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Intrusive lherzolites within the basalts of Küre ophiolite (Turkey):
an occurrence in the Tethyan suprasubduction marginal basin
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The Küre ophiolite is interpreted as the remnants of the suprasubduction marginal basin formed on the northwardly subducted
Tethyan oceanic lithosphere. The Küre Basin was opened during late Late Triassic and closed during late Middle Jurassic.
Intrusive lherzolites cut the lower part of the basalts forming the volcanic upper unit of the Küre ophiolite. Lherzolites

occur in tabular form with hectometric dimensions and have a massive character. High temperature metamorphic effects
were developed in the wallrock along a zone a few metres thick. The lherzolite is relatively fresh and displays poikilitic
texture where subhedral and anhedral olivines are included in large pyroxenes. The primary mineral paragenesis of the lherzo-
lite is represented by olivine and chromite as early cumulus phases. Diopside, bronzite and plagioclase are the late igneous
minerals. Hornblende and titanite formed during the late stage of crystallization at the expense of clinopyroxene. Serpentine
minerals, phlogopite and hydrogrossular are the secondary minerals formed at the expense of olivine, bronzite and diopside.
Tremolite, actinolite, chlorite and sericite are the late alteration products of the lherzolite.
High temperature and low pressure conditions are indicated based on the mineral compositions. The crystallization tempera-

ture of the olivine and chromite is estimated to be 1015–1070�C, and that of the pyroxenes, the last crystallized primary miner-
als, around 900–950�C. The solidification of the magma was completed in the lower part of the basalts, at a depth of c. 2.7 km.
The Küre lherzolite has a very high oxygen fugacity indicating an oxidized arc magma origin. The magma rose as a crystal mush
and intruded the basalts. The generation of the parental magma may be explained by extensive melting of the upper mantle,
facilitated by the presence of hydrous fluids released from the subducted Tethyan oceanic lithosphere. Copyright# 2006 John
Wiley & Sons, Ltd.
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1. INTRODUCTION

Intrusive lherzolites within the oceanic crustal sequence are of interest to geologists because of their rarity in

ophiolites, possibly due to the difficulty of emplacing dense peridotitic magma in the crust. The Küre ophiolite

is one of the rare massifs displaying late intrusive peridotites and is unique due to the presence of lherzolitic bodies

cutting the basalts.

The Küre ophiolite is a small oceanic assemblage which is principally known for its Cyprus-type massive

sulphide deposits (Mitchell and Bell 1973; Erler 1995). A renewed interest developed when it was considered

as a ‘fragment of the Permian–Triassic Palaeotethyan oceanic lithosphere’ (Şengör et al. 1980). Until that time
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it was generally accepted that, from Late Carboniferous to Early Triassic, oceanic lithosphere was not present

between Laurasia and Gondwanaland in the Anatolian region (Argyriadis 1975).

Palaeontological and geochronological data (Aydin et al. 1995; Kozur et al. 2000; Terzioğlu et al. 2000) indicate

that the Küre Basin was open between Late Triassic and late Middle Jurassic. Geochemical trace element data

of the basalts suggest that the Küre ophiolite represents the fragments of a marginal basin generated above a sub-

duction zone (Ustaömer and Robertson 1993, 1994, 1995, 1997, 1999; Boztuğ et al. 1995; Kozur et al. 2000) rather

than a piece of the major oceanic lithosphere. As a consequence, the Küre lherzolite may be interpreted as being

formed, in Jurassic time, in a marginal basin above the subducted oceanic lithosphere. A similar setting was pro-

posed for the intrusive peridotites cross-cutting the pyroxenitic and gabbroic cumulates of the Troodos ophiolite

(Laurent 1992).

This paper is based on the results of a detailed field-based geological study on the Küre ophiolite. It aims to

describe geological, petrographical and geochemical characterististics of the Küre lherzolites and to discuss the

question of whether there is a link between the emplacement of the lherzolite and the geodynamical environment.

2. GEOLOGY OF THE KÜRE OPHIOLITE

The Küre ophiolite is a small oceanic assemblage situated in the Central Pontides, about 20 km to the south of the

Black Sea coast (Figure 1). It consists of harzburgite to dunitic tectonites, basaltic volcanics and detrital sedimen-

tary units, intrusive lherzolites and gabbros (Figure 2). The harzburgites, dunites, basalts and shale–sandstone units

are cut by isolated diabase dykes. Ustaömer and Robertson (1993, 1994) report also a true sheeted dyke complex

cutting the isotropic microgabbros. All units are intruded byMiddle Dogger granitoids (Boztuğ et al. 1995) and are

covered unconformably by conglomerates of late Dogger–early Malm age followed by Malm limestones (Güner

1980; Pehlivanoğlu 1985; Aydin et al. 1986; Ustaömer and Robertson 1994; Çak�r 1995).
The contacts between different ophiolitic units are generally tectonic within an imbricated structure (Figure 1).

The harzburgites and dunites occur as tectonic slices on top of the volcanic and detrital sedimentary rocks. The

basalts are often overthrust onto the shale–sandstone unit. However, in the Aş�köy mine area, west of Küre town,

the primary relationship of basalts at the bottom, and orebody and shale–sandstone at the top, is well observed

(Figure 2). These units have a normal contact relationship and they constitute a ridge (Aş�köy ridge) with a general
trend of N38�W. They are generally offset by normal faults which tend to be parallel to the ridge axis. It is impor-

tant to point out that various geological elements observed in the volcanic and sedimentary units are parallel to

each other and oriented in a NW–SE direction. In particular, the parallel orientation of diabase dykes, lherzolites

and gabbro intrusions to the Aş�köy ridge axis points to an early spreading ridge structure formed in the oceanic

environment. Consequently, the parallelism of normal faults and ridge axis and formation of a horst-graben system

becomes explainable. Bailey et al. (1967) suggest that these faults were formed before the formation of the massive

sulphide deposits and created the channels for the mineralizing solutions.

