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Abstract The Kurancali ultramafic-mafic cumulate body, an
allochthonous ophiolitic sliver in central Anatolia, is charac-
terized by the presence of abundant hydrous phases
(phlogopite, pargasite) besides augitic diopside, plagioclase,
and accessory amounts of rutile, sphene, apatite, zircon, and
calcite. Based on modes of the essential minerals, the
olivine-orthopyroxene-free cumulates are grouped as
clinopyroxenite, hydrous clinopyroxenite, phlogopitite, horn-
blendite, layered gabbro, and diorite. Petrographical, miner-
alogical and geochemical features of the rocks infer
crystallization from a hydrous magma having high-K calc-
alkaline affinity with slightly alkaline character, and point to
metasomatised mantle as the magma source. Our evidence
implies that the metasomatising component, which modified
the composition of the mantle wedge source rock in an intra-
oceanic subduction zone, was a H2O, alkali and carbonate-
rich aluminosilicate fluid and/or melt, probably derived from
a subducted slab. We suggest that the metasomatic agents in
the subarc mantle led to the generation of a hydrous magma,

which produced the Kurancali cumulates in an island-arc
basement in a supra-subduction-zone setting during the
closure of the Izmir-Ankara-Erzincan branch of the Alpine
Neotethys Ocean.

Introduction

Generation and composition of calc-alkaline magmas be-
neath an arc in subduction zones are controlled by numerous
reservoirs comprising variably depleted and metasomatised
peridotitic mantle wedge materials. In general, these magmas
are distinguished by excessive enrichment in large ion
lithophile elements (LILE) and light rare earth elements
(LREE), causing higher LILE/HFSE and LREE/HFSE ratios
compared to typical of mantle-derived melts, although they
are also slightly enriched in high field-strength elements
(HFSE) (e.g., Pearce et al. 1999; Zanetti et al. 1999; Green
and Sinha 2005). Mantle metasomatism by influx of
subduction-derived components is the essential event result-
ing in variably enriched mantle wedge materials that will
produce arc magmas (e.g., Pearce and Peate 1995; Yu et al.
2006). Moreover, metasomatising agents are highly variable
as CO2-, H2O-, halogen- or P-rich fluids (e.g., Gorring and
Kay 2000), Fe-Ti-K-rich basaltic melts (e.g., Menzies et al.
1987), adakitic melts (e.g., Defant and Drummond 1990;
Kepezhinskas et al. 1995; Yogodzinski et al. 1995; Coltorti
et al. 2007), siliceous melts (e.g., Elliott 2003; Green and
Sinha 2005), hydrous siliceous melts (e.g., Pearce et al.
1999; McInnes et al. 2001), volatile-rich, alkaline alumino-
silicate melts (e.g., Kepezhinskas et al. 1995), carbonatitic
melts (e.g., Gorring and Kay 2000; Coltorti et al. 2007), and
melilitic or melanephelinitic melts (e.g., Chalot-Prat and
Boullier 1997). Type of metasomatic agent and degree of
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metasomatism may lead to distinct chemical variations in
mantle wedge material and so in their melting products. For
instance, high-density, H2O-rich fluid with dissolved com-
ponents (alkali aluminosilicate melt and aqueous carbon and
sulphur species) derived from dehydration of subducted,
altered oceanic crust can metasomatise mantle peridotite to
enrich it in orthopyroxene, clinopyroxene, phlogopite,
amphibole, magnetite, and Fe-Ni sulphides (e.g., McInnes
et al. 2001). Partial melting of a metasomatically enriched
mantle wedge source can produce a hydrous alkali-rich calc-
alkaline magma in island arc environments (e.g., McInnes et
al. 2001), and crystallization of such a magma may lead to
enrichment in hydrous minerals (phlogopite and pargasite).

A cumulate body, extremely abundant in phlogopite and
pargasite is exposed as a tectonic sliver in the Kurancali
area, central Anatolia. This hydrous cumulate body is the
representative of an island arc basement formed during the
closure of the Neotethyan Ocean (Toksoy-Köksal 2003)
and may contribute to better-understanding of the processes
and products of mantle metasomatism in an intra-oceanic
subduction zone. We studied these rocks by the aid of
detailed whole-rock and mineral chemical analyses to
dechipher the compositional effects imparted to mantle
lithosphere by subduction-derived components in a com-
pressional environment. The main points to be addressed
are; (1) which kind of metasomatic processes pervasively
enriched the source in incompatible elements, and resulted
in SiO2 undersaturation, and Al2O3-CaO-alkali-TiO2 en-
richment in melt derived from this source, (2) the origin and
composition of the metasomatic agent(s).

Regional geological setting

The Neotethys Ocean, opened during fragmentation of
northern Gondwana, was largely consumed by convergence
of Africa and Eurasia during the Late Cretaceous (e.g.,
Sengör and Yilmaz 1981). The Turkish sector of the
Neotethyan suture is characterized by two major east-west
trending belts of variably disrupted fragments of ophiolites
(Sengör and Yilmaz 1981). Each belt records closure and
destruction of a separate branch of the Neotethyan ocean: (a)
the northern branch located at north of the Tauride-Anatolide
Platform (TAP) comprises the Izmir-Ankara-Erzincan (IAE)
and Intra-Pontide oceans, and (b) the southern branch is
represented by well documented ophiolite bodies (e.g.,
Troodos, Hatay, Guleman and Cilo) between the Arabian
Platform and the TAP (e.g., Göncüoglu et al. 1997).

The IAE ocean of the northern Neotethys reached its
maximum size during the Early Cretaceous, and was con-
sumed by northward subduction, giving rise to obduction of
ophiolites towards south onto the passive margin of the TAP
during Late Cretaceous (e.g., Sengör and Yilmaz 1981;

Göncüoglu et al. 1997). Allochthonous bodies of subduc-
tion-influenced mafic and ultramafic rocks in central Anatolia
(Turkey) are described as supra-subduction type ophiolites
(e.g., Türeli et al. 1993; Yaliniz et al. 1996, 2000; Floyd et al.
2000; Toksoy-Köksal 2003; Toksoy-Köksal et al. 2001a;
Kocak et al. 2005), i.e., the Central Anatolian Ophiolites
(CAO; Göncüoglu et al. 1991). CAO include the meta-
ophiolites and sub-ophiolitic metamorphics. These ophiolitic
units display remarkable differences in their geochemical
characteristics suggesting variations in source area and
tectonic settings within an intra-oceanic subduction zone,
such as fore-arc (e.g., Yaliniz et al. 2000), back-arc (e.g.,
Floyd et al. 2000) or island-arc (e.g., Toksoy-Köksal 2003).

In central Turkey, the passive margin of the TAP, on
which ophiolitic fragments were obducted, is represented
by the Central Anatolian Crystalline Complex (CACC), an
assemblage of magmatic and metamorphic rocks. It
includes the Central Anatolian Metamorphics (CAM),
Central Anatolian Granitoids (CAG) besides CAO (Fig. 1)
(e.g., Göncüoglu et al. 1991). The CAM consists of poly-
phase metamorphic platform sequences. A metamorphic
ophiolite-bearing mélange developed during the emplace-
ment of the CAO onto the CAM appears in the uppermost
part of the CAM. The main metamorphism and ophiolite
emplacement in the CACC occurred during late Cenoma-
nian (Göncüoglu 1986) or post-Cenomanian (Whitney et al.
2003; U-Pb SHRIMP zircon age of 91±2 Ma) times. The
CAG intrudes both the CAM and the CAO units.

Allochthonous dismembered and scattered ophiolitic
bodies shown on Fig. 1 consistently display thrust contacts
with the CAM with thin tectonic slivers of sub-ophiolitic
amphibolites locally occurring in the thrust zone. The
ophiolitic bodies, having a partially preserved magmatic
pseudostratigraphy, include serpentinized ultramafic rocks,
layered and isotropic gabbros, plagiogranite, dolerite dykes,
basaltic volcanic sequence (pillow basalts, massive lava
flows), and late dykes cutting the lavas and sedimentary
cover. In addition to these, many isolated bodies of
ultramafic and massive/layered gabbroic rocks are found
as tectonic slivers (e.g., Yaliniz and Göncüoglu 1998).

