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Abstract

The (late syn)- post-collisional magmatic activities of western and northwestern Anatolia are characterized by intrusion of a great
number of granitoids. Amongst them, Baklan Granite, located in the southern part of the Muratdağı Region from the Menderes Massif
(Banaz, Us�ak), has peculiar chemical and isotopic characteristics. The Baklan rocks are made up by K-feldspar, plagioclase, quartz, bio-
tite and hornblende, with accessory apatite, titanite and magnetite, and include mafic microgranular enclaves (MME). Chemically, the
Baklan intrusion is of sub-alkaline character, belongs to the high-K, calc-alkaline series and displays features of I-type affinity. It is typ-
ically metaluminous to mildly peraluminous, and classified predominantly as granodiorite in composition. The spider and REE patterns
show that the rocks are fractionated and have small negative Eu anomalies (Eu/Eu* = 0.62–0.86), with the depletion of Nb, Ti, P and, to
a lesser extent, Ba and Sr. The pluton was dated by the K–Ar method on the whole-rock, yielded ages between 17.8 ± 0.7 and
19.4 ± 0.9 Ma (Early Miocene). The intrusion possesses primitive low initial 87Sr/86Sr ratios (0.70331–0.70452) and negative eNd(t) values
(�5.0 to �5.6). The chemical contrast between evolved Baklan rocks (SiO2, 62–71 wt.%; Cr, 7–27 ppm; Ni, 5–11 ppm; Mg#, 45–51) and
more primitive clinopyroxene-bearing monzonitic enclaves (SiO2, 54–59 wt.%; Cr, 20–310 ppm; Ni, 10–70 ppm; Mg#, 50–61) signifies
that there is no co-genetic link between host granite and enclaves. The chemical and isotopic characteristics of the Baklan intrusion argue
for an important role of a juvenile component, such as underplated mantle-derived basalt, in the generation of the granitoids. Crustal
contamination has not contributed significantly to their origin. However, with respect to those of the Baklan intrusion, the generation of
the (late syn)- post-collisional intrusions with higher Nd(t) values from the western Anatolia require a much higher amount of juvenil
component in their source domains.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Granite is an important and characteristic component of
continental crust. Recent studies on granite petrology
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revealed that diverse geodynamic processes, such as crustal
thickening as a consequences of continental collision,
development of lower juvenile crust via input of mantle-
derived magmas, and lithospheric thinning and astheno-
spheric mantle upwelling (e.g. Snyder et al., 1996; Chen
and Jahn, 1998, 2004; Jahn et al., 2000; Chen et al., 2000,
2002; Hu et al., 2000; Wu et al., 2000, 2003; Topuz et al.,
2005; Arslan and Aslan, 2006; Zhai et al., 2007; Mo
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et al., in press; Karsli et al., 2007; Boztuğ et al., 2007) leave
geochemical imprints in enclave and host rock composi-
tions of the granitic bodies. Drastic change in tectonics
from a compressive to extensional processes, or a large-
scale uplift and thinning, may cause compositional differ-
ence in granitic magmas (e.g. Wu et al., 2000; Dias et al.,
2002; Mendes and Dias, 2004; Karsli et al., 2007). The var-
iably mixed sources from both underplated basaltic rocks
and crustal components in orogenic settings are also their
most characteristic feature (e.g. Central Asian Orogenic
Belt, Sengor et al., 1993; Wu et al., 2000; NW Iberian Pen-
insula, Mendes and Dias, 2004; NE Pontide, Karsli et al.,
2007). Such geodynamic and magmatic patterns during
the Late Crecateous–Late Tertiary period have also been
reported for the western Anatolian (late syn)- post-colli-
sional settings including numerous calc-alkaline granitic
intrusions and their contemporary volcanic associations
(Figs. 1 and 2) (Bingöl et al., 1982; Juteau et al., 1986;
Gülec�, 1991; Yılmaz, 1997; Altunkaynak and Yılmaz,
1998; Karacık and Yılmaz, 1998; Delaloye and Bingöl,
2000; Pe-Piper and Piper, 2001; Albayrak, 2003; Is�ık
et al., 2004a,b; Köprübas�ı and Aldanmaz, 2004; Aydoğan,
2006; Altherr and Siebel, 2002; Karacık et al., 2007).
Amongst these igneous activities, the Baklan Granite (ca.
3 � 4 km) is only one of these plutonic rocks. It is well
exposed in the southern part of the Muratdağı Region, sit-
uated in northeastern end of the Menderes Massif (SW
Anatolia), a large elongate metamorphic complex in wes-
Fig. 1. Simplified structural sketch map of Turkey showing the distribution o
1985; Barka, 1992; Bozkurt, 2001a). Abbreviations: IASZ: Izmir–Ankara–Erzi
Transform Fault Zone, EAFZ: East Anatolian Fault Zone, FBFZ: Fethiye-
Anatolian Fault Zone, EFZ: Ecemis� Fault Zone, TGFZ: Tuz Gölü Fault Z
WAEP: West Anatolian Extentional Province. Heavy lines with arrows are str
with filled triangles show a major fold and thrust belt. Heavy lines with open tr
of small triangles. Bold filled arrows show relative movement direction of
Anatolian Plate. The heavy lines with hachures indicating down-thrown side s
tern Anatolia (cf. Bozkurt, 2001b). The Baklan Granite is
a post-collisional I-type granitoid.

Here, we present new geochemical and isotopic (Sr, Nd)
data for the Baklan Granite, together with the composition
of its enclaves, to better understand the nature of the
source domains of (late syn)- post-collisional I-type calc-
alkaline granitoids from western Anatolia.