The basalts are represented by massive basaltic lavas, pillow lavas and hyaloclastites. They form the host and

footwall rocks of the Küre massive sulphide deposits. In the Aş�köy area they are covered conformably by a shale–

sandstone unit. Evidence from the Aş�köy open pit and underground mine area together with drill cores document

that at the upper levels the sequence contains basalt–shale alternations (Çak�r 1995). The major and trace element

analyses and pyroxene chemistry of the basalts are consistent with mid-ocean ridge basalt (MORB) and voloanic

arc basalt (VAB) compositions (Ustaömer and Robertson 1994, 1999). The available whole-rock ages from the

basalts are 170� 6Ma (Aydin et al. 1995) and 168� 5Ma (Terzioğlu et al. 2000). Although the whole-rock ages

should be treated with caution due to the probable extensive low-temperature alteration effects, they are supported

by palaeontological data of Önder et al. (1987).

The shale–sandstone unit constitutes the main part of the Küre ophiolite. Around Çal village, 20 km SE of Küre

town (Figure 1), dark-grey marly siltstones and shales of Rhaetian age overlie the Upper Triassic passive marginal

limestones comparable with the North Alpine-type Halstatt Limestones (Kozur et al. 2000). Around the Göynükdağ�
region, shale–sandstone alternations conformably overlie biomicritic limestones of the Kayabaş� Formation
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Figure 1. General geological map and cross-sections of Küre–Cangaldağ–Elekdağ ophiolites. Compiled and modified from Eren (1979),
Y�lmaz (1980), Ayd�n et al. (1986) and Çak�r (1995).
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dated to be Middle–Late Triassic by macro- and microfossils (Önder et al. 1987). Around Şamoğlu village, 12 km

NE of Küre town, shale–sandstone alternations overlie shallow-water limestones of Early and Middle Triassic age

(S�rçal�k Formation) and metamorphic rocks with an angular unconformity (Pehlivanoğlu 1985; Aydin et al. 1995).

The metamorphic rocks, representing the continental basement of the Central Pontides, are composed, from

bottom to top, of gneisses, micaschists, amphibolites, marbles and phyllites. The K-Ar age of the lowermost gneiss

is 311� 6.2Ma (Aydin et al. 1995).

The geological setting of the shale–sandstone unit (the Akgöl Formation; Ketin and Gümüş 1962), covering

both the oceanic and surrounding continental units in a small area, shows that the Küre ophiolite was formed in

a narrow marginal basin which opened during late Late Triassic time. The Akgöl Formation contains few fossils

indicative of Late Triassic–Liassic (Aydin et al. 1986, 1995), Liassic (Kovenko 1944; Ketin 1962) and Dogger

(Önder et al. 1987) ages. Some Upper Carboniferous and Lower Permian palynomorphs reported from the forma-

tion (Kutluk and Bozdoğan 1981) are interpreted as reworked material from the older adjacent units (Yilmaz and

Şengör 1985; Ustaömer and Robertson 1994; Kozur et al. 2000).

The Küre ophiolite is covered unconformably by basal conglomerates of late Dogger–early Malm age (Aydin

et al. 1995). Accordingly, it appears that the oceanic life of the Küre ophiolite was constrained between Liassic and

late Dogger.

Figure 2. Geological map and cross-sections of Küre area. Modified from Güner (1980), Pehlivanoğlu (1985), JICA and MMAJ (1992)
and Çak�r (1995).
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3. GEOLOGICAL SETTING OF THE KÜRE LHERZOLITE

Lherzolites occur south of Küre town as two outcrops and probably represent different parts of the same intrusive

body (Figure 3). The first lherzolite outcrop is located east of the hill of Karacakaya and has a lenticular body with

a thickness of 75–100m and length of 400m. The strike is N37�Wwith a dip of 70–80� to the SW. In general, the

contacts between lherzolite and basalt are faulted. Nevertheless, sometimes the primary nature of the contact can

be observed with magmatic zoning in the lherzolite and high-temperature metamorphic effects in the basalt. The

relationships suggest that lherzolite was emplaced into the fractures opened during the oceanic period. Lherzolite

is massive with a greenish black colour (Figure 4a). It is relatively fresh and displays poikilitic texture where sub-

hedral and anhedral olivines are included in large pyroxenes (Figure 4b). Near the contacts with the basalts, the

lherzolite displays brecciation. This brecciation appears to have occurred during the final stages of the emplace-

ment and crystallization of the ultrabasic magma as the host basaltic rocks do not display brecciation. At the con-

tact zone lherzolite progressively grades into plagioclase lherzolite and olivine gabbro lithologies. This zone is

normally 2–5m thick, and composed of olivine, plagioclase, bronzite, diopside, chromium spinel and magnetite.