Among the isolated ophiolitic bodies, the Kurancali
ultramafic-mafic cumulate body from east of Kaman has
reserved a specific interest by its mineralogical and geo-
chemical properties (e.g., Toksoy-Köksal 2003; Toksoy-
Köksal et al. 2001a, 2007).

Geology

The Kurancali area is a critical location to study the contact
relationships of the CAO rocks and the main units of the
CAM (Toksoy 1998; Toksoy-Köksal 2003). In this area, the
lower units of the CAO (i.e., ultramafic-mafic cumulates)
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rest on the amphibolites and calc-silicate amphibolites of
the metamorphic ophiolitic mélange of the CAM (Fig. 2).
Detailed field-observations reveals that the cumulates along
the contact are characterized by foliated amphibolites and
amphibole-pyroxene gneisses. Moreover, elongated bou-
dins of cumulates, amphibolites and serpentinites are
observed within a sheared zone above the mélange.

The Kurancali ultramafic-mafic cumulate body is repre-
sented by a 1,500 m long and 1,000 m wide tectonic sliver
(Fig. 2). It mainly comprises layered gabbro with an
alternation of diorite, clinopyroxenite, hydrous clinopyrox-
enite, phlogopitite and hornblendite (Fig. 2). The rock units
are a few tens of cm to 3–4 m in thickness and can only be
followed a few tens of meters along-strike. So, only the
main rock types are shown on the map (Fig. 2). The
underlying metamorphic ophiolitic mélange, represented by
blocks of meta-ophiolitic rocks and meta-carbonates, is
prevailed by irregular bands and lenses of calc-silicate
amphibolites, calc-silicate marbles, cherty marbles, amphib-
olites and serpentinites within a foliated matrix. Matrix of
the mélange is dominated by calc-silicate biotite-gneisses
and amphibole-biotite-gneisses. The amount of calc-silicate
rocks diminishes while amphibole-biotite-gneisses
increases away from the underlying meta-carbonate contact.
All units (metamorphic ophiolitic mélange, shear zone and
ultramafic-mafic cumulate rock sliver) are cut by NW-SE
trending granitoid dykes with sharp contacts with their host
rocks. They are made up of K-feldspar granite, quartz
syenite and syenite with varying crystal size from 0.5 mm
to 4 mm. The dykes are representatives of the CAG, with

intrusion ages varying between 85 and 71 Ma (e.g., Köksal
et al. 2004; Boztug et al. 2007; Köksal and Göncüoglu
2008). Detailed studies on this unique tectonic sliver
revealed the presence of cumulate ultramafics, layered
gabbros and diorites (e.g., Toksoy-Köksal 2003; Toksoy-
Köksal et al. 2007). In previous studies, this cumulate body
was referred to as the Kurancali meta-ophiolitic peridotite
(Yaliniz and Göncüoglu 1998) or as the Kurancali meta-
gabbro (e.g., Toksoy 1998; Toksoy-Köksal et al. 2001a,b).

Petrography

Petrographical studies exhibit that the Kurancali ultramafic-
mafic body is distinct due to the presence of abundant
phlogopitic mica and pargasitic amphibole. Besides hy-
drous minerals, clinopyroxene and plagioclase are present
in these rocks. The rocks are typically free of olivine and
orthopyroxene. They show heterogeneity in both composi-
tion (leuco to melano) and grain size (fine-grained to
pegmatitic). They are characterized by their well-preserved
cumulate texture (Fig. 3), and crystallization order of the
phases is clinopyroxene, phlogopite, pargasite and plagio-
clase. The first three minerals are cumulate phases while the
last one is an intercumulate phase. Orthocumulate texture
dominates in clinopyroxenite and phlogopitite but adcumu-
late texture appears in hydrous clinopyroxenite, hornblen-
dite, layered gabbro and diorite.

The main rock types and their modal composition are
given in Table 1. Clinopyroxenite consists mainly of
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clinopyroxene. Coarse grained phlogopite also appears in
this rock, where it occurs close to phlogopitite. Plagioclase
and pargasite I are absent in clinopyroxenite. However,
hydrous clinopyroxenite has variable amounts of fine- to
coarse-grained plagioclase, pargasite II and phlogopite as
well as clinopyroxene. This rock type is found close to the
phlogopitite and hornblendite where amphibole+plagioclase
pods are common. Irregular masses of pegmatitic phlogo-
pitite consist mainly of phlogopite phenocryts, enclosing
minor amounts of clinopyroxene. Almost no plagioclase is
present in phlogopitite. The presence of pargasite II in

phlogopitite is restricted to where it is in contact to
hornblendite, and generally found in small amphibole-
plagioclase veins. Hornblendite is mainly composed of
black pargasite I with minor amounts of plagioclase. Based
on crystal size, it is divided into two groups as fine-grained
and pegmatitic hornblendites. Fine-grained hornblendite
contains very limited amounts of plagioclase and clinopyr-
oxene (less than 5%), while pegmatitic hornblendite
contains up to 15% plagioclase, but lacks clinopyroxene.
A few tiny relict crystals of clinopyroxene and phlogopite
were identified in crystals of pargasite I in pegmatitic

Fig. 3 Photomicrographs showing a orthocumulate texture from a clinopyroxenite sample, b adcumulate texture from hydrous clinopyroxenite
samples where plagioclase is intercumulus phase (analyzer in position)
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hornblendite. In pegmatitic hornblendite, plagioclase is
generally found as aggregates forming leucocratic parts,
probably formed by strong magmatic filter pressing. Layered
gabbro with varying grain sizes between 3–5 mm and 1–
1.5 cm is marked by variations of modal proportions of
(mainly) clinopyroxene to plagioclase. In coarser-grained
domains, amphibole and plagioclase are present. These
domains may represent re-injection of plagioclase
+amphibole-precipitating liquids into clinopyroxene
+plagioclase layers. This is inferred from the pothole-like
structures and layers filled by coarse-grained amphibole and
plagioclase within layered gabbro and hydrous clinopyrox-
enite. Moreover, small veins of plagioclase+amphibole in
clinopyroxenite, hydrous clinopyroxenite and phlogopitite
also support this idea. Diorite contains dominantly light
brownish phlogopite and plagioclase. It shows a rather
homogeneous mineral and grain-size distribution.

Clinopyroxene is the most abundant mineral (Table 1),
found in variable amounts and sizes from a few mm to
pegmatitic (up to 2.0 cm). It is rarely zoned and shows a
diopsidic-augite composition. In cataclastically fragmented
parts, crystals are commonly replaced by late magmatic
amphibole and mica at rims and along cleavage and fracture
planes, resulting in a spongy appearance.

Euhedral to subhedral crystals of phlogopite with
variable grain sizes (few mm to 2–2.5 cm) show a dark
brownish colour and strong pleochroism. Kink banding,
due to syn-magmatic deformation is a common feature. In
general, the crystals are fresh except for a limited degree of
alteration to vermiculite and chlorite in places (e.g.,
Toksoy-Köksal et al. 2001b).

Both primary and late-magmatic amphiboles are parga-
sitic in composition. Primary magmatic pargasite (pargasite
I) is found in variable sizes with up to euhedral 20 cm long
prisms. Late magmatic pargasite (pargasite II) occurs either
as pseudomorphs after clinopyroxene (pargasite IIa), or as
overgrowth on clinopyroxene crystals and interstitials
between them (pargasite IIb). Pargasite IIa is probably due
to reaction between a melt (residual or infiltrating) and
clinopyroxene. In general, pargasite I and IIa are not found
in association with phlogopite, while the pargasite IIb
coexists with phlogopite, especially in layered gabbros and
in amphibole-plagioclase-rich veins. Pargasite I shows

strong pleochroism between various shades of brown, and
rarely shows faint optical zoning and twinning. The
pargasite IIa is brownish green, while the pargasite IIb are
green.