2. Regional geological setting

Anatolia (Turkey) is an important east–west-trending
component of the Alpine–Himalayan orogenic system
which marks the boundary between Gondwana to the
south and Laurasia to the north. The tectonic history of
Anatolia is primarily linked to the continental collision
between the Eurasian and Arabian plates along the Bit-
lis–Zagros Suture Zone. The collision resulted in crustal
thickening (regional uplift; � up to 2 km) and shortening
in eastern Anatolia during Middle to Late Miocene times
(e.g. McKenzie, 1972, 1978; Dewey et al., 1973, 1986; S�eng-
ör, 1980; Sengör and Yılmaz, 1981) (Fig. 1). The colli-
sional processes in the east affected the western
Anatolia, as well. With the closure of the Izmir–
Ankara–Erzincan Ocean, the Tauride–Anatolide Platform
collided with the Sakarya continent along the Izmir–
Ankara–Erzincan Suture Zone during the Palaeocene time
(e.g. Sengör and Yılmaz, 1981). This collisional episode
also caused a north–south crustal shortening and intra-
f major tectonic elements and suture zones (modified from Sengör et al.,
ncan Suture Zone, BZSZ: Bitlis–Zagros Suture Zone, DSTFZ: Dead Sea
Burdur Fault Zone, FBFZ: Fethiye-Burdur Fault Zone, NAFZ: North
one, IA: Isparta Angle, EACP: East Anatolian Contractional Province,
ike-slip faults. The arrows show the relative movement sense. Heavy lines
iangles indicate an active subduction zone, its polarity indicated by the tip
Arabian and African plates. Open arrows indicate westward motion of
how normal faults and graben fields in western Anatolia.



Fig. 2. Geological sketch map showing distribution of the Eocene–Miocene granitic plutons and the other rock units in western and northwestern
Anatolia (modified from Bingöl, 1989; Genc�, 1998). Key to numbers (from west to east): (1) Kestanbol pluton, (2) Evciler pluton, (3) Kozak granodiorite,
(4) Eybek granodiorite, (5) Ilıca granodiorite, (6) Çataldağ granodiorite, (7) Fıstıklı granite, (8) Uludağ granite, (9) Orhaneli granodiorite, (10) Alac�am
pluton, (11) Koyunoba pluton, (12) Eğrigöz pluton, (13) Topuk granodiorite, (14) Göynükbelen granite and (15) Baklan Granite (this work).

Fig. 3. (a) Geological map of southern section of Muratdağı Region (b) Generalized tectonostratigraphic column of the study area (1) Baybuyan
Formation (Palaeozoic), (2) Arıkaya Formation (Palaeozoic), (3) Kırkbudak Formation (Upper-Triassic), (4) Çic�eklikaya Formation (Jurassic), (5)
Muratdağı Melange (Cretaceous), (6) Baklan Granite (Middle-Lower Miocene), (7) Kürtköyü Formation (Lower Miocene), (8) Yeniköy Formation
(Middle-Miocene).
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crustal deformation (e.g. Sengör and Yılmaz, 1981; Okay
et al., 1996, 2001). From Oligocene to middle Miocene,
continental extension, due to combined effect of gravita-
tional collapse and southward retreat of the Aegean arc,
reduced the Aegean continental crust from 50 km to a
mean value of 25 km at the scale of the whole Aegean
(e.g. Tirel et al., 2004). The Palaeocene–Oligo-Miocene
period in western Anatolia was characterized by a drastic
tectonic change from collision to extension. Special
emphasis has been given to the (late Oligocene)–Early
Miocene post-orogenic extension (e.g. Bozkurt, 2001a,b,
2002; Is�ık et al., 2004a,b; Catlos and Çemen, 2005; Boz-
kurt and Mittwede, 2005; Emre and Sözbilir, 2007; Kaya
et al., 2007). Eocene–Early Oligocene period was probably
corresponds the relaxation phase of last stage of collision.
In general, intense magmatic activities took place (e.g.
Yılmaz, 1997; Pe-Piper and Piper, 2001; Aldanmaz, 2006;
Altunkaynak, 2007; Ersoy and Helvacı, 2007; Karacık
et al., 2007), following the northern subduction of the Neot-
ethys ocean (Sengör and Yılmaz, 1981).
2.1. Local geological setting

The Muratdağı Region, comprising a complex mosaic of
metamorphics, plutonics, ophiolitic remnants (mélange),
platform-type carbonates and Neogene units, is located in
the western Anatolia where young granitic and volcanic
rocks are widespread (Fig. 2). A brief explanation about
geological setting of the study area is given below, and
stratigraphical nomenclature of lithological units are taken
from Bingöl (1977), Ercan et al. (1978) and Akdeniz and
Konak (1979) (Fig. 3a and b).

In the Muratdağı Region, the Menderes Massif is repre-
sented by a metasedimentary sequence. The Baybuyan For-
mation of Palaeozoic age, which is composed of alternation
Table 1
Location and co-ordinates of the representative samples from the Baklan Gra

Location Outcrop

Kozakırmezarı N of the Çic�ekli Hill, E of the Pazarcık Hill
Kozakırmezarı SW of Kocakırmezarı Hill, on the road of Baklan Hill
Kozakırmezarı W of Kocakırmezarı Hill, on the road of Baklan Hill, C
Kozakırmezarı NW of Kocakırmezarı Hill, E of Çaylak stream
Kozakırmezarı W of Kocakırmezarı Hill, W of Çaylak stream
Tepedelen E of Tepedelen Hill, Tepedelen spring
Pazarcık Pazarcık ridge
Pazarcık W of Pazarcık ridge
Baklan E foothills of Baklan Hill
Baklan E of Baklan Hill, on the road of Baklan Hill
Baklan SE of Baklan Hill, on the road of Baklan Hill
Baklan Foothills of the Baklan Hill, on the road of the Tepede
Gürlek Dede stream, E of Ballık ridge
Gürlek Dede stream, E of Tömsü Hill
Göc�yolu W of Baklan Hill, Göc�yolu, NW of Bas�c�aylı Hill
Göc�yolu W of Baklan Hill, Göc�yolu, NW of Bas�c�aylı Hill
of marble, schists and quartzites, forms the lower part of
the stratigraphic section of the massif (Günay et al.,
1986; Güngör and Erdoğan, 2002). Based on Rb/Sr isoto-
pic data, Bingöl (1977) postulated an age of metamorphism
at 127 ± 11 Ma. The Baybuyan Formation is overlain con-
formably by the Arıkaya Formation. Upper-Triassic aged
Kırkbudak Formation overlying Arıkaya Formation is
dominantly composed of meta-pebblestone, meta-sand-
stone and limestone. The series continues with a Jurassic
Çic�eklikaya Formation, which is mainly characterized by
a thick-bedded dolomitized and silicified limestone (Akde-
niz and Konak, 1979; Günay et al., 1986). All these units
are overthrust by the Muratdağı Mélange (Fig. 3a and b)
consisting mainly of mafic and ultramafic rocks, and large
limestone blocks and marbles of Cretaceous age. The mafic
and ultramafic rocks contain serpentinized harzburgite,
gabbro, spilitic basalt and diabase. Bingöl (1977) pointed
out that the emplacement age of the Muratdağı Mélange
is about 70 ± 3 Ma. The Baklan Granite intruded into (as
also aphophyzes) all these formations (mentioned above),
and thermally affected them in contact zones. The Kürt-
köyü Formation (Lower Miocene) consists of gravels
derived from the earlier formations (Ercan et al., 1978, p.
100), and discordantly overlies the Muratdağı Mélange
and Çic�eklikaya Formation in southeastern part of the
area. The Kürtköyü Formation is covered by the Yeniköy
Formation which is composed mainly of sandstone, mud-
stone, siltstone, marl and clay-plaquette limestones (see
Fig. 3a and b for detail).
3. Analytical techniques