Figure 3. Detailed geological map of the lherzolite intrusions.
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Figure 4. Field and microcopic views of the intrusive lherzolites and the wall rocks. (a) General view of the intrusive lherzolite east of
Karacakaya tepe. Ba, basalt; BrLhe, brecciated lherzolite; MaLhe, massive lherzolite; Mba, metabasalt. (b) Typical textural features of the Küre
intrusive lherzolite (sample K4b). Rounded olivines (Ol) are included in large diopside (Cpx) and bronzite. (c) Microscopic view of
the metabasalt at the contact zone with the lherzolite east of Karacakaya tepe (sample K4d). Act, actinolite; Cpx, diopside; _IIlm, ilmenite; Gr,

garnet; (d). General microscopic view of the basalt, 20m from the contact with the lherzolite east of Karacakaya tepe (sample K4e).
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In host basalts, along a zone a few metres wide from the lherzolite, high-temperature metamorphic effects are

observed. Macroscopically, this zone has a compact aspect and light green colour dotted with dark coloured specks.

In thin section, these specks represent unaltered relicts of clinopyroxene (5–8mm), green hornblende (2–5mm),

garnet (4–6mm) and aggregates formed by ilmenite and titanite (Figure 4c). This paragenesis corresponds to the

pyroxene hornfels facies of Winkler (1975), indicating temperature conditions of greater than 600�C. The altered

matrix of basalt is composed of prehnite, chlorite and actinolite. These low temperature minerals are also observed

in the veins cross-cutting the rock and probably formed by the breakdown of plagioclase and mafic minerals.

The common basalts show microlitic texture and are composed of plagioclase (0.1–0.3mm), interstitial augite

(0.2–0.5mm), titanite and magnetite (Figure 4d). Chlorite, epidote and quartz are frequent secondary minerals.

The second lherzolite outcrop occurring 320m north of the first one is surrounded by gabbros. It has a hecto-

metric triangular outcrop; the contacts are not exposed because of the soil cover and dense vegetation. The gabbros

occur as large tabular bodies with longest axis trending in a N40�W direction for about 2 km (Figure 2). Their

thickness varies between 200m and 400m. In the outcrop area, they are generally massive or display weak layering

in places. Some nodules of olivine gabbronorite with rounded shape and decimetric size were observed near the

contact with the lherzolite.

In thin section, the gabbros have mesocumulate texture and are formed principally of euhedral and subhedral

clinopyroxene and plagioclase (andesine–labradorite). They are equigranular rocks and the grain size varies

between 0.7 and 2mm. Minor brown hastingsitic hornblende forms rims around clinopyroxene. Plagioclase is

zoned and partially altered to sericite starting from the central part. Olivine, which is generally a rare mineral

included in clinopyroxene and plagioclase, is the principal mineral in the nodules. Titanite, magnetite, hematite

and ilmenite are accessory minerals.

4. PETROGRAPHY

The lherzolite is generally fresh and displays poikilitic texture. Rounded olivine is enclosed in large crystals of

interstitial clinopyroxene and orthopyroxene (Figure 4b). Olivine is the principal mineral forming 45 to 60% of the

rock. It is present as subhedral and anhedral grains and there is no evidence of penetrative deformation. The size

varies between 0.2 and 1.5mm. The clinopyroxene is diopside and forms 20–25% of the rock, whereas the ortho-

pyroxene is bronzite and constitute 15–20% of the rock. Pyroxenes are large, interstitial and poikilitic minerals,

ranging in size from 0.8 to 4mm. Amphibole locally forms up to 20% of the rock. Based on electron microprobe

analysis, it is characterized by magnesiohastingsite and kaersutite according to Leake et al. (1997)’s classification.

Amphibole is strongly pleochroic from light to dark brown. It was presumably formed at the rim of clinopyroxenes

during a late stage of crystallization (Figure 5a). Chromium spinel, an accessory cumulus phase, occurs as small

euhedral and subhedral minerals (<150 mm) in olivine and pyroxene. Plagioclase is generally absent in the major

part of the lherzolite, but appears towards the border zone (approximately 2m thick) with the basalts where it

becomes the principal constituent of the rock (30–50%). In this zone, plagioclase occurs as euhedral and subhedral

cumulus minerals of labradorite composition, 0.5 to 3mm in size. Some of the plagioclase is zoned and partially

transformed to sericite; sericitization starts from the centre of the crystals. Phlogopite is a minor constituent of the

lherzolite. It is observed as a small, subhedral mineral developed at the rim of the olivine and orthopyroxene

(Figure 5b). It is particularly abundant in the brecciated border zone. Titanite is a rare and small secondary mineral

developed at the rim of the clinopyroxenes. Hydrogrossular is a secondary mineral formed by the late alteration of

clinopyroxene (Figure 5c) and amphibole (Figure 5a). Rare tremolite and actinolite associated with the chlorite and

talc are observed as alteration products of the clinopyroxene and olivine (Figure 5b).

Detailed examination shows that the primary mineral paragenesis of the lherzolite is represented by olivine and

chromite as early cumulus phases, with diopside, bronzite and plagioclase as the late igneous minerals. Hornblende

and titanite formed during the late stage of crystallization at the expense of clinopyroxene. Serpentine minerals,

phlogopite and hydrogrossular are the secondary minerals formed from the olivine, bronzite and diopside. Tremo-

lite, actinolite, chlorite and sericite are the late alteration products.
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Copyright # 2006 John Wiley & Sons, Ltd. Geol. J. 41: 123–143 (2006)



5. CHEMISTRY

5.1. Analytical procedure

The mineral analyses were obtained using JEOL 8900 (CANMET) and Cameca SX 100 instruments at the Tech-

nical University of Clausthal. Analytical conditions were 15–20 kV, 20–30 nA and 10–40 seconds peak counting

time using wavelength spectrometers.