Plagioclase is present in almost all rock types in variable
amounts (Table 1). Crystals are anhedral to subhedral and
rarely show weak zoning.

Accessory minerals are Ti-rich phases, apatite, zircon and
pyrite. Sphene with strong pleochroism is the most common
Ti-phase, found either as post-cumulus phase or as small
inclusions in clinopyroxene. Blackish tiny needle-like crystals
of rutile are found as aggregates in pargasite I and
clinopyroxene. Small ilmenite crystals at boundaries of
phlogopites, sporadic apatite aggregates and pyrite rarely
occur. Zircon crystals were too tiny to be petrographically
identified. Rare calcite, vermiculite (Toksoy 1998; Toksoy-
Köksal et al. 2001b) and sericite as surface alteration
products, and actinolite, chlorite, pumpellite, epidote as
low-grade metamorphic phases are also present in the rocks.

Geochemical results

Analytical methods

Whole-rock geochemical analyses were performed for 52
samples. All of the samples were analysed for major, minor
and selected trace elements (Ba, Cr, Ni, Rb, Sr, V, Y, Zn,
Zr) by Bruker-axs SRS303-AS XRF with a Rh X-ray tube
at standard running conditions at GeoForschungsZentrum
Potsdam (GFZ), Germany. For these samples, ferrous iron
by K2Cr2O7 titration, and CO2, H2O

+ using Vario EL were
measured at Institut für Geowissenschaften, Universität
Potsdam. For 17 representative samples, some trace
elements including Sc, Co, Cu, Ga, Nb, Cd, Sn, Cs, Ta,
Pb, Th, U, were measured by a VG Elemental Plasma Quad
System PQ2+ ICP-MS in GFZ. Rare earth element (REE)
analyses of these samples were carried out using a Scanni
VARIAN Vista MPX ICP-AES at Institut für Geowissen-
schaften, Universität Potsdam. Five additional samples
were analysed by ICP-MS and ICP-OES at ACME
laboratories (Canada) for the full range of elements,
including Hf and Mo.

Table 1 Modal abundances of major minerals in the rocks

Rock
Mineral

clinopyroxenite phlogopitite hydrous
clinopyroxenite

hornblendite
(fine grained)

hornblendite
(coarse grained)

layered
gabbro

diorite

diopsidic augite >90 ~15 ~55 3–4 0.5–1 ~50 <3
phlogopite ~5 ~80 ~15 <1 ~5 ~5 ~62
pargasite ~3 ~3 ~10 >90 >85 ~5 –
plagioclase ~3–4 ~3–4 ~20 ~5 5–10 (~80*) ~40 ~35

*in leucocratic parts of hornblendite
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Approximately 1,700 point analyses of the rock-forming
minerals of 21 rock samples were carried out by electron
microprobe (EMP) at GFZ. The analyses were performed
by a fully automated CAMECA SX-100 EMP. The
instrument was operated in wavelength-dispersion mode,
with the electron beam accelerated to 15 kV at 20 nA beam
current. The applied beam (spot) size was 5 µm for
clinopyroxene, amphibole and mica, and 10 µm for
feldspar. A variety of natural and synthetic standards were
used for calibration. Matrix corrections were performed by
the PAP procedure in the CAMECA software.

Mineral chemistry

Compositional ranges for the minerals are compiled in Table 2
(the whole data set is available from the first author upon
request). Conversion of oxides into cations, site allocations
and classifications of clinopyroxene, mica and amphibole
were done according to recommendations of the Internation-
al Mineralogical Association (IMA) (Morimoto 1989; Rieder
et al. 1998; Leake et al. 1997, respectively). Ferric and
ferrous iron values for clinopyroxene and amphibole were
derived based on the equation of Droop (1987), and for mica
they were measured by applying K2Cr2O7 titration method
on mineral separates of eight samples. Formulae of plagio-
clase were calculated based on five cations, and cations are
allocated to sites as Si, Al (sum of four) in tetrahedral site,
Na, Ca, K and Ba (sum to one) in the large cation site.

Pyroxene

Clinopyroxene is diopside to diopsidic augite with a
compositional range of Wo44–52En29–40Fs11–23 where the
Wo proportions above 50 are an artefact of high Al2O3, TiO2

and Na2O contents (0.37–8.66, 0.02–1.25, 0.10–0.97 wt%,
respectively). Clinopyroxene with Mg/(Mg+Fe2+) (Mg#)
ranging from 0.59 to 0.88 shows compositional heterogene-
ity even within a single sample. Clinopyroxene shows an
increase in Si, Fe2+ and Mn contents and a decrease in Al(t),
Ca, Ti, Fe3+, Mg, Na and K contents with decreasing Mg#
from the ultramafic rocks to the mafic samples. Substitution
mechanisms and Ti/Al ratios (1:5–1:20) infer that incorpo-
ration of Al into the crystal structure occurs as Ca-
tschermaks molecule. Two distinct compositional trends,
mainly based on Mg, Fe2+, Ca and Al[6] contents, occur as a
common feature of substitution mechanisms and variation
diagrams (Toksoy-Köksal 2003) (e.g., Fig. 4a).

Dark mica

Mica with Mg#>0.5 is referred to as phlogopite although its
composition departs from the ideal phlogopite/annite join,
due to its high Al[4] (ca.2.5 pfu), Fe3+ (>0.31 pfu), Ti

(>0.20 pfu) and Al[6] (0.01–0.56 pfu) contents, a substitu-
titon of F and Cl for OH, and the presence of vacancies in
both octahedral and interlayer sites (see also Toksoy-Köksal
2003). Compositional changes in phlogopite are best
explained by tschermakitic and coupled substitution mech-
anisms (Toksoy-Köksal 2003). Coupled mechanisms dis-
play the existence of excess mixing of Mg, Fe2+, Fe3+, Ti,
Al[6] in octahedral site with vacancy, and exchange of K by
Ba, Ca and Na in the interlayer site. It is characterized by an
increase of Si, Ti, Fe2+and Fe3+, and a decrease of Al[4],
Al[6], Mg and Na with decreasing Mg# in the sequence of
phlogopitite - clinopyroxenite - hydrous clinopyroxenite -
hornblendite - layered gabbro - diorite.

Amphibole

The majority of magmatic amphibole is pargasite in
pegmatitic hornblendite, with subordinate ferro-pargasite.
In contrast, fine-grained hornblendite contains magnesio-
hastingsite. Pargasite I from pegmatitic hornblendite and
pargasite II from clinopyroxenite, hydrous clinopyroxenite,
phlogopitite and layered gabbro have Mg# (0.48–0.63),
while magnesio-hastingsite in fine-grained hornblendite has
higher Mg# (0.72–0.76) (Table 2). Pargasite and magnesio-
hastingsite, which differ in Mg#, show compositional
overlaps for Si, Al(t), Mn and Ca contents. Pargasite I and
pargasite II do not show significant compositional varia-
tion. K and Al(t) contents of pargasite II from clinopyrox-
enite and phlogopitite are higher than those of other rocks,
while their Ti contents are slightly lower. Both pargasite I
and II are characterized by strong Al-tschermakite, Ti-
tschermakite, edenite and pargasite substitutions, and weak
Fe3+-tschermakite substitution. Variations of Ca, Ti, Fe2+

and Mg contents against Mg# and exchange mechanisms
are defined by two separate trends that are not related to
texture, origin of amphibole or to rock type (Toksoy-Köksal
2003) (e.g., Fig. 4c).

Plagioclase

Plagioclase shows a wide range of An content (41–99%)
even within single crystals. This variation is not controlled
by rock type, texture or coexisting minerals (Toksoy-
Köksal 2003). The substitution mechanisms are character-
ized by two different compositional trends for the samples
even within the same rock (Fig. 4d).