More than 200 samples were collected from the Baklan
Granite. The exact co-ordinates of our sampling sites are
given in Table 1. More precise locations are plotted on
nite

Sample Co-ordinates

Latitude (N) Longitude (E)

MBG-2 38�5201300 29�4502300

MBG-3 38�5205800 29�4501200

¸ aylak stream MBG-4 38�5301200 29�4501000

MBG-5 38�5301600 29�4501000

MBG-6 38�5301600 29�4500300

MBG-7 38�5402300 29�4404300

MBG-8 38�5301200 29�4403900

MBG-9 38�5300900 29�4403600

MBG-10 38�5302000 29�4304200

MBG-11 38�5302900 29�4300000

MBG-12 38�5302400 29�4301600

len spring MBGT-1 38�5401200 29�4402000

MBGG-1 38�5104100 29�4204500

MBGA-1 38�5102000 29�4100400

MBGY-1 38�5303500 29�4300500

MBGY-2 38�5303600 29�4301000



Table 2
Petrographic features of the representative samples of Baklan Granite

Location Sample Rock typea Major phases Accessories Grain size Texture

Kozakırmezarı MBG-2 Granodiorite bio, hbl, pl, ksp, qz op, ap Medium coarse Hypidiomorphic
Kozakırmezarı MBG-3 Granodiorite bio, hbl, pl, ksp, qz op, ap, ttn Medium coarse Hypidiomorphic
Kozakırmezarı MBG-4 Granodiorite bio, hbl, pl, ksp, qz op, ap, ttn Medium coarse Hypidiomorphic
Kozakırmezarı MBG-5 Granodiorite bio, hbl, pl, ksp, qz op, ap Medium coarse Hypidiomorphic
Kozakırmezarı MBG-6 Granodiorite bio, hbl, pl, ksp, qz op, ap, ttn Medium coarse Hypidiomorphic
Tepedelen MBG-7 Granodiorite bio, hbl, pl, ksp, qz op, ap, ttn Medium coarse Hypidiomorphic
Pazarcık MBG-8 Granodiorite bio, hbl, pl, ksp, qz op, ap, ttn Medium coarse Hypidiomorphic
Pazarcık MBG-9 Granodiorite bio, hbl, pl, ksp, qz op, ap, ttn Medium coarse Hypidiomorphic
Baklan MBG-10 Granodiorite bio, hbl, pl, ksp, qz op, ap, ttn Medium coarse Hypidiomorphic, porphyric
Baklan MBG-11 Granodiorite bio, hbl, pl, ksp, qz op, ap, ttn Medium coarse Hypidiomorphic
Baklan MBG-12 Granodiorite bio, hbl, pl, ksp, qz op, ap, ttn Medium coarse Hypidiomorphic
Baklan MBGT-1 Granodiorite bio, hbl, pl, ksp, qz op, ap, ttn Medium coarse Hypidiomorphic
Gürlek MBGG-1 Granodiorite bio, hbl, pl, ksp, qz op, ap, ttn Medium coarse Hypidiomorphic
Gürlek MBGA-1 Granodiorite bio, hbl, pl, ksp, qz op, ap, ttn Medium coarse Hypidiomorphic, graphic
Göc�yolu MBGY-1 Granodiorite bio, hbl, pl, ksp, qz op, ap, ttn Medium coarse Hypidiomorphic
Göc�yolu MBGY-2 Granodiorite bio, hbl, pl, ksp, qz op, ap, ttn Medium coarse Hypidiomorphic

Mineral abbreviations: bio, biotite; hbl, hornblende; pl, plagioclase; ksp, K-feldspar; qz, quartz; op, opaque; ap, apatite; ttn, titanite.
a Rock type is taken from nomenclature of Debon and Le Fort (1983).
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scanned geological map segments which can be obtained
from the corresponding author upon request.

Following a preliminary microscopic examination, 26
samples were chosen for chemical analyses. All samples
Fig. 4. Plot of Q parameter vs. ANOR parameter (after Streckeisen and Le M
parameter = 100 � Q/(Q + Or + Ab + An); [ANOR parameter = 100 � An/(O
reported by Cox et al. (1979).

Table 3
K–Ar ages for representative samples of Baklan Granite in southern part of t

Sample number Location Rock type Method K2O (wt.