Figure 5. Detailed microscopic views of the intrusive lherzolite. (a) Partial transformation of diopside (Cpx) to brown hornblende (Hb) and
hydrogrossular (Gr) (sample K25a). (b) Transformation of olivine (Ol) to phlogopite (Phl). Late alteration products are represented by talc (Tc)
and chlorite (Chl) (sample K25b1). (c) Hydrogrossular (Gr) replacing clinopyroxene included in large bronzite (Opx). Radial fractures from

garnet indicate that the transformation has occurred by volume augmentation (sample K25b1).

130 u. çakir, y. genç and d. paktunç
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The whole-rock analyses were performed on a Philips PW-1480 fully automatic X-ray fluorescence spectrometer

fitted with a 3.0 kW, 100 kV Rh-anode tube in the Department of Geological Engineering, Hacettepe University,

Ankara, Turkey. Major elements were determined on fused glasses prepared with 0.75 g rock powder and 4.5 g

lithium tetraborate. The spectrometer was calibrated using international standards (USGS and Geostandards). Cor-

rections were made using Philips software. Matrix effects were compensated for by using Philips’ alpha coefficients.

5.2. Whole-rock and mineral chemistry

The whole-rock compositions of five lherzolite samples are given in Table 1. They have approximately similar

compositions to the Lewis Hills (Karson et al. 1983) and Troodos (Laurent 1992) intrusive lherzolites but with

slight enrichment in FeO (Figure 6a, b).

Mineral analyses were performed on two fresh samples (Tables 2 and 3). The first one, K25b1, was taken from

the central part of the northern body and the second, K4c, from the brecciated border zone of the southern body, c.

20m from the contact with the basalts (Figures 3 and 4a). The chemical compositions of the primary minerals are

in accordance with the intrusive nature of the lherzolites. The olivine is generally homogenous within samples

plotting in the layered intrusion field (Figure 7A) defined by Simkin and Smith (1970). Their forsterite content

(Fo82–88) is significantly lower than the mantle olivine. The majority of the chromium spinels also plot in the field

of the layered intrusions and outside the abyssal peridotite field (Figure 7B) (Irvine 1967; Simkin and Smith 1970;

Roeder and Campbell 1985).

The primary minerals represent some slight chemical differences between samples. Olivine compositions in

sample K25b1, representing the central part of the northern body, vary between 86.3 and 88.1% Fo (Table 2),

whereas in sample K4c, taken from the brecciated border zone of the southern body, it is between 81.8 and

83.3% Fo (Table 3). The average NiO contents are 2050–3078 ppm (Tables 2 and 3).

The orthopyroxene (Wo2–3 En82–87 Fs10–15) and clinopyroxene (Wo44–47 En48–52 Fs4–7) show similar variation

patterns. Orthopyroxene has the composition of bronzite and contains more magnesium in sample K25b1

(87.12% En) than K4c (83.28% En). Both pyroxenes have approximately equal quantities of TiO2 in the same

sample (Table 2), whereas their average TiO2 content varies, from sample K25b1 to K4c, from 0.19% to 0.44%

in clinopyroxene and 0.18% to 45% in orthopyroxene. Similarly, the average Na2O content of the clinopyroxenes

in sample K25b is 0.15%, whereas it is clearly higher in sample K4c with 0.25% (Tables 2 and 3).

The chromium spinel has a higher Mg, Cr and Al content in the northern body than in the southern body. Amphi-

bole replacing clinopyroxene is calcic and classified, based on Leake et al. (1997), as magnesiohastingsite and

rarely as kaersutite.

MgO contents of phlogopite are relatively constant with values between 22.26 and 23.47%, whereas Na2O, K2O

and FeO contents vary from one grain to another (Tables 2 and 3). The average values of K/KþNa and Mg/

Mgþ Fe, are 0.573 and 0.841, respectively; they are low in comparison to the phlogopite of upper mantle perido-

tites documented by Arai (1984) and Arai and Natsuko (1989). Garnets are determined, based on their optical

characteristics, as hydrogrossular and are composed principally of grossular components (Table 3).

6. P–T CONDITIONS

Pressure condition was estimated based on crystal-structure modelling of clinopyroxene for basaltic systems

(Nimis 1995). The geobarometer reproduces experimental pressures within �2 kbar (¼ 1�; max. error �5 kb).

Mg numbers in sample K25b1 (0.93–0.94) are slightly higher than the limits (0.7–0.9) proposed by Nimis

(1995), while Mg numbers in sample K4c (0.87) are within the limits.

The pressures calculated on seven clinopyroxene microanalyses in samples K25b1 and K4c, vary between 0.306

and 1.589 kbar with an average of 0.9 kb (Tables 2 and 3). This average value indicates a depth of c. 2.7 km for the

crystallization of clinopyroxene.
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The intracrystalline cation partitioning between M1 and M2 sites of clinopyroxene were used to estimate closure

temperatures (cf. Molin and Zanazzi 1991). The temperatures calculated from clinopyroxenes in samples K25b1

and K4c vary between 884 and 904�C with an average value of 897�C (Tables 2 and 3).

Temperatures were also calculated using the olivine–spinel Mg–Fe2þ exchange thermometer (cf. Ballhaus et al.