Whole-rock geochemistry

The rocks are characterized by moderate Mg# (molecular
ratio) (0.44–0.75) and low abundances of Cr (47–651 ppm),
Ni (16–38 ppm) and Co (17–58 ppm). They present a wide
range of compositions, controlled by modal compositions
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Table 2 Ranges of electron microprobe analyses of the minerals. Whole data set is available upon request

Rocks
Minerals

clinopyroxenite phlogopitite hydrous
clinopyroxenite

hornblendite
(fine grained)

hornblendite
(coarse grained)

layered
gabbro

diorite

Pyroxenes
No. of analyses 131 156 112 1 8 18 23
SiO2 45.59–52.88 48.38–53.71 46.27–52.61 52.4 50.20–53.53 50.89–53.16 50.98–52.73
TiO2 0.02–1.13 0.01–0.89 0.08–1.16 0.14 0.05–0.45 0.04–0.60 0.07–0.49
Al2O3 0.43–8.64 0.72–6.41 0.72–8.66 1.32 0.36–4.65 0.39–3.64 0.40–2.23
FeO(t) 6.12–12.45 6.91–12.62 8.67–11.89 9.34 7.35–11.34 9.39–11.02 12.09–14.17
MnO 0.08–0.34 0.15–0.46 0.19–0.43 0.29 0.21–0.40 0.31–0.39 0.38–0.54
MgO 8.77–14.28 9.72–13.99 9.71–13.04 12.7 11.56–13.67 11.85–12.92 10.41–11.20
CaO 22.30–25.76 22.06–24.99 19.20–24.78 24.3 21.97–24.69 22.71–23.85 21.86–23.15
Na2O 0.10–0.86 0.18–0.80 0.15–0.97 0.31 0.13–0.35 0.15–0.37 0.13–0.31
K2O 0.00–0.17 0.00–0.08 0.00–0.38 0.00 0.00–0.02 0.00–0.04 0.00–0.00
Cr2O3 0.00–0.12 0.00–0.12 0.00–0.06 0.00 0.00–0.05 0.00–0.06 0.00–0.03
NiO 0.00–0.07 0.00–0.09 0.00–0.08 0.00 0.00–0.07 0.00–0.10 0.00–0.00
Total 98.9–101.7 98.5–101.8 99.0–101.0 100.7 98.7–101.2 99.5–101.4 100.1–101.0

Micas
No. of analyses 38 65 142 24 15 95
SiO2 33.98–36.27 34.37–37.90 35.21–37.51 35.42–36.78 34.99–36.77 35.51–37.70
TiO2 1.73–3.19 1.76–3.19 1.93–4.04 2.61–4.30 3.60–4.61 2.54–5.62
Al2O3 16.28–17.87 15.21–17.20 14.79–17.06 14.39–17.91 14.49–15.16 13.79–16.60
Cr2O3 0.00–0.05 0.00–0.12 0.00–0.05 0.00–0.05 0.00–0.06 0.00–0.05
FeO(t) 16.50–21.97 12.68–20.85 15.67–20.99 17.41–21.34 17.79–19.93 18.63–22.08
MnO 0.09–0.21 0.08–0.24 0.09–0.26 0.10–0.20 0.07–0.16 0.07–0.22
MgO 10.38–13.80 12.80–17.56 10.25–14.27 9.98–13.25 11.20–12.39 8.59–11.22
CaO 0.00–0.21 0.00–0.35 0.00–0.65 0.00–2.86 0.00–0.12 0.00–0.41
Na2O 0.08–0.33 0.07–0.46 0.06–0.28 0.08–0.30 0.06–0.18 0.07–0.20
K2O 7.49–9.55 7.31–9.66 7.73–9.62 6.68–9.39 8.95–9.67 8.05–9.49
BaO 0.01–0.88 0.06–0.73 0.07–0.57 0.11–0.43 0.04–0.48 0.09–0.47
NiO 0.05–0.05 0.00–0.08 0.00–0.00 0.00–0.00 0.00–0.05 0.00–0.00
SrO 0.05–0.05 0.00–0.07 0.00–0.00 0.00–0.00 0.00–0.06 0.00–0.00
F 0.00–0.19 0.00–0.27 0.00–0.16 0.00–0.22 0.18–0.29 0.19–0.40
Cl 0.00–0.03 0.00–0.04 0.00–0.15 0.00–0.05 0.01–0.04 0.00–0.04
H2O 3.77–3.99 3.82–4.05 3.82–4.02 3.81–4.00 3.75–3.86 3.69–3.87
True Total 93.5–96.6 94.2–96.9 94.3–97.5 94.6–96.8 94.2–96.8 94.1–97.7

Amphiboles
No. of analyses 85 121 81 21 93 12
SiO2 38.40–40.57 38.80–41.60 38.36–41.44 39.19–41.86 37.69–42.29 39.63–40.93
TiO2 0.96–2.51 1.00–2.33 1.13–2.33 1.30–2.41 1.65–3.15 2.15–2.53
Al2O3 13.53–16.27 12.52–16.14 12.93–16.31 12.72–15.14 12.70–15.24 14.02–14.98
FeO(t) 14.99–17.89 13.89–19.69 13.17–19.02 14.07–17.31 12.11–17.40 13.24–17.08
MnO 0.12–0.29 0.15–0.36 0.16–0.34 0.15–0.29 0.14–0.31 0.21–0.25
MgO 8.70–10.68 8.49–11.93 7.76–11.16 8.88–11.42 8.02–13.08 8.74–10.87
CaO 10.82–12.75 11.27–12.55 10.47–12.42 11.87–12.47 10.79–12.11 11.89–12.10
Na2O 1.27–2.45 1.32–2.88 1.48–2.49 1.68–2.06 1.53–2.42 1.54–1.61
K2O 1.04–3.11 0.01–2.91 0.78–2.60 1.34–2.25 0.81–2.27 1.64–1.94
Cr2O3 0.00–0.11 0.00–0.16 0.00–0.06 0.000–0.046 0.00–0.09 0.01–0.07
NiO 0.000–0.098 0.000–0.084 0.000–0.044 0.000–0.067 0.000–0.049
SrO 0.00–0.00 0.00–0.01 0.00–0.00 0.00–0.00 0.00–0.00
F 0.00–0.16 0.000–0.204 0.00–0.07 0.00–0.16 0.06–0.14
Cl 0.00–0.03 0.00–0.07 0.00–0.070 0.01–0.03
True Total 96.6–99.3 96.7–99.4 96.8–99.2 97.8–99.3 95.3–99.5 96.5–98.5

Plagioclases
No. of analyses 65 87 44 139 72 33
SiO2 44.16–56.25 46.49–56.98 45.94–56.75 43.70–56.25 44.03–57.93 46.18–58.45
TiO2 0.00–0.03 0.00–0.05 0.00–0.04 0.00–0.05 0.00–0.04 0.26–0.26
Al2O3 28.03–35.52 27.25–34.96 27.69–35.12 28.03–35.29 27.16–35.31 26.29–34.21
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of the samples (Table 3). Al2O3 contents decrease and CaO
contents increase with increasing Mg#, due to highly
variable modal proportions of plagioclase/diopsidic augite
and pargasite/diopsidic augite.