MBG-6 Kocakırmezarı Granodiorite Whole-rock 2.63
MBG-8 Pazarcık Granodiorite Whole-rock 2.60
MBGT-1 Baklan Granodiorite Whole-rock 2.64
were analyzed at the Activation Laboratories Ltd. (Can-
ada). Major oxides and trace element abundances were
determined using Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES) following a LiBO2fusion
aitre, 1979) used to classify the Baklan rocks and its mafic enclaves. [Q
r + An)]: Note: the norm calculations are made following the procedure

he Muratdağı Region, western Turkey

%) Radiogenic 40Ar (10�3 mm3/g) % Atmosphere Age (Ma ± 1r)

1.795 68.3 17.8 ± 0.7
1.932 75.3 19.4 ± 0.9
1.957 73.8 19.3 ± 0.7



Table 4
Major (wt.%) and trace (ppm) element compositions of mafic microgranular enclaves (mdr) and host Baklan Granodiorite (gdr)

Sample number MBG-2 MBG-3 MBG-4 MBG-5 MBG-6 MBG-7 MBG-8 MBG-9
Rock type gdr gdr gdr gdr gdr gdr gdr gdr

SiO2 67.49 67.05 68.69 68.09 68.27 65.12 67.51 67.40
TiO2 0.38 0.40 0.42 0.40 0.40 0.50 0.40 0.41
Al2O3 15.75 15.18 14.93 15.37 14.86 15.28 15.68 15.54
Fe2O3tot 2.98 3.28 3.31 3.15 3.28 4.27 3.35 3.30
MnO 0.05 0.09 0.05 0.05 0.05 0.07 0.06 0.06
MgO 1.21 1.36 1.37 1.52 1.55 2.24 1.48 1.48
CaO 2.86 3.30 2.94 3.22 3.28 4.17 2.93 3.02
Na2O 3.24 2.83 3.08 3.12 2.96 2.75 3.14 3.05
K2O 3.60 3.58 3.61 3.59 3.65 3.10 3.80 3.70
P2O5 0.13 0.13 0.12 0.12 0.11 0.12 0.13 0.14
L.O.I. 0.00 2.00 0.70 0.60 0.80 1.60 0.70 1.10
Sum 99.19 99.20 99.22 99.23 99.21 99.23 99.18 99.20

Rb 160.90 135.60 168.40 155.60 165.40 122.10 155.30 176.70
Sr 378.10 393.50 305.30 340.10 335.30 403.30 360.80 374.10
Ba 917.80 726.80 625.30 700.00 810.30 731.20 1035.00 884.10
Zr 166.70 159.00 149.30 127.60 132.60 138.20 155.00 159.50
Hf 5.20 4.60 4.80 4.10 4.20 4.40 4.70 4.80
Ta 1.40 1.60 1.70 1.40 1.70 1.90 1.50 1.80
Th 19.20 17.80 15.30 24.20 14.00 42.90 16.70 17.40
U 5.90 9.30 9.00 7.70 7.40 14.10 7.10 6.00
Nb 18.50 16.20 17.30 13.40 13.80 16.80 18.30 19.60
Y 19.50 21.90 21.00 17.90 17.40 26.20 19.90 23.40
Cs 3.70 2.10 5.10 3.50 3.60 2.60 3.30 7.20
Ga 21.00 19.20 19.00 19.30 19.80 18.60 19.40 20.60
V 42.00 56.00 57.00 60.00 68.00 89.00 51.00 53.00
Cr 7 7 7 13.7 21 21 7 7
Ni 5.70 7.40 10.20 8.30 9.00 8.90 8.00 6.30
Co 5.40 6.70 7.30 8.30 7.80 11.10 6.30 7.00
Sc 5.00 6.00 6.00 6.00 7.00 10.00 7.00 6.00

La 41.30 34.40 31.80 29.60 34.10 32.80 38.80 35.00
Ce 82.30 71.80 68.40 60.90 69.60 70.30 80.80 72.50
Pr 8.18 7.27 6.71 5.95 6.63 7.11 7.79 7.26
Nd 30.30 26.40 25.00 21.80 22.50 25.90 27.50 26.20
Sm 5.10 5.40 4.50 4.10 4.00 5.10 4.80 5.00
Eu 1.17 1.02 0.88 0.87 0.87 1.04 0.98 1.03
Gd 3.95 4.32 3.77 3.24 3.27 4.12 3.58 4.27
Tb 0.61 0.64 0.61 0.52 0.48 0.69 0.57 0.64
Dy 3.22 3.71 3.26 2.90 2.75 3.92 3.29 3.55
Ho 0.63 0.74 0.66 0.55 0.56 0.85 0.62 0.70
Er 1.71 1.98 2.00 1.66 1.58 2.43 1.94 2.04
Tm 0.25 0.31 0.30 0.26 0.24 0.37 0.27 0.30
Yb 1.76 2.01 2.08 1.80 1.72 2.46 1.83 2.02
Lu 0.27 0.28 0.32 0.27 0.26 0.39 0.33 0.33

Sample number MBG-10 MBG-11 MBG-12 MBGT-1 MBGG-1 MBGA-1 MBGY-1 MBGY-2 BGTA-1 BMGE-1 BMGE-2
Rock type gdr gdr gdr gdr gdr gdr gdr gdr mdr mdr mdr

SiO2 65.60 62.47 66.75 64.99 65.89 65.57 70.94 67.53 53.55 53.93 54.74
TiO2 0.48 0.60 0.51 0.56 0.50 0.53 0.35 0.47 0.98 1.00 0.87
Al2O3 15.54 16.49 14.76 15.10 15.13 15.05 13.70 14.71 17.11 17.07 15.65
Fe2O3tot 4.20 4.95 4.10 4.74 4.37 4.49 2.70 3.91 8.74 8.85 7.98
MnO 0.07 0.08 0.06 0.08 0.07 0.06 0.05 0.07 0.18 0.17 0.2
MgO 2.14 2.54 2.02 2.41 2.19 2.21 1.31 2.01 4.85 4.91 6.32
CaO 4.16 4.95 3.65 4.19 4.18 3.91 2.95 3.49 6.86 6.69 7.21
Na2O 2.98 2.96 2.61 2.88 2.93 2.78 2.68 2.83 3.85 3.83 3.37
K2O 3.14 3.01 3.63 3.25 3.03 3.28 3.73 3.55 2.07 1.84 1.63
P2O5 0.12 0.15 0.13 0.14 0.13 0.15 0.08 0.12 0.21 0.21 0.17
L.O.I. 0.80 0.90 1.00 0.90 0.80 1.20 0.70 0.40 0.005 0.006 0.045
Sum 99.23 99.11 99.22 99.25 99.22 99.23 99.19 99.09 98.405 98.506 98.185

Rb 136.00 116.50 150.40 129.60 119.50 141.30 143.20 136.80 110.9 108.5 76.7
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Table 4 (continued)