1991) from the average compositions of olivine and chromite in samples K25b1 and K4c. Estimated temperatures

are 1070�C in sample K25b1 and 1015�C in sample K4c (Tables 2 and 3). These are clearly higher than the tem-

peratures calculated by the clinopyroxene geothermometer. This difference is in accordance with the explanation

that olivine and chromite represent the early cumulus phases and the clinopyroxene the late poikilitic mineral.

Nevertheless, orthopyroxene is also the late poikilitic mineral formed after olivine and chromite and its crystal-

lization temperature must be lower than that of the first cumulus minerals. To test this hypothesis, the equilibration

temperature of orthopyroxene was estimated by the method proposed by Lindsley (1983). The average composi-

tions of orthopyroxene yield approximately 900�C for K4c and 950�C for K25b1. Although the uncertainty of this

method is as large as �50�C, this range of temperature is approximately in accordance with the late crystallization

of the orthopyroxene.

In conclusion, chromite and olivine, the early cumulus minerals, were formed at temperatures between 1015 and

1070�C, whereas clinopyroxene and orthopyroxene, the late intercumulus poikilitic minerals, formed at between

900 and 950�C.

Table 1. Whole-rock compositions of the Küre lherzolite. Total iron is expressed as Fe2O3

K11 K6a K4a K4b K4c

SiO2 40.12 40.22 41.02 40.19 42.14
Al2O3 4.02 5.31 6.65 4.74 6.33
Fe2O3 tot. 12.31 13.09 14.36 14.26 12.74
MnO 0.17 0.19 0.21 0.21 0.19
MgO 31.34 31.10 27.41 30.95 26.93
CaO 4.60 3.79 5.43 4.09 6.11
Na2O 0.24 0.38 0.44 0.45 0.51
K2O 0.02 0.06 0.07 0.04 0.19
TiO2 0.21 0.38 0.32 0.27 0.36
P2O5 0.00 0.02 0.01 0.01 0.03
H2O 6.06 4.63 4.81 4.81 3.11
Total 99.10 99.16 100.17 100.02 98.63

Lh
Tr

SiO2

FeO MgO Al O32
CaO

FeO

Tr

Lh

(a) (b)

Figure 6. Whole-rock chemical variations of Küre lherzolite on (a) SiO2–MgO–FeO, (b) FeO–CaO–Al2O3 diagrams. Lh, average composition
of the seven intrusive feldspathic lherzolite samples from the Lewis Hills Massif (Karson et al. 1983). Tr, average composition of the intrusive

poikilitic peridotite from the Troodos Massif (Laurent 1992).
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ü
re