N-MORB normalized (values from Sun and McDonough
1989) multi-element and REE patterns for all rock types are

almost parallel to each other with only slight differences
(Fig. 5) pointing to a petrogenetic relationship of the rocks.
Marked differences are anomalies in Th, Nb, P, Zr, Ti and
Eu, produced by strong control of these elements by the
modal composition of the cumulates. The patterns, in
general, are characterized by steep slopes with significant

Table 2 (continued)

Rocks
Minerals

clinopyroxenite phlogopitite hydrous
clinopyroxenite

hornblendite
(fine grained)

hornblendite
(coarse grained)

layered
gabbro

diorite

MgO 0.00–0.04 0.00–0.02 0.00–0.01 0.00–0.04 0.00–0.25 0.00–0.87
CaO 8.95–19.59 9.64–18.26 8.61–18.49 9.66–19.00 8.96–19.21 8.36–18.58
MnO 0.00–0.05 0.00–0.05 0.00–0.07 0.00–0.04 0.00–0.04 0.00–0.09
FeO(t) 0.01–0.42 0.02–0.22 0.02–0.82 0.01–0.42 0.00–0.41 0.04–0.57
BaO 0.00–0.07 0.00–0.10 0.00–0.08 0.00–0.06 0.00–0.05 0.00–0.06
Na2O 0.43–5.98 1.44–6.18 0.90–6.11 0.75–5.98 0.77–6.47 1.06–6.75
K2O 0.00–0.27 0.01–0.25 0.00–0.36 0.00–0.26 0.01–1.26 0.01–0.40
Total 98.1–101.3 98.8–101.4 98.4–101.2 95.6–101.3 98.2–100.9 99.1–101.4
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Fig. 4 Subtitutional mechanisms of the minerals displaying two distinct compositional trends: a clinopyroxene, b phlogopite, c pargasite, d
plagioclase
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Table 3 Ranges of geochemical data for each rock type. Whole data set is available upon request

Rocks clinopyroxenite phlogopitite hydrous
clinopyroxenite

hornblendite
(fine grained)

hornblendite
(coarse grained)

layered
gabbro

Diorite

No. of
samples

14 9 20 1 7 1 1

Elements
SiO2 45.3–48.8 43.6–46.79 40.3–48.7 42.5 38.4–42.3 46.1 43.5
TiO2 0.68–1.15 1.02–1.62 0.57–2.09 1.56 1.45–2.97 0.34 2.3
Al2O3 6.14–9.10 8.04–10.5 8.5–19 14.7 14.3–18.7 26.7 17.1
Fe2O3 1.29–3.52 1.33–2.9 0.58–3.49 1.52 1.15–2.95 0.25 1.68
FeO 6.10–10.76 8.12–10.04 6.01–13.17 8.96 10.25–13.05 3.23 9.3
FeO(t) 8.11–12.78 9.34–12.65 6.88–14.94 10.33 11.44–15.61 3.45 10.81
Fe2O3

(t) 9.01–14.2 10.37–14.05 7.65–16.6 11.47 12.72–17.35 3.84 12.01
MnO 0.14–0.23 0.17–0.2 0.14–0.24 0.17 0.15–0.5 0.07 0.16
MgO 9.14–11.94 11.98–12.87 4.45–11.32 12.03 7.17–9.09 3.08 6.55
CaO 18.4–22.5 13.38–18 10.45–20.84 13.59 11.47–14 16.84 11.93
Na2O 0.47–1.01 0.46–0.75 0.75–1.57 1.83 1.26–1.54 1.4 0.73
K2O 0.17–0.97 1.93–3.27 0.19–4.21 0.87 1.41–2.33 0.49 3.58
P2O5 0.04–0.68 0.03–0.4 0.03–0.9 0.03 0.02–0.5 0.05 0.88
Cr2O3 0.02–0.04 0.01–0.1 0.01–0.07 0.07 0.01–0.02 0.02 0.01
H2O 0.75–1.08 1.11–1.73 0.78–2.35 1.47 1.49–2.48 0.7 1.49
CO2 0.05–0.52 0.15–0.4 0.09–1.13 0.09 0.09–0.32 0.53 0.12
LOI 1.23–1.90 1.2–1.3 0.64–2.99 0.66–0.66
Total 99.2–100.2 99.0–99.9 95.0–100.0 99.3 99.3–100.1 99.4 99.3
Mg# 0.62–0.75 0.68–0.73 0.44–0.72 0.71 0.55–0.60 0.63 0.56
FeO(t)/MgO 0.70–1.31 0.76–1.04 0.88–1.90 0.86 1.43–1.72 1.12 1.65
Ba 44–827 1246–1644 96–2555 196 325–578 137 1695
Rb 7–41 56–99 5–107 7 19–27 – 138
Sr 125–278 118.2–183 212–847 299 320–515 837 391
Y 12–23.3 11.1–17 14–31 23 25–43 11 22
Zr 83–40 55.4–139 36–141 65 63–141 71 135
Nb 1.2–5.0 2.5–5.5 1.6–12 7.6–13 2.2 5
Th 1.1–3.4 0.8–2.1 0.52–4.4 1.5–5 2.9 2
Pb 3.9–16 4–14 4–19 17–96 20 10
Ga 11.0–14.2 11.1–14 13–19 19–21 19 22
Zn 29–89 41–83 42–138 50 79–110 26 115
Cu 15–60 20–100 15–111 32–69 14 52
Ni 16–79 18–38 14–112 147 10–23 16 10
V 276–528 280–607 124–697 452 516–716 179 357
Hf 3.7 2 2.7
Cs 0.22–1.00 2.8–4.3 0.4–4.1 1.6–3.3 0.9 6.6
Sc 49–75 60–71 15–78 41 54–58 17 34
Ta 0.1–0.2 0.2–0.5 0.1–0.7 0.4–0.8 0.3 0.6
Co 34.2–38 46.7–69 33–58 48–53 17 44
U 0.4–1.1 0.3–0.7 0.17–1.4 0.4–0.9 1 0.7
Sn 1–1.9 1–1.6 1.1–4 1.1–1.9 0.4 0.9
Mo 4 1–2 3
Cr 111–283 89–651 47–448 467 71–130 140 65
La 7.7–27.3 6.7–21 2–25 5.5 3–17 9.9 20
Ce 20–62.3 18.3–41 10–65 17 27–44 20 49
Pr 3.5–8.57 2.85–4.7 2.6–8.8 3.1 5–6.9 2.2 6.1
Nd 14–36.3 13.4–23 11–41 13 21–29 10 32
Sm 4–8.2 3.6–4.6 3.2–9.6 4.2 6.2–7.9 2.4 6.3
Eu 0.94–1.73 0.69–0.98 0.9–2 1.3 1.5–1.8 1.1 1.2
Gd 4–7.36 3.48–4.8 3.4–9.4 5 6.6–8.1 2.4 6.6
Tb 0.63–0.91 0.42–0.83 0.54–1.4 0.81 1–1.3 0.31 0.97
Dy 3.1–5.1 2.51–3.6 2.8–7.5 4.5 5.2–6.3 1.9 4.9
Ho 0.56–0.98 0.47–0.59 0.51–1.3 0.85 0.96–1.2 0.36 0.79
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enrichments in LILE and LREE relative to HFSE and
HREE, respectively, and troughs at Nb-Ta, Zr-Hf and Ti.

Discussion

Physicochemical conditions

The estimates on physicochemical conditions give just an
approach due to inappropriate mineral assemblages. Con-
sidering the limitations, the temperature is constraint to a
range of 675–937°C for diopsidic augite and 750–930°C
for pargasite (Toksoy-Köksal 2003). All temperature esti-
mates approximate the amphibole liquidus temperatures in
hydrous basaltic systems at low pressure (∼900°C: Spear
1981). The pressure is restricted to a range of 5.83–
16.45 kbar from diopsidic augite, 5–15 kbar from phlogo-
pite, ∼8.5–18 kbar from pargasite (Toksoy-Köksal 2003).
The estimated pressure range of pargasite is higher than the
other approximations probably due to exsolution of TiO2

from pargasite to form Ti-phases (rutile and sphene) during
slow cooling (Ernst and Liu 1998). Phlogopite bearing
systems require high oxygen fugacity (Esperanca and
Holloway 1987) and the studied phlogopite could only
have formed at ƒO2 conditions buffered between NNO and
HM (Toksoy-Köksal 2003). Crystallization of high-An
plagioclase also requires ƒO2 to range between these
buffers (Conrad et al. 1983).