Sample number MBG-10 MBG-11 MBG-12 MBGT-1 MBGG-1 MBGA-1 MBGY-1 MBGY-2 BGTA-1 BMGE-1 BMGE-2
Rock type gdr gdr gdr gdr gdr gdr gdr gdr mdr mdr mdr

Sr 436.70 453.80 388.70 393.40 394.30 365.10 280.70 294.00 337.2 330.6 332.0
Ba 792.40 855.90 888.60 734.10 761.40 748.00 680.60 637.50 533.3 474.3 434.8
Zr 137.90 148.80 137.90 149.80 132.60 155.30 101.60 102.20 154.6 143.1 170.5
Hf 4.40 4.30 4.30 4.50 4.10 5.00 3.30 3.50 4.8 4.8 5.5
Ta 1.10 1.10 1.90 1.40 1.20 1.60 1.70 1.30 2.4 2.0 1.1
Th 10.80 12.70 14.40 11.40 17.50 15.70 33.20 18.30 11.6 13.9 5.7
U 4.10 4.00 4.90 4.10 7.60 6.50 6.80 7.20 8.6 8.4 5.8
Nb 12.70 13.50 16.60 14.40 12.60 15.20 13.80 13.30 25 21.5 17.0
Y 19.60 22.10 27.40 23.00 20.90 22.90 20.80 18.70 45.5 38.9 39.6
Cs 3.80 2.10 4.20 3.50 3.20 5.10 5.00 5.70 6 5.5 2.1
Ga 20.10 18.70 18.50 18.60 17.40 18.90 14.70 15.70 23.5 22.0 20.2
V 91.00 102.00 84.00 105.00 91.00 90.00 52.00 73.00 223 217.0 156.0
Cr 21.00 21.00 14.00 27.00 14.00 21.00 7.00 14.00 34 41.0 308.0
Ni 6.80 9.30 9.20 8.30 7.80 10.70 5.10 8.70 9.9 18.0 69.0
Co 12.30 13.90 10.70 13.50 11.90 11.20 6.20 9.50 23.7 23.0 23.7
Sc 9.00 11.00 9.00 10.00 10.00 9.00 6.00 8.00 27 27.0 28.0

La 24.40 27.10 33.10 26.50 32.90 28.10 73.00 26.10 36.6 32.2 23.1
Ce 51.40 61.30 75.60 60.30 67.70 61.80 131.50 55.60 101.3 88.8 63.6
Pr 5.33 6.40 7.92 6.39 6.56 6.48 10.72 5.45 10.89 9.47 7.39
Nd 19.50 23.90 29.60 24.60 23.30 25.80 31.70 20.80 40.2 34.8 29.8
Sm 3.60 4.60 6.00 4.70 4.40 4.80 4.70 3.80 8.7 7.6 7.2
Eu 0.97 1.10 1.19 1.01 1.01 1.05 0.87 0.81 1.58 1.44 1.47
Gd 3.18 3.79 5.14 3.94 3.48 4.36 3.30 3.22 7.55 6.81 6.64
Tb 0.53 0.64 0.81 0.63 0.55 0.64 0.54 0.53 1.28 1.15 1.09
Dy 3.29 3.49 4.60 3.71 3.23 3.79 3.12 2.96 7.02 6.05 6.2
Ho 0.63 0.70 0.90 0.76 0.70 0.76 0.66 0.62 1.41 1.2 1.25
Er 1.77 2.08 2.51 2.13 2.04 2.16 1.99 1.83 4.78 3.86 3.97
Tm 0.28 0.33 0.37 0.38 0.32 0.33 0.32 0.30 0.69 0.6 0.59
Yb 1.93 2.10 2.48 2.27 2.10 2.18 2.11 2.01 4.35 3.66 3.74
Lu 0.29 0.33 0.36 0.35 0.33 0.32 0.31 0.31 0.67 0.61 0.61

Sample number BMGE-3 BMGE-4 BMGE-5 BMGE-6 BMGE-7 BMGE-8 BMGY-1
Rock type mdr mdr mdr mdr mdr mdr mdr

SiO2 54.6 58.79 58.83 58.39 55.45 54.4 55.38
TiO2 0.93 0.72 0.73 0.76 0.90 1.16 1.03
Al2O3 17.14 13.28 15.34 15.49 16.08 17.96 15.95
Fe2O3tot 8.14 7.88 6.87 7.1 7.47 8.36 8.18
MnO 0.17 0.21 0.16 0.16 0.19 0.13 0.2
MgO 4.75 6.1 4.63 4.69 5.6 4.11 4.83
CaO 7.14 7.47 6.59 6.76 7.24 5.88 5.79
Na2O 3.87 2.8 3.17 3.31 3.78 3.97 3.9
K2O 1.77 1.18 2.24 2.1 1.81 2.4 1.72
P2O5 0.18 0.16 0.13 0.14 0.18 0.28 0.21
L.O.I. 0.004 0.04 0.01 0.01 0.022 0.003 0.007
Sum 98.694 98.63 98.7 98.91 98.722 98.653 97.197

Rb 84.6 40.2 78.7 70.4 86.8 133.9 117.5
Sr 406.7 307.6 347.3 339.1 279.2 408.1 261.6
Ba 485.1 211.1 371.3 342.8 346.4 711.1 557.3
Zr 137.8 112 201.8 176.3 145.5 229.3 155.4
Hf 4.8 3.6 5.9 5.7 4.7 5.9 5.2
Ta 1.6 1.3 1.2 1.4 2.0 1.5 3.4
Th 10.9 5.5 9 10.2 7.6 9.2 8.6
U 5.1 4.1 4.3 5 5.8 7.2 13
Nb 16.3 21.6 15 15.3 20.9 18.5 30.3
Y 31.9 88.4 38.6 38.4 40.1 24.1 42.1
Cs 3.5 1 1.5 1.2 3.2 4.1 4.4
Ga 19.2 18.2 18 18.3 19.2 22.8 22.4
V 200 153 153 152 162 177 170
Cr 27 274 68 68 151 21 48
Ni 25 48 32 29 33 18 29
Co 22.9 25.2 19.7 19.2 22.9 22.2 21.5
Sc 22 40 27 28 25 17 25

(continued on next page)
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Fig. 5. The Shand’s index diagram [A/CNK (molar ratio Al2O3/
(CaO + Na2O + K2O)), A/NK (molar ratio Al2O3/(Na2O + K2O))] for
Baklan Granite and mafic enclaves (Shand, 1927). Discrimination fields
for different types (e.g. I-type and S-type) of granitoid rocks (Maniar and
Piccoli, 1989).