lh
er
zo
li
te

in
sa
m
p
le

K
4
c.
‘A
v
’
in
d
ic
at
e
th
e
av
er
ag
e
v
al
u
e

C
h
ro
m
it
e

1
2

3
4

5
6

7
8

9
1
0

1
1

1
2

1
3

A
v.
ch
r

S
iO

2
0
.0
4

0
.0
2

0
.0
1

0
.0
2

0
.0
2

0
.0
0

0
.0
2

0
.0
2

0
.0
2

0
.0
2

0
.0
2

0
.0
3

0
.3
8

S
iO

2
0
.0
5

T
iO

2
6
.7
6

3
.7
6

0
.4
5

1
.0
7

1
.7
6

2
.0
2

7
.6
0

7
.2
9

5
.7
0

5
.5
9

5
.4
4

1
.4
1

0
.9
8

T
iO

2
3
.8
3

A
l 2
O
3

8
.5
3

7
.1
4

1
3
.9
4

1
2
.3
1

1
0
.9
8

1
2
.5
7

8
.7
8

8
.3
4

8
.7
9

6
.9
8

7
.2
3

1
3
.2
3

1
2
.2
1

A
l 2
O
3

1
0
.0
8

C
r 2
O
3

2
3
.7
6

2
0
.5
9

3
4
.0
2

3
5
.5
6

3
4
.6
2

2
9
.3
7

2
4
.7
6

2
4
.1
8

2
5
.4
0

2
3
.4
4

2
3
.1
4

3
5
.9
8

2
9
.5
3

C
r 2
O
3

2
8
.0
3

V
2
O
3

0
.7
6

0
.5
6

0
.3
6

0
.3
8

0
.3
2

0
.3
6

0
.7
2

0
.5
9

0
.5
8

0
.7
0

0
.7
3

0
.3
6

0
.2
7

V
2
O
3

0
.5
1

F
e 2
O
3

2
4
.2
7

3
2
.4
5

1
9
.4
0

1
8
.9
9

2
0
.0
3

2
2
.6
5

2
1
.3
9

2
3
.1
7

2
4
.8
0

2
7
.8
1

2
7
.7
7

1
6
.5
0

2
4
.2
4

F
e 2
O
3

2
3
.3
4

F
eO

2
8
.0
5

3
0
.6
7

2
4
.4
7

2
4
.6
5

2
6
.5
3

2
6
.3
7

2
9
.4
4

2
8
.1
7

2
7
.5
9

3
0
.3
4

3
0
.0
1

2
5
.3
8

2
5
.2
3

F
eO

2
7
.4
5

M
n
O

0
.4
3

0
.3
9

0
.4
6

0
.4
3

0
.4
3

0
.4
1

0
.4
9

0
.4
0

0
.4
0

0
.4
6

0
.4
8

0
.4
4

0
.4
1

M
n
O

0
.4
3

M
g
O

6
.6
8

2
.8
0

5
.8
1

6
.0
6

5
.1
7

5
.4
2

6
.3
4

6
.8
8

6
.5
6

4
.3
5

4
.3
9

5
.7
9

5
.3
1

M
g
O

5
.5
0

N
iO

0
.2
6

0
.2
4

0
.1
4

0
.1
2

0
.1
5

0
.1
8

0
.2
3

0
.2
3

0
.1
4

0
.2
6

0
.2
3

0
.1
5

0
.0
9

N
iO

0
.1
9

Z
n
O

0
.0
6

0
.1
3

0
.2
2

0
.1
6

0
.1
3

0
.1
4

0
.0
8

0
.0
8

0
.0
8

0
.1
1

0
.1
4

0
.2
0

0
.1
9

Z
n
O

0
.1
3

T
o
ta
l

9
9
.5
9

9
8
.7
5

9
9
.2
8

9
9
.7
5

1
0
0
.1
4

9
9
.4
9

9
9
.8
5

9
9
.3
5

1
0
0
.0
7

1
0
0
.0
6

9
9
.5
9

9
9
.4
8

9
8
.8
4

T
o
ta
l

9
9
.5
4

N
o
.
o
f
o
x
y
g
en

4
S
i

0
.0
0
2
0

0
.0
0
1
0

0
.0
0
0
0

0
.0
0
1
0

0
.0
0
1
0

0
.0
0
1
0

0
.0
0
1
0

0
.0
0
1
0

0
.0
0
1
0

0
.0
0
1
0

0
.0
0
1
0

0
.0
0
1
0

0
.0
1
4
0

S
i

0
.0
0
1
7

T
i

0
.1
9
0
0

0
.1
1
5
0

0
.0
1
2
0

0
.0
2
9
0

0
.0
4
9
0

0
.0
5
6
0

0
.2
1
2
0

0
.2
1
5
0

0
.1
6
0
0

0
.1
6
3
0

0
.1
6
0
0

0
.0
3
8
0

0
.0
2
8
0

T
i

0
.0
9
9
5

A
l

0
.3
7
7
0

0
.3
4
3
0

0
.5
9
5
0

0
.5
2
5
0

0
.4
7
5
0

0
.5
4
7
0

0
.3
8
3
0

0
.3
6
8
0

0
.3
8
7
0

0
.3
2
0
0

0
.0
3
2
0

0
.5
5
9
0

0
.5
3
8
0

A
l

0
.4
1
1
0

C
r

0
.7
0
4
0

0
.6
6
3
0

0
.9
7
4
0

1
.0
1
7
0

1
.0
0
4
0

0
.8
5
8
0

0
.7
2
5
0

0
.7
1
5
0

0
.7
5
1
0

0
.7
2
1
0

0
.7
1
4
0

1
.0
2
0
0

0
.8
7
3
0

C
r

0
.7
6
7
0

V
0
.0
2
3
0

0
.0
1
8
0

0
.0
1
0
0

0
.0
1
1
0

0
.0
0
9
0

0
.0
1
1
0

0
.0
2
1
0

0
.0
1
8
0

0
.0
1
7
0

0
.0
2
2
0

0
.0
2
3
0

0
.0
1
0
0

0
.0
0
8
0

V
0
.0
1
4
0

F
eþ

3
0
.6
8
4
0

0
.9
9
4
0

0
.5
2
8
0

0
.5
1
7
0

0
.5
5
3
0

0
.6
2
9
0

0
.5
9
6
0

0
.6
5
2
0

0
.6
9
8
0

0
.8
1
3
0

0
.8
1
5
0

0
.4
4
5
0

0
.6
8
2
0

F
eþ

3
0
.6
0
6
6

F
eþ

2
0
.8
7
9
0

1
.0
4
4
0

0
.7
4
1
0

0
.7
4
6
0

0
.8
1
3
0

0
.8
1
4
0

0
.9
1
1
0

0
.8
8
1
0

0
.8
6
2
0

0
.9
8
6
0

0
.9
7
9
0

0
.7
6
1
0

0
.7
8
9
0

F
eþ

2
0
.7
9
2
6

M
n

0
.0
1
4
0

0
.0
1
3
0

0
.0
1
4
0

0
.0
1
3
0

0
.0
1
3
0

0
.0
1
3
0

0
.0
1
5
0

0
.0
1
3
0

0
.0
1
3
0

0
.0
1
5
0

0
.0
1
6
0

0
.0
1
3
0

0
.0
1
3
0

M
n

0
.0
1
2
6

M
g

0
.3
7
3
0

0
.1
7
0
0

0
.3
1
3
0

0
.3
2
7
0

0
.2
8
9
0

0
.2
9
8
0

0
.3
5
0
0

0
.3
8
4
0

0
.3
6
6
0

0
.2
5
2
0

0
.2
5
5
0

0
.3
0
9
0

0
.2
9
6
0

M
g

0
.2
8
6
0

N
i

0
.0
0
8
0

0
.0
0
8
0

0
.0
0
4
0

0
.0
0
3
0

0
.0
0
4
0

0
.0
0
5
0

0
.0
0
7
0

0
.0
0
7
0

0
.0
0
4
0

0
.0
0
8
0

0
.0
0
7
0

0
.0
0
4
0

0
.0
0
3
0