Tectonic setting

The observed crystallization order of the minerals (clino-
pyroxene - phlogopite - pargasite I - plagioclase) is not
typical for cumulates from continental (rift, arc) or oceanic
(mid-ocean ridge, oceanic island, island arc) settings (for
references see captions of Figs. 6 and 7).

The mineral assemblage of the Kurancali cumulates
shows some similarity to those of island arc basements in
the presence of hydrous phases. The assumed high water
pressure and oxygen fugacity, LILE and LREE-enriched

Table 3 (continued)

Rocks clinopyroxenite phlogopitite hydrous
clinopyroxenite

hornblendite
(fine grained)

hornblendite
(coarse grained)

layered
gabbro

Diorite

No. of
samples

14 9 20 1 7 1 1

Er 1.5–2.38 1.16–1.8 1.4–3.8 2.5 2.4–3.1 0.97 2.5
Tm 0.21–0.34 0.15–0.2 0.19–0.37 0.35 0.33–0.42 0.1 0.18
Yb 1.3–1.99 0.97–1.4 1.1–3.2 2.1 1.9–2.4 0.83 2
Lu 0.18–0.28 0.14–0.2 0.16–0.46 0.3 0.25–0.33 0.12 0.27
Nb/Y 0.09–0.24 0.18–0.34 0.11–0.39 0.30–0.42 0.20 0.23

La Ce Pr Nd Sm Eu Gd LuYbTmErHoDyTb
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Fig. 5 N-MORB-normalized a spider and b REE patterns for the studied rocks (normalization data from Sun and McDonough 1989). The
symbols in b are the same as those in a
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patterns for clinopyroxenite, and high Ca-plagioclases also
favor the generation of the cumulates above a subduction
zone rather than in a rift-related system. The Kurancali
rocks geochemically differ from cumulates of continental
rifts, while they are comparable to those from roots of
island arcs (e.g., V contents, negative Nb-Ta and Zr-Hf
anomalies, high Pb abundances, and high ratios of Nb/Y
and La/Yb) (e.g., Fig. 6). The attribution to continental arc
is geochemically inadequate due to negative Zr-Hf anoma-

lies of the studied rocks. In continental arc setting crustal
contamination leads to positive Zr-Hf anomaly (e.g., Zhao
and Zhou 2007).

Comparison of the mineral compositions with those of
cumulates from different oceanic and continental settings
(e.g., island arc, mid-oceanic ridge and oceanic island
cumulates, and continental rift and arc cumulates, respec-
tively) confirms the island-arc idea (for references see
caption of Fig. 7). Clinopyroxene with higher Ca, Ti, Na,
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Fig. 6 Comparison of whole-rock geochemical data for the Kurancali
cumulate rocks and cumulates from different settings (data compiled
from Downes et al. 2001; Ait-Djafer et al. 2003; Dessai et al. 2004;
Duchesne et al. 2004; Cawthorn and Boerst 2006; Maier et al. 2008
for continental rift cumulates; Duclaux et al. 2006; Marchev et al.

2006; Giacomini et al. 2007; Zhao and Zhou 2007 for continental arc
cumulates; Himmelberg and Loney 1995; Béziat et al. 2000; Spandler
et al. 2003; Dubois-Coté et al. 2005; Garrido et al. 2006; Greene et al.
2006; Krause et al. 2007; Takahashi et al. 2007 for island arc
cumulates; Scoates et al. 2008 for oceanic island cumulates)
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Al(t), Al[4] (e.g., Fig. 7a), and phlogopite with lower Mg#
and Na/(Na+K) values and higher Fe2+, Fe3+, Al[6] and Ti
contents (e.g., Fig. 7b) are similar to those in island arc
cumulates. Both pargasite I and II with high Ca-Al(t), Ti,
Mg, Na and K contents, and high Na/K ratios are also
comparable to the same (e.g., Fig. 7c).

The regional geological constraints (e.g., Göncüoglu et
al. 1997) as well as geochemical evidence from the
ophiolitic units (e.g., Yaliniz et al. 1996, 1999; Yaliniz
and Göncüoglu 1998; Floyd et al. 2000; Kocak and Leake
1994; Kocak et al. 2005) favor the origin of the mafic
cumulates in central Anatolia in a SSZ environment and
exclude a continental arc as a possible origin as previously
proposed (e.g., Kadioglu et al. 1998, 2003). Overall,
geological, mineralogical and geochemical constraints
imply that the Kurancali hydrous ultramafic-mafic cumu-
lates are representative of an island arc basement formed

during closure of the Neotethyan Izmir-Ankara-Erzincan
branch of Neotethyan Ocean.

Magma and source character

Textural relations and compositional variations of the minerals
in the Kurancali cumulates are typical of magmatic fraction-
ation. Pargasite I and II, and phlogopite are of magmatic
origin. High-Ti abundances of pargasite (0.96–2.61 wt.%)
further support a primary origin of phlogopite since high-Ti
pargasite has also high K2O and a K-rich environment is
required for it to occur in paragenesis with phlogopite.
Chemical features of the minerals manifest crystallization
from a magma with calc-alkaline to alkaline affinity. Despite
its high Al(t) content the tetrahedral site of clinopyroxene is
variably occupied by Si (1.71–1.99 pfu) with a negligible
amount of Al[4] for some of analysed points. Clinopyroxene
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Fig. 7 Comparison between compositions of the minerals from the
Kurancali cumulates and those from different settings where a
diopisidic augite, b phlogopite, c pargasite (data compiled from Ait-
Djafer et al. 2003; Dessai et al. 2004; Shaw 2004; Farahat et al. 2007
for continental rift cumulates; Marchev et al. 2006; Giacomini et al.
2007; Zhao and Zhou 2007; Tiepolo and Tribuzio 2008 for continental

arc cumulates; Himmelberg and Loney 1995; Béziat et al. 2000;
Spandler et al. 2003; Batanova et al. 2005; Farahat and Helmy 2006;
Greene et al. 2006; Krause et al. 2007; Takahashi et al. 2007 for island
arc cumulates; Tiepolo et al. 1997; Borghini et al. 2007 for mid-
oceanic ridge cumulates; Alletti et al. 2005 for oceanic island
cumulates)
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in the ultramafic rocks has higher Na and K contents than
that of the mafic ones. Moreover, phlogopite is OH- and Al-
enriched, and Si-depleted. Tschermakitic exchange is pre-
dominant in pargasite I and II. Moreover, pargasite has high
Ca-Al(t)-Ti-Mg-Na-K contents, high Na/K ratios and exten-
sive replacement of Si (5.80–6.27 pfu) by Al[4]. Implications
from mineral chemistry are confirmed by an increase of
Na2O, K2O and Sr contents of the rocks with decreasing
Mg#, and ascend of SiO2 contents at nearly constant FeO(t)/
MgO ratios. Clinopyroxenite display calc-alkaline character,
but the rest of the rocks show transition to alkaline nature as
the amounts of hydrous phases increase.

Chemical features of the constituents, formation of
phlogopite before pargasite, and late stage crystallization
of plagioclase (Allan and Carmichael 1984), high-An
plagioclase (e.g., Stern et al. 2006), and the absence of
iron oxide minerals strongly infer crystallization from a
highly water enriched melt. This hydrous magma might be
derived from partial melting of a mantle source that was
subjected to metasomatic event(s) above a subducted
oceanic slab since hydrous metasomatising agents render
partial melting of a mantle source easier to produce a
hydrous melt (e.g., McInnes et al. 2001).