Table 4 (continued)

Sample number BMGE-3 BMGE-4 BMGE-5 BMGE-6 BMGE-7 BMGE-8 BMGY-1
Rock type mdr mdr mdr mdr mdr mdr mdr

La 36.5 42.1 27.9 28.4 37.6 38.7 38.3
Ce 91.5 117.7 74.9 79.2 102.5 83.3 105
Pr 8.81 13.89 8.57 8.72 10.73 7.53 10.52
Nd 30.5 59.6 33.8 32.1 39.7 27 36.4
Sm 6.2 14.2 7.5 7.7 8.6 5.5 7.2
Eu 1.52 1.88 1.45 1.41 1.5 1.06 1.14
Gd 5.32 14.85 6.87 6.22 6.97 4.24 6.31
Tb 0.91 2.56 1.13 1.11 1.23 0.76 1.05
Dy 5.14 14.73 6.16 6.19 6.99 3.75 6.2
Ho 1.01 2.95 1.24 1.18 1.3 0.78 1.19
Er 3.13 8.84 3.8 3.91 4.07 2.28 4.15
Tm 0.52 1.3 0.6 0.61 0.68 0.38 0.67
Yb 3.09 7.75 3.79 3.81 4.02 2.27 4.28
Lu 0.51 1.15 0.63 0.63 0.69 0.4 0.7

Major oxides and trace element abundances were determined using ICP-AES, and REE contents were measured by ICP-MS at Actlab in Canada.
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and dilute nitric acid digestion. Rare earth element (REE)
contents were measured by Inductively Coupled Plasma
Atomic Mass Spectrometry (ICP-MS). Loss on ignition
(LOI) is by weight difference after ignition at 1000 �C.

K–Ar age determinations of three fresh samples were
carried out at the Actlabs in Canada. The K concentra-
tion was measured by ICP. The argon analysis was con-
ducted using the isotope dilution procedure on noble
gas mass spectrometry. Aliquot of the sample was
weighed into Al container, loaded into sample system of
extraction unit, degassed at �100 �C during 2 days to
remove the surface gases. Argon was extracted from the
sample in double vacuum furnace at 1700 �C. Argon con-
centration was determined using isotope dilution with
38Ar spike, which was introduced to the sample system
prior to each extraction. The extracted gases were cleaned
up in two step purification system. Then pure Ar was
introduced into a customer build magnetic sector mass
spectrometer (Reinolds type) with Varian CH5 magnet.
The ion source has an axial design (Baur–Signer source),
which provide more than 90% transmission and extremely
small isotopic mass-discrimination. Measurement of Ar
isotope ratios was corrected for mass-discrimination and
then atmospheric argon was removed assuming that
36Ar is only from the air. Concentration of 40Ar radio-
genic was calculated by using 38Ar spike concentration.
After each analysis the extraction temperature was ele-
vated to 1800 �C for few minutes and furnace was pre-
pared for next analysis.

Radiogenic isotopes (Nd–Sr) were analyzed at the Actl-
abs in Canada. Rock powder was dissolved in a mixture of
HF, HNO3 and HClO4. Before the decomposition samples
were spiked with 149Sm–150Nd mixed spike solution. REE
were separated on a BioRad AG1-X8 200–400 mesh resin
using the conventional cation-exchange techniques. Sm
and Nd were separated by extraction chromatography on
LN-Spec (100–150 mesh) resin. Total blanks in the labora-
tory are 0.1–0.2 ng for Sm and 0.1–0.5 ng for Nd. Rb, Sr,
Sm and Nd concentrations were measured 166 using isoto-
pic dilution. Isotopic compositions of Sm and Nd were
determined on a Triton TI 7-collector mass-spectrometer.
Accuracy of the measurements of Sm and Nd contents
were ±0.5%, 147Sm/144Nd – ±0.5%, 143Nd/144Nd –
±0.005% (2r). 143Nd/144Nd ratios are given relative to
the value of 0.511860 for the La Jolla standard. During
the period of work the weighted average of five La Jolla
Nd-standard runs yielded 0.511843 ± 5 (2r) for
143Nd/144Nd, using 0.7219 for 146Nd/144Nd to normalize.
The results for the means of four runs of BCR-1 standard
were 6.50 ppm Sm, 28.5 ppm Nd, 147Sm/144Nd = 0.1380,
143Nd/144Nd = 0.512635 ± 7. Rock powders for Rb–Sr
analysis were dissolved in a mixture of HF, HNO3 and
HClO4. Before the decomposition all samples were totally
spiked with 85Rb–84Sr mixed solution. Rb and Sr were sep-
arated using conventional cation-exchange techniques.
Total blanks are 0.01–0.05 ng for Rb and 0.3–0.7 ng for
Sr. Accuracy of the measurements of Rb, Sr contents –



Fig. 6. Geochemical typology of the investigated Baklan Granite. (a) TAS
diagram [(wt.% Na2O + K2O) vs. SiO2] (divisions after Rickwood, 1989).
Monzonitic enclaves are also plotted. (b) AFM diagram showing the
boundary between the tholeiite and the calc-alkaline series of Irvine and
Baragar (1971). A, F, M: weight percentage of total alkali (Na2O + K2O),
total iron as FeO and MgO, respectively. (c) Plot of K2O vs. SiO2 diagram
showing the high-K calc-alkaline nature of the Baklan Granite (divisions
after Rickwood, 1989).
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±0.5%, 87Rb/86Sr – 1.0%, 87Sr86Sr – 0.007% (2r). During
the period of work the weighted average of 15 SRM-987
Sr-standard runs yielded 0.71024 ± 2 (2s) for 87Sr/86Sr. Sr
isotopic ratios were normalized to 88Sr/86Sr = 8.37521.