N
i

0
.0
0
5
3

Z
n

0
.0
0
2
0

0
.0
0
4
0

0
.0
0
6
0

0
.0
0
4
0

0
.0
0
4
0

0
.0
0
4
0

0
.0
0
2
0

0
.0
0
2
0

0
.0
0
2
0

0
.0
0
3
0

0
.0
0
4
0

0
.0
0
5
0

0
.0
0
5
0

Z
n

0
.0
0
3
2

T
o
ta
l

3
.2
5
6
0

3
.3
7
3
0

3
.1
9
7
0

3
.1
9
3
0

3
.2
1
4
0

3
.2
3
6
0

3
.2
2
3
0

3
.2
5
6
0

3
.2
6
1
0

3
.3
0
4
0

3
.0
0
6
0

3
.1
6
5
0

3
.2
4
9
0

T
o
ta
l

2
.9
9
9
5

X
M
g
1

0
.1
9
3
0

0
.0
7
7
0

0
.1
9
8
0

0
.2
0
6
0

0
.1
7
1
0

0
.1
7
1
0

0
.1
8
8
0

0
.2
0
0
0

0
.1
9
0
0

0
.1
2
3
0

0
.1
2
5
0

0
.2
0
4
0

0
.1
6
8
0

X
sp
C
r

0
.6
5
1
0

X
M
g
2

0
.2
9
8
0

0
.1
4
0
0

0
.2
9
7
0

0
.3
0
5
0

0
.2
5
8
0

0
.2
6
8
0

0
.2
7
7
0

0
.3
0
3
0

0
.2
9
8
0

0
.2
0
4
0

0
.2
0
7
0

0
.2
8
9
0

0
.2
7
3
0

X
sp
F
eþ

3
0
.4
3
3
5

Y
C
r

0
.3
9
9
0

0
.3
3
2
0

0
.4
6
4
0

0
.4
9
4
0

0
.4
9
4
0

0
.4
2
2
0

0
.4
2
5
0

0
.4
1
2
0

0
.4
0
9
0

0
.3
8
9
0

0
.3
8
3
0

0
.5
0
4
0

0
.4
1
7
0

X
sp
F
eþ

2
0
.7
3
4
8

X
C
r

0
.6
5
2
0

0
.6
5
9
0

0
.6
2
1
0

0
.6
6
0
0

0
.6
7
9
0

0
.6
1
1
0

0
.6
5
4
0

0
.6
6
0
0

0
.6
6
0
0

0
.6
9
3
0

0
.6
8
2
0

0
.6
4
6
0

0
.6
1
9
0

X
sp
A
l

0
.2
3
0
3

X
N
i

0
.0
0
6
0

0
.0
0
6
0

0
.0
0
4
0

0
.0
0
3
0

0
.0
0
4
0

0
.0
0
5
0

0
.0
0
5
0

0
.0
0
5
0

0
.0
0
3
0

0
.0
0
6
0

0
.0
0
6
0

0
.0
0
4
0

0
.0
0
2
0

X
sp
M
g

0
.2
6
5
2

X
Z
n

0
.0
0
1
0

0
.0
0
3
0

0
.0
0
5
0

0
.0
0
4
0

0
.0
0
3
0

0
.0
0
3
0

0
.0
0
2
0

0
.0
0
2
0

0
.0
0
2
0

0
.0
0
2
0

0
.0
0
3
0

0
.0
0
5
0

0
.0
0
5
0

T
0
C

1
0
1
5

fO
2

3
.4
3

T
ab
le

3
.
C
o
n
ti
n
u
es
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7. OXYGEN FUGACITY

An important source of information on the geodynamic environment of the mantle-derived melts is the

oxygen fugacity. Application of the oxygen barometer to the mantle and mantle-derived rocks (cf. Ballhaus

et al. 1991) reveals that abyssal peridotites, MORBs, and peridotite xenolites in the undepleted fertile mantle

and depleted mid-oceanic ridge regions were generated in reduced environments (�log fO2<þ1), whereas cumu-

late inclusions in arc basalts, as well as Alaskan-type intrusives, have higher degrees of oxygen fugacity (�log

fO2>þ1, generally around þ2). Mattioli et al. (1989) interpreted the high degree of fO2 of the upper mantle

rocks as resulting from oxidation of the mantle minerals by CO2–H2O rich fluids derived from the subducted

material.

The values of�log ( fO2), calculated from the average compositions of olivine and chromite minerals according

to the semi-empirical oxygen geobarometer of Ballhaus et al. (1991) in samples K25 b1 and K4c, are 3.51 and 3.43

log units, respectively (Tables 2 and 3). High oxygen fugacity values obtained from the Küre lherzolite indicate an

origin in an oxidizing arc environment.

8. PETROLOGICAL INTERPRETATION OF THE KÜRE LHERZOLITE

The presence of late ultramafic–mafic intrusive bodies in oceanic crustal sequences has been described for three

well-studied ophiolites: the Lewis Hills Massif of western Newfoundland (Karson et al. 1983), the Semail ophio-

lite in Oman (Smewing 1980; Browning and Smewing 1981; Lippard et al. 1986; Benn et al. 1988; Juteau et al.

1988) and the Troodos Massif in Cyprus (Benn and Laurent 1987; Laurent 1992). In these ophiolites, lherzolites,

wehrlites and olivine gabbros are the dominant intrusive lithologies with rare dunites, pyroxenites and websterites.

These rocks cut the layered cumulate sequences consisting principally of gabbros. Only in the Semail ophiolite can

some picritic dykes radiating from the uppermost intrusion be traced up to the upper extrusives (Juteau et al. 1988).