Cr and Ti contents of clinopyroxene are indicative of the
magma-source character. The Cr content of clinopyroxene
is much lower than that of clinopyroxene from MOR
cumulates, and may reflect a depleted mantle source. The Ti
content of clinopyroxene is highly variable from depleted to
enriched values (Ti(pfu)*1000=0.37–35.93) compared to
clinopyroxene in MOR cumulates. Lower Ti abundances
support the idea of depletion of a mantle source by melting
while higher values might be due to a Ti-rich agent
metasomatically affecting this depleted source. In addition
to Ti, enrichment of clinopyroxene in Ca, Na, Al(t) and
Al[4] may be taken as evidence of metasomatism to have
affected the depleted peridotitic mantle source. Low Fe3+/
Fe(t) ratio (0.22) and very high Ba contents of phlogopite
and high Al, Ca, Na and K contents of pargasite may also
be attributed to a metasomatised source. Additionally,
accessory pyrite infers the presence of S in the system.
Moreover, sporadic occurrence of apatite may require
increase of CO2/H2O ratio in the melt after crystallization
of hydrous phases such as amphibole and phlogopite (e.g.,
Zanetti et al. 1999).

Ratios between Zr, Nb, Ta, Yb, Ti, Zr and Y offer
evidence about the character of the mantle source since
these elements are potential markers of metasomatic effects
in island arc magma sources (Green 1995). Zr/Y (1.71–
10.8) and Zr/Nb (5.14–69.2) ratios are highly variable for
the studied rocks (N-MORB=∼2.9, ∼30, respectively) that
are intrpreted to represent depletion of a mantle source
followed by metasomatic enrichment. Nb/Yb ratios of the
rocks (0.92–5.42) are also higher than N-MORB (0.76).

These high values cannot be explained by depletion of a
mantle source because the Nb/Yb ratio of a melt decreases
with depletion of the mantle source (Pearce et al. 2005). La/
Yb ratios of the rocks (5.24–13.72) are much higher than
N-MORB (∼1.0) but this ratio should also decrease with
increasing depletion in the source (e.g., Wang et al. 2001;
Stern et al. 2006). The La/Yb ratios of the studied rocks are
even higher than those of depleted mantle peridotites (e.g.,
Wang et al. 2001) and comparable to many cumulates from
island arc basement (e.g., Spandler et al. 2003; Greene et al.
2006; Takahashi et al. 2007). It is evident that the Kurancali
cumulates have crystallised from a melt derived from a
lithospheric mantle which has been significantly modified
by metasomatising components.

The hypothesis suggesting a metasomatised mantle
source is also confirmed by similar enrichment levels in
LILE, HFSE (especially Th, U, Zr) and LREE of
clinopyroxenite and hornblendite. These enriched levels
are consistent with the crystallisation of diopsidic augite
from a melt derived from a metasomatised source to form
the clinopyroxenites.

Implications on metasomatising agent(s)

The enrichment in LREE and LILE (e.g., Rb, Ba, Sr, K)
resulting in high LILE/HFSE ratios, points to re-fertilization
of a depleted mantle due to metasomatisation by subducting-
slab-derived components in an island-arc setting. The
components derived from dehydration of a subducting slab
are highly variable and include hydrous fluids/melts (e.g.,
Plank and Langmuir 1993; Stern et al. 2006). The
geochemical evidence from the Kurancali cumulates point
to various different metasomatising agents. Elevated ratios
of Rb/Sr (0.01–0.70), Ba/Th (35–1729), U/Th (0.18–0.53),
Ba/La (7.1–197), Sr/Ce (4.12–41.9) and Ba/Rb (4.94–72.8)
infer metasomatism of their mantle source by slab-derived
hydrous fluids. LILE and other incompatible elements may
have been derived from dehydration of subducted sedi-
ments (Plank and Langmuir 1993) or of oceanic crust
(Ishikawa and Tera 1999). In sub-arc lithospheric mantle of
an island arc, hydrous minerals can be formed as
metasomatic minerals due to reaction of a peridotitic source
with an initial low-density hydrous fluid having dissolved
soluble major elements (Al, Ca, Na and K) (McInnes et al.
2001). Thus, metasomatism by alkali-rich hydrous fluids
derived from early dehydration of a subducted slab may
explain high Al, Ca, Na and K contents of the minerals and
the rocks. However, enrichment of the rocks (including
clinopyroxenite) in Nb, Ta, Yb, Ti, Zr, and Y relative to N-
MORB (Sun and McDonough 1989) cannot be explained
solely by infiltration with fluids, as these incompatible
elements are not soluble and not mobile in hydrous fluids
released by dehydration of a subducting oceanic slab
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(Pearce and Peate 1995; Coltorti et al. 2007). However,
melting of both subducted sediment and/or altered basaltic
crust may produce siliceous melts contributing significant
amounts of (e.g.) LREE, Th, Nb and Yb into mantle
material (e.g., Defant and Drummond 1990; Elliott 2003;
Green and Sinha 2005).

An adakitic melt (Defant and Drummond 1990) derived
from subducted oceanic crust (e.g., Yogodzinski et al. 1995;
Coltorti et al. 2007), which may metasomatise the mantle
source, can partly explain highly varying ratios such as Zr/
Hf (28–31), Ti/Eu (1853–12164) and Nb/Ta (7.3–24) not
matching those of N-MORB (36.1, 7451, 17.7, respective-
ly, Sun and McDonough 1989). Especially high Nb/Ta, Zr/
Hf and La/Yb ratios of the rocks and their enrichment in
incompatibles can be explained by adakitic melt metaso-
matism as this melt is characterized by strongly fractionated
REE patterns with appreciable amounts of HFSE. High Zr/
Hf and low Ti/Eu, Nb/Ta ratios of the rocks, on the other
hand, can be interpreted as a result of carbonatite
metasomatism (e.g., Ionov and Hoffman 1995; Gorring
and Kay 2000). The amphibole, phlogopite, rutile and
ilmenite-bearing mineralogy of the studied cumulates also
favors a Fe-Ti-K-rich basaltic melt as a metasomatising
agent in the mantle source area (e.g., Menzies et al. 1987).
This may explain similar to or lower Zr/Hf ratios of the
rocks compared to N-MORB, and their Ti/Eu ratios being
similar to or higher than those of N-MORB. There is no
further evidence of metasomatism by carbonatitic or
basaltic components. However, Fe-Ti oxides, apatite, zircon
and sphene of the studied rocks may require an adakitic
melt as a metasomatising agent, since adakite-metasoma-
tised mantle rocks have been demonstrated to contain these
minerals (Prouteau et al. 2000). Silica-rich adakitic melts
may also contain high H2O and minor CO2 (e.g., Andersen
et al. 1993). Melting of an adakite-metasomatised source,
therefore, will produce a hydrous magma with a composi-
tion suitable to crystallize the above-mentioned mineral
assemblages. Adakitic melt may have been derived from wet
melting of a hydrous oceanic crust (garnet-amphibolite or
basaltic eclogite; e.g., Rapp et al. 1999, melting experiments
at 3.8 GPa). Melting of eclogite with different clinopyrox-
ene/garnet ratios in the residuum controls the positive or
negative Zr anomalies in a liquid (Pertermann et al. 2004)
and form SiO2-Na2O-Al2O3-rich melts (e.g., Kamchatka:
Kepezhinskas et al. 1995; Aleutians: Yogodzinski et al.
1995; Styrian Basin, Austria: Coltorti et al. 2007). The
interaction of this melt with depleted mantle wedge
material results in crystallization of metasomatic pargasite
and phlogopite (Sekine and Wyllie 1982; Sen and Dunn
1995), and in high Zr/Hf and Nb/Ta ratios (Ionov and
Hoffman 1995). In this study, the metasomatising agent in
the source was more likely to be an adakitic melt. It is
interpreted to be responsible for the enrichment in SiO2,

Na2O, K2O, CaO and Al2O3 in hydrous melt derived from
this source.