4. Petrography

The Baklan Granite commonly displays a spectacular
exfoliation structure. The granitic rocks are classified as
granodiorite. Petrographically, most Baklan rocks are
leucocratic biotite- and hornblende-bearing granites, which
are dominantly medium- to coarse-grained, displaying
commonly and typically hypidiomorphic to weakly allotri-
omorphic texture. Plagioclase (oligoclase-andesine),
K-feldspar (orthoclase), quartz, biotite and hornblende
are major phases occurring in variable proportions. Apa-
tite, titanite and opaques (e.g. magnetite) are ubiquitous
accessory phases. Quartz generally occurs as anhedral crys-
tals with irregular distorted boundaries and occupies the
spaces between feldspars. Plagioclase displaying polysyn-
thetic-twinning is hypidiomorphic and usually fine to
medium-grained, euhedral. Some grains are well-zoned.
K-feldspar phenocryst showing carlsbad twinning presents
as medium-grained. It strongly exhibits a microperthitic to
perthitic textures. In some cases, K-feldspar shows micro-
cline twinning. Biotite occurs as medium to coarse-grained,
partly altered to chlorite and contains inclusions of plagio-
clase and opaque mineral. It presents as prismatic crystals
showing pale green to brown pleochroism. Slight to moder-
ate alteration to chlorite in most samples is common.
Amphibole is typical of hornblende and found as anhedral
to euhedral forms. It is dark to palish green in color and
underwent partial alteration to chlorite. Biotite and horn-
blende form schlieren textures. Zircon, clinopyroxene and
epidote are sporadically observed. Epidote (particularly
zoisite) occurs as veinlets within some granitic rocks. The
textural relationships suggest that biotite crystallized first,
followed by plagioclase and K-feldspar, and finally quartz.
All samples contain hornblende, biotite, titanite and mag-
netite. Based on the criteria of Chappell and White (1974,
1992), these minerals are characteristics of I-type and based
on the oxidation state, they are of the magnetite-series
granitoids (Ishihara, 1977). Table 2 summarizes petro-
graphic descriptions of the samples. In addition, the north-
ern margin of the Baklan pluton (Fig. 3a and b) also
includes abundant light-color aplitic dykes.

Mafic microgranular enclaves (Didier and Barbarin,
1991) have been commonly observed in the sharp contacts
of the Baklan intrusion. They are classified as monzodiorite
and monzogabro in composition (see Fig. 4). They have
mostly fine-grained, equigranular, hypidiomorphic texture.
The main minerals in the enclaves are amphibole, biotite,
clinopyroxene, zoned K-feldspar, plagioclase, quartz with
accessory apatite and zircon. Interaction (or hybridization)
between mafic enclave and surrounding granitic magma is
observed from the gradational contacts between them, sug-
gesting that magma mixing/mingling occurred.
5. Geochronology

The cooling and emplacement ages of the Baklan intru-
sion are still debated. Previous K–Ar age determination
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gave 35.5 ± 3.0 Ma (Bingöl et al., 1982). In this work,
samples collected from three different locations in the
Baklan Granite were dated by the K–Ar method on the
Fig. 7. (a) Various oxide plots [SiO2, TiO2, Fe2O3, Al2O3, K2O + Na2O, CaO,
La/Yb, Rb/Sr and Yb/Hf (all expressed in ppm)] vs. MgO variation diagrams fo
evolutionary trends for the Baklan Granite.
whole-rock, yielded ages between 17.8 ± 0.7 and
19.4 ± 0.9 Ma, which are very different from the pub-
lished data (Table 3).
P2O5 vs. MgO (all expressed in wt.%)] and (b) trace element plots [Ni, Cr,
r mafic enclaves and host rocks from Baklan Granite. Linear lines indicate



Fig. 7 (continued)
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6. Results

6.1. Geochemistry

6.1.1. Major and trace element compositions

The chemical compositions of the Baklan Granite and
its enclaves are given in Table 4. The classification schemes
of Streckeisen and Le Maitre (1979) confirm that Baklan
Granite has granodioritic composition according to the
normative mineralogy in Q parameter vs. ANOR parame-
ter (Fig. 4). Shand’s index [A/NK (molar Al2O3/
(Na2O + K2O)) vs. A/CNK (molar Al2O3/(Ca2O +
Na2O + K2O), Maniar and Piccoli, 1989)] defines these
rocks as metaluminous to slightly peraluminous, and of
I-type affinity (Fig. 5). In TAS and AFM diagrams
(Fig. 6a and b), the samples plot in the sub-alkaline and
calc-alkaline fields. Using the K2O vs. SiO2 nomenclature
of Rickwood (1989) all rocks plot within the high-K calc-
alkaline field (Fig. 6c). Mafic enclaves are mafic to interme-
diate in composition (SiO2 53–59 wt.%, Table 4), and
defined as monzogabro and monzodiorites (Fig. 4). They
are metaluminous (A/CNK, 0.7–0.9), and calc-alkaline –
slightly alkaline in character (Fig. 6a).

All Baklan samples are high in SiO2 ranging from 62 to
71 wt.%. Mafic enclaves are rich in Cr (20–310 ppm), Ni
(10–70 ppm) and Mg# (50–61) values (Table 4). In varia-
tion diagrams between major elements and MgO, the Bak-
lan rocks commonly define a single linear trend for SiO2,
TiO2, CaO, Cr, Na2O + K2O, P2O5, Rb/Sr, Yb/Hf, La/
Yb, Cr and Ni, while enclaves plot in distinct fields
(Fig. 7a and b).

