2O3 values were
detected as 32.09-48.43%, Al2O3 values as
12.14-19.89%, Fe2O3 values as 1.95-23.78%.
However; MgO values were detected as 9.26-
15.05% in chemical analyses of Cr- spinel miner-
als within harzburgites (Table 4). The large range
observed in Fe2O3 and Al2O3 values indicate that
chromites were subjected to alteration (Uysal et
al., 2007 and Singh, 2009). 

Cr - spinels were plotted on Al-(Fe+3+2Ti)-Cr
ternary diagram (Figure 10a) and on
100*Mg/(Mg+Fe+2)-100*Cr/(Cr+Al) diagram (Fi-
gure 10b) in order to understand its character. As
a result it was seen that these samples fell into
Alpine type peridotites. Chemical changes deter-
mined in Cr - spinels might be due to magmatic
alterations or regional metamorphism (Cameron,
1975; Kimball, 1990). However, it was observed
that Cr - Spinel minerals belonging to Eldivan
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Figure 7- Thin-section views of serpentine group minerals, a) chrysotile - ve chrysotile - minerals surround-
ing the orthopyroxene mineral, b) chrysotile - and lizardite minerals.
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Figure 8- X-RD results taken from serpentine minerals of the Eldivan ophiolite. Chrysotile, 
lizardite, chromite, ortho-serpentine, forsterite and pyroxene minerals occur in ophiolitic
rocks.



Ophiolites fell into MORB type peridotite region
in Al2O3-Fe+2/Fe+3 diagram (Kamenetsky et al.,
2001) (Figure 11). 

GEOCHEMICAL PROPERTIES OF
TECTONITES

Total rock analyses for 5 samples taken from
harzburgites were performed by XRF and ICP -

MS devices in ACME laboratories (Canada).
When results of major oxide analyses were
investigated, it was observed that SiO2 values
and MgO values had ranged in between 44- 47%
and 41 - 45%, respectively. However, FeO values
were determined as ranging in between 8 - 9%
(Table 5). It is seen that all samples are rich in
Mg and were clustered in metamorphic peridotite
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Table 1- The results of analysis and cation values of olivine mineral in harzburgites
belonging to the Eldivan Ophiolite.  
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(ultramafite tectonite) zone when these were
plotted in order to define the differentiation
grades of samples at Al2O3-CaO-MgO diagram
made by Coleman (1977) (Figure 12). The term
"metomorphic peridotite" can also be named as
"tectonic harzburgite", "harzburgite type", "Alpine
type ultramafic" (Jackson and Thayer, 1972). 

When Cr2O3-NiO values obtained as a result
of geochemical analyses of tectonites in the
study area were plotted on the discrimination
diagram of Irvine and Findlay (1972), it was seen
that all samples were condensed over the region
of "Alpine type peridotite" (Figure 13). When
major oxide analysis results obtained from rocks
in the region were plotted on Ringwood's (1975)
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Table 3- The results of analysis and cation values of the clinopyroxene minerals in
harzburgites belonging to the Eldivan Ophiolite (valence=12, cation=4).



Al2O3-MgO diagram, it was seen that all samples
were clustered over less depleted pyrolite zone
(Figure 14). 

In MgO/SiO2-Al2O3/SiO2 diagram (Figure 15),
the MgO/SiO2 value in abyssal peridotites sys-
tematically decreases due to loss in MgO during
the degradation period at the sea bottom (Snow
and Dick, 1995; Niu, 2004, Paulick et al., 2006).
MgO/SiO2 decrease with Al2O3 increase can be
explained by the process of suction of the melt at
the thermal boundary layer (Niu, 2004; Paulick et
al., 2006). 

DISCUSSION AND RESULTS  

As a result of geological, mineralogical and
geochemical studies carried out in harzburgitic
tectonites belonging to Eldivan Ophiolites, it was
determined that these units represented the
residual mantle after partial melting. Within tec-
tonites, the increase in dunitic zones, gabbro and
pyroxenolith phyllonites from bottom to top was
interpreted as the partial melting grade had
increased towards top. As a result of assessment
of the chemical and all rock analyses of minerals
forming peridotites of the Eldivan Ophiolite, it
was considered that these rocks had been
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Table 4- The results of analysis of chromite minerals samples in peridotites of the eldivan Ophiolites
(chrome spinel analyzes and Fe+2 and Fe+3 value were standardized using Droop (1984)
equation. Cation number were taken as 24 in all analyses).
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Figure 9- En-Wo-Fs distribution diagrams of (a) orthopyroxene and (b) clinopy- 
roxene minerals in harzburgite samples of the Eldivan Ophiolite (after
Morimoto, 1989

Figure 10- Plot diagrams of Cr-spinels of the Eldivan Ophiolite. a) Al-(Fe+3 + 2Ti)-Cr (modified from
Jan and Windley, 1990), b) 100*Cr/(Cr+Al) ile 100*Mg/(Mg+Fe+2) (modified from Dick
and Bullen, 1984).
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Figure 11- Display of Cr-spinel minerals on Fe+2/Fe+3 - Al2O3 diagram
(modified from Kamenetsky et al., 2001). 

Table 5- The resutls of major oxide analyses of peridotites of the Eldivan Ophiolite. 



derived by a low grade partial melt from a tho-
leiitic melt (for instance MORB). As a result of all
rock chemical analyses, Mg proportions to be in
high and Al and Ca proportions to be in low
values show that rocks developed by the low
grade partial melting of the primary mantle
source and by its excess consumption. The per-

centage of Mg# in olivine minerals to be appro-
ximately 90 - 94% interval indicates that the ori-
gin of olivines occurring in peridotites is also
mantle source.

When the formation of depleted harzburgite
and dunites have reasons such as melting,
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Figure 12- The plots of ultramafic rocks on CaO-Al2O3-MgO ternary
diagrams belonging to the Eldivan Ophiolite (after
Coleman, 1977).

Figure 13- The plots of tectonite samples of the Eldivan Ophiolite on
Cr2O3 - NiO diagram (after Irvine and Findlay, 1972).
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Figure 14- The distribution tectonites of the Eldivan Ophiolite on Al2O3-
MgO diagram (after Ringwood, 1975).

Figure 15- The diagram showing the plots of harzburgitic tectonites of the Eldivan Ophio-
lites on MgO/SiO2 - Al2O3/SiO2 diagram. Examples shown in the diagram
present a parallelism with the boundary shown as dotted line and defined by the
terresterial region (Jagoutz et al., 1979). The geochemistry of the samples is
controlled by their modal mineralogical compositions and hydrothermal altera-
tions (from Paulick et al., 2006).



mantle - melting interaction and mantle metaso-
matism are considered (Kelemen et al, 1992;
Zhou et al., 1996; Uysal et al., 2007), it is inferred
that harzburgite and dunite samples of the
Eldivan Ophiolite were depleted rocks at different
grades. Besides, number of Cr# in tectonite
samples to be at variable proportions is one the
best examples of he partial melting grade in
mantle peridotites (Dick and Bullen, 1984; Arai,
1994; Tamura and Arai, 2006; Uysal et al., 2007).  

Dunite and harzburgites are typical residuals
of mantle melting in pyrolitic model (Wilson,
1993; Blatt and Tracy, 1996). The occurrence of
residual type harzburgite and dunites depleted
by Al2O3 in mid oceanic ridges too (Bacak and
Uz, 2003) indicates that tectonites of the Eldivan
Ophiolites were formed by depleted mantle. 
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