Trace and rare earth element abundances of the studied
rocks are comparable to high-Al basalts with adakitic
affinity (Toksoy-Köksal 2003). Their major and minor
element concentrations, on the other hand, do not compare
to them. They have lower SiO2, FeO, Na2O and K2O
concentrations and higher CaO and MgO concentrations
(resulting in higher Mg#) than high-Al basalts. They may
be interpreted as products resulting from interaction of a
mantle wedge peridotite and a metasomatic melt derived
from a subducting slab. Although, trace element contents
of the slab melt were not modified significantly by this
interaction, its major element composition seem to be
modified. Experimental studies showed that small amounts
of adakitic melt (i.e., peridotite:adakitic melt ratio=1:1)
are entirely consumed in reaction with the host peridotite
to form metasomatised zones (Sen and Dunn 1995; Rapp
et al. 1999).

In addition to the principal metasomatic agent(s), the
source(s) of magmatic water has to be identified. Phlogo-
pite and pargasite in the Kurancali cumulates require high
proportions of magmatic water for their crystallization.
Moreover, the presence of primary hydrous mafic minerals
(e.g., McInness et al. 2001), and the late crystallization of
high-Ca plagioclase (e.g., Allan and Carmichael 1984)
require significant amounts of water in the magma source.
Water released from sediments and altered oceanic crust
may not be sufficient to result in water contents as high as
inferred for the magma that formed the Kurancali rocks.
Serpentinized mantle is an alternative source of water to
explain the high water content of the initial magma. In an
intra-oceanic subduction zone, shallow lithospheric mantle
may partly be serpentinized by water seeped from faults at
the outer trench (Ranero et al. 2003) and by fluids
originated from subducted oceanic crust and sediments
(Peacock and Hyndman 1999). H2O stored in serpentinites
(~12 wt.%) can be subducted to greater depths than H2O
stored in altered MORB or sediments (Schmidt and Poli
1998). Serpentinite may dehydrate and release water
(Yamasaki and Seno 2003) at ~150–250 km depth (Rüpke
et al. 2004).

Implications on hybridisation

Hydrous cumulates contain less SiO2 than clinopyroxenites,
i.e. as the rocks become more evolved and more hydrous,
their SiO2 contents decrease. However, calc-alkaline cumu-
late rocks (e.g., from Aleutian arc, Alaska: Kay et al. 1990;
Beaunit - French Massif Central: Féménias et al. 2003)
show enrichment in SiO2 as differentiation proceeds.
Moreover, CaO behaves similar to SiO2 and rises with
increasing Mg# from hornblendite to clinopyroxenite. K2O
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and Na2O contents, on the other hand, decrease with
increasing Mg#. These constituents of the Kurancali
cumulates oppose fractionation, and may indicate a com-
plex possibly open system affected by a hydrous alkaline
melt, i.e., hybridisation. Moreover, crystallization of phlog-
opite prior to pargasite supports this idea, as this cannot
result from simple fractionation. Hybridisation is also
verified by non-systematic variation of An content of
plagioclase (41–99) and almost constant Fe2O3

(t) content
of plagioclase in all ultramafic rocks, and two distinct
compositional trends recorded for clinopyroxene, phlogo-
pite, pargasite I and plagioclase (e.g., Table 2, Fig. 4).

In addition, very high Nb/Yb (0.92–5.42), Zr/Yb (31.0–
99.3) and Ti/Yb (2267–8653) ratios of the rocks (N-
MORB=0.76, 24.3 and 2492, respectively) may indicate
contributions from an incompatible element enriched
alkaline melt. La/Sm and TiO2/Al2O3 ratios, MgO content,
and multi-element and REE patterns of the studied rocks
are comparable with hornblendite cumulates of an alkaline
melt from La Palma, the Canary Islands (Neumann et al.
2000). Arguing based on these ratios, the enrichment in
HFSE was likely caused by hybridising alkaline melt. A
hybrid parental magma, produced by mixing of a melt
derived from partial melting of hydrous mantle wedge
with an alkaline melt, may be responsible for the
generation of the hydrous silica-undersaturated aluminous
rocks. This might have led to crystallization of amphibole,
phlogopite and clinopyroxene instead of orthopyroxene,
resulting in selective enrichment in Rb, Ba, K and other
elements compatible in these phases, as well as a general
enrichment in incompatible elements with relative deple-
tions in Nb, Ta, P and Ti.

A simple model on metasomatism and hybridisation

As discussed above, the studied rocks show a wide range in
element ratios and high modal abundances of high-Ti
pargasite-phlogopite±rutile±ilmenite±sphene. These fea-
tures are interpreted to be the result of more than one
metasomatic event in the magma source and hybridisation
of the parental magma derived from this metasomatised
source with alkaline melt. The data requires at least two
types of metasomatic agents to have affected the depleted
lithospheric mantle; dehydration from subducted slab
probably caused enrichment in LILE, while an adakitic
melt derived from melting of MORB-type oceanic crust
probably resulted in Th, U, Zr, Hf and LREE-enriched in
the magma and finally in the clinopyroxenite formed from
it. Moreover, a hydrous alkali-basaltic melt leading to
progressive enrichment in LILE and Nb (and Ta) in
hornblendite is the hybridising component. In addition to
hornblendite, the other investigated cumulate rocks are
characterized by Nb-depletion (relative to elements with

similar incompatibility) despite of their enrichment com-
pared to MORB. Multiple metasomatic agents and hybrid-
isation may explain the complexities in chemistry of the
minerals and the rocks. If this was the case, it would require
an explanation of how the metasomatising and hybridising
agents evolved from low-Nb slab-derived adakitic melts to
high-Nb alkaline melts, and what the source of the hybrid-
ising basaltic alkaline melt was.

Conclusions

The cumulate body from the Kurancali area in central
Anatolia, found as an allochthonous isolated body on a
metamorphic ophiolitic mélange, is characterized by the
presence of (in the order of crystallization): clinopyrox-
ene, phlogopite, pargasite and plagioclase. The rocks
contain accessory Ti phases (sphene, rutile, ilmenite),
pyrite and apatite. A lack of olivine and orthopyroxene is
a characteristic feature of the body. Based on partitioning
of Mg and Fe2+ among coexisting ferromagnesian miner-
als, in accordance with petrographic observations, the
order of crystallization for the rocks was derived to be:
clinopyroxenite - phlogopitite - hydrous clinopyroxenite -
hornblendite - layered gabbro – diorite. The rocks and
their constituents have the characteristic features of mantle
origin but they display some unusual chemical composi-
tions. Geochemical evidence infers that the rocks are
generated in an island arc setting. Geothermobarometric
estimates suggest that the rocks are representative of deep
crust, probably in an arc basement.

All evidence from field, petrographical and geochemical
studies on minerals and whole-rocks infers crystallization
of the cumulates from a hydrous magma with high-K calc-
alkaline affinity with slightly alkaline character under high
water pressure and high oxygen fugacity conditions.
Evidence from mineral and whole-rock geochemistry
brings about that the melt must have been derived from a
hydrous metasomatised mantle source above a subducted
slab which was selectively enriched in LILE by a slab-
derived fluid and an adakitic melt. The evidence also favors
hybridisation of this hydrous magma with an alkaline melt
to obtain hydrous silica-undersaturated aluminous rocks.

The metasomatising component(s) that modified the
composition of the mantle wedge must have been H2O-,
alkali- and carbonate-rich aluminosilicate fluids/melts. The
processes responsible for the crystallisation of phlogopite
and pargasite at shallow levels in island arc basement, and
the nature of metasomatising agent(s) affecting the mantle
source, as well as hybridisation of alkaline and hydrous
melt are still matters of debate. Further trace element and
isotope geochemistry studies are necessary to decipher the
origin, mechanism and quantity of the metasomatising
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agent(s) (e.g., subduction derived fluid/melt) and the
hybridisation of the dominant melt with alkaline liquid, as
well as the source of water in the mantle (dehydration of
subducting serpentinite?).

We suggest that the metasomatic agents in the subarc
mantle led to the generation of the hydrous magma(s) that
produced the Kurancali cumulates in an intra-oceanic
subduction zone during the closure of the Izmir-Ankara-
Erzincan branch of the Alpine Neotethys Ocean.
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