Poikilitic texture with rounded olivine included in large clinopyroxene and orthopyroxene is the common charac-

teristic of these rocks. Frequently, amphibole and plagioclase are present as interstitial phases (Laurent 1992). By

comparison with these massifs, Girardeau and Mercier (1992) have considered the plagioclase–lherzolite cored at

site 334 of DSDP Leg 37 on the mid-Atlantic ridge, as the late intrusive rocks in the high-level crustal gabbros.

The formation and rise of late ultrabasic–basic magma within the crustal sequences were partly explained in

relation to their geodynamic environment. In the Lewis Hills Massif of western Newfoundland, Karson et al.

(1983) suggested that the peridotite bodies were emplaced as crystal mushes derived from mobilized ultramafic

cumulates along oceanic fracture zones. In the Semail ophiolite, Juteau et al. (1988) proposed that the wehrlitic

series were rooted in the transitional and impregnated dunites that developed in the uppermost part of the mantle.

In the Troodos ophiolite, Laurent (1992) suggested that the parental magma of the intrusive peridotites consisted of

an extensively melted peridotite fraction with an additional basaltic magma generated at the uppermost part of a

mantle diapir in a suprasubduction zone environment.

The intrusive lherzolite in the Küre ophiolite appears to support Laurent’s (1992) hypothesis. From the field and

geochemical data, it is generally accepted that the Küre ophiolite represents the fragments of the suprasubduction

marginal basin. According to Ustaömer and Robertson (1994, 1999) and Boztuğ et al. (1995) the Küre Basin

was opened on the northwardly subducted Palaeotethyan oceanic lithosphere where the ophiolites of Elekdağ

(Ustaömer and Robertson 1994, 1999) or Çangaldağ (Yilmaz and Boztuğ 1986) represent the remnants. Neverthe-

less, new radiometric ages (c. 100Ma) of Domuzdağ high pressure metamorphic rocks associated with the Elekdağ

ophiolites (Okay et al. 2005) require a re-evaluation of the Palaeotethyan hypothesis. In their work, Okay et al.

(2005) concluded that the northward subduction of the Neotethys, generally believed to have started in the Seno-

nian, was older.

Since there is a continuing debate on the distinction between Palaeotethys and Neotethys, we prefer to use the

term ‘Tethyan oceanic lithosphere’ for the subducted oceanic slab. By Tethys, we infer the ocean that opened in

Anatolia in the Late Triassic and closed during Maastrichtian–Late Palaeocene time.
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The schematic illustration about the intrusion of Küre lherzolite within Küre oceanic lithosphere is represented

in Figure 8. At latest Triassic time, Tethyan oceanic lithosphere was subducted under the Laurasian margin repre-

sented by volcanic-sedimentary series (radiolaritic series or coloured mélange) and Karakaya formations (e.g.

Beccaletto and Jenny 2004; Göncüoğlu et al. 2004; Okay and Alt�ner 2004; Pickett and Robertson 2004; Okay

and Göncüoğlu 2004; Turhan et al. 2004) creating the rifting of the Küre Basin (Figure 8A). The Küre ocean

was opened during Early Jurassic, and in the Middle Jurassic Küre lherzolite and gabbro were intruded into Küre

oceanic crust (Figure 8B).

The presence of the intrusive lherzolite in such a geological environment reveals some relationships between the

generation and rise of the Mg-rich basaltic magma and the subduction event. The principal role of subduction

seems to be a mechanism for the introduction of hydrous fluid into the root zones. Hydrous fluids can promote

not only the extensive melting of the upper mantle by lowering its solidus temperature, but also help the parental

magma to rise within the crustal sequences because of density differences. In the Küre and Troodos ophiolites, the

presence of amphibole in the intrusive peridotites indicates the existence of hydrous fluids during cooling of the

magma. High oxygen fugacity values of the Küre lherzolite provide additional support for an origin of oxidized arc

basaltic magma.

Another common characteristic of the late intrusive peridotites is their poikilitic texture with subhedral and

anhedral rounded olivine included in large pyroxenes. Amphibole is the other frequent interstitial phase. In Troo-

dos and Semail intrusive peridotites, olivine grains exhibiting kink-bands are interpreted as mantle xenocrysts

(Laurent 1992; Juteau et al. 1988). According to Laurent (1992), the poikilitic texture of the Troodos intrusive

peridotites implies that the magma was a mixture of liquid and crystals.

In agreement with this hypothesis, the poikilitic texture of the Küre lherzolite is interpreted as the result of crys-

tal mush intrusion. Olivine and chromite were carried as suspended crystals by the magma from which orthopyr-

oxene and clinopyroxene crystallized later. However, unlike these massifs, the olivine grains of the Küre

lherzolites do not show traces of penetrative deformation. They often include small euhedral chromite. It is there-

fore suggested that olivine and the chromite of the Küre intrusive lherzolites represent early cumulus minerals

crystallized from the parental magma and carried as suspended crystals. The crystallization temperature of the

olivine and chromites is estimated to be between 1015 and 1070�C, and that of the pyroxenes between 897 and
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950�C. The solidification of the magma was completed in the lower part of the basalt sequence at a depth of c.

2.7 km which corresponds to average confining pressure of 0.9 kbar.
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Exploration Institute of Turkey (MTA) Publications: Ankara; 214–218.

Girardeau J, Mercier JC. 1992. Evidence for plagioclase-lherzolite intrusion in the Mid-Atlantic Ridge, DSDP Leg 37. In Ophiolites and
Their Modern Oceanic Analogues, Parson L, Murton BJ, Browning P (eds). Special Publication 60. Geological Society: London; 241–250.
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