Increasing K2O and Rb contents of host Baklan rocks,
and decreasing TiO2, Fe2O3, CaO and Al2O3 contents with
decreasing MgO are compatible with the evolution through
fractional crystallization processes (Fig. 7a and Table 4).
Decreasing TiO2 and P2O5 with decreasing MgO content
are attributed to fractionation of titanite and apatite,
respectively. Fractionation of plagioclase and K-feldspar
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has also played important role on the petrogenesis of the
Baklan Granite, as suggested by negative anomalies of
Eu, Ba and Sr (Figs. 8a and 9). That is also confirmed with
the small, but significant negative Eu anomaly (expressed
as Eu/Eu*) which increases with decreasing Sr, indicating
the role of plagioclases during fractional crystallization
(Fig. 10a). Fractional crystallization is also supported by
the striking depletions in P and Ti, shown in the spider-
grams (Fig. 9). Negative Ti anomalies are considered to
be related to fractionation of Ti-bearing phases (ilmenite,
titanite) and negative P anomalies result from apatite sep-
aration. The fractionation of accessory phases, i.e. zircon
and titanite, can account for depletion in Zr and Y. It
appears that crystal fractionation has played a significant
role during the formation of the Baklan Granite. Fraction-
ation relationships between LREE and HREE can also be
helpful in monitoring fractional crystallization prosess (e.g.
Fig. 8. Chondrite-normalized REE abundance patterns (normalized to value
Baklan Granite (a) and monzonitic enclaves (b).
Jung et al., 2002). In the (Ce/Yb)N and YbN vs. TiO2

(wt.%) plot (Fig. 10c and d), the (Ce/Yb)N ratio increases
and the YbN content decreases with decreasing TiO2, indi-
cating modification of the Ce/YbN ratio and the YbN con-
centration during fractional crystallization.

Enrichment of LREE, together with depletion of HREE
during fractional crystallization, is compatible with frac-
tionation of amphibole, trending to concentrate the
HREE. These observations on the Baklan Granite chemis-
try may be attributed to the derivation from the partial
melting of a mafic source with plagioclase and/or amphi-
bole as residue (Fig. 10b). The Baklan samples having
low initial 87Sr/86Sr ratios include high Rb/Sr ratios
(0.26–0.51), which are usually attributed to the partial
melting processes involving mica breakdown and/or late
plagioclase fractionation. Kemp and Hawkesworth (2003)
point out that the Rb/Sr ratios of granitoids can reflect
s given by Sun and McDonough, 1989) for representative samples from
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the Rb/Sr ratios of their source rocks. Hence, the source of
Baklan rocks would have high Rb/Sr ratios, but low initial
87Sr/86Sr ratios, may be indicative of a mica-bearing
source.

The Baklan rocks have plot in low Al2O3/(FeOtot +
MgO + TiO2), (Na2O + K2O)/(FeOtot + MgO + TiO2) fields
in Fig. 11a and b and have a rather high and narrow range
of CaO/(FeOtot + MgO + TiO2) ratios in Fig. 11c, indicate
the originating from partial melting of mafic crustal source
rocks (Patı̃no Douce, 1999).

They also display consistency with post-collisional
granitoids fields in Rb vs. Y + Nb, Rb/Zr vs. SiO2, and
Rb–Hf–Ta variation diagrams (Pearce et al., 1984; Harris
et al., 1986; Pearce, 1996) (Fig. 12a, b and c).

Chondrite-normalized REE patterns of all Baklan sam-
ples (Fig. 8a) are characterized by enrichment in light rare
earth elements, with [(La/Yb)N = 9–17], and slightly nega-
tive Eu anomalies (Eu/Eu* = 0.62–0.86). The REE patterns
Fig. 9. Primitive mantle-normalized trace element abundances for representativ
values are from Sun and McDonough (1989).
for the enclaves are marked by somewhat different enrich-
ment in LREEs, variable negative Eu anomalies (Fig. 8b).
The Eu anomaly for one sample (BMGE-4) with high MgO
(6 wt.%), SiO2 (58 wt.%) and HREE, is quite distinct
(Fig. 8b), which show similarity with of some A-type gran-
ites (e.g. Yang et al., 2006). Enclaves have higher total REE
contents (157–303 ppm) than the host granites (124–
180 ppm, except for one sample-BMGY-1, 264 ppm), rela-
tively (Table 4), indicating a REE-enriched source(s) on
their genesis. Accordingly, similarities in REE patterns
between host rocks and enclaves also may imply the exis-
tence of inner genetic relations.

The primitive mantle-normalized spidergrams show
enrichment in large-ione-lithophile (LIL) (e.g. Cs, Rb,
K), some high field strength (HFS) elements (e.g. Th, U),
together with La and Ce, and distinct negative anomalies
of Nb and Ti (Fig. 9a). The enclave samples in the primitive
mantle-normalized variation diagram (Fig. 9b), most show
e samples from Baklan Granite and monzonitic enclaves. The normalizing
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the characteristic negative anomalies in Ba, Nb, P and Ti,
together with the significant enrichment of U.

6.1.2. Nd and Sr isotopic compositions

Rb, Sr, Sm and Nd concentrations and 143Nd/144Nd and
87Sr/86Sr ratios are listed in Table 5. The initial 87Sr/86Sr
ratios and eNd(t) values have been calculated for ages of
19 Ma on the basis of whole-rock K–Ar dating. The data
are shown in a plots of (87Sr/86Sr)i vs. SiO2 and eNd(t) vs.
(87Sr/86Sr)i (Fig. 13a and b). The Baklan Granite is charac-
terized by low initial 87Sr/86Sr ratios between 0.70331 and
0.70452. Nd model ages (TDM) range between 1.05 and
1.17 Ga (Table 5). With respect to those of the western
Anatolia Eocene–Miocene granites and Kos monzonites,
plotting close or in the mantle array, all Baklan samples
have a striking negative eNd(t) values (�5.0 to �5.6)
(Fig. 13b). The Sr–Nd isotopic ratios plot near and subpar-
allel to the fields for lower crustal granulite xenolithes from
Lashaine and Lesotho, South Africa (Cohen et al., 1984;
van Calsteren et al., 1986), showing a spread consistent
with the field for Qianxi granulites from North China
Block (NCB) (Jahn and Zhang, 1984) in Fig. 13c. It is note
that the Menderes Massif in western Anatolia is made up
of Pan-African basement and a Paleozoic to Early Tertiary
cover sequence impricated by Late Alpian deformation
(Hetzel et al., 1998; Candan et al., 2001).
Fig. 10. (a) Plot of Eu/Eu* as measure of the negative Eu anomaly vs. Sr con
distribution of Baklan rocks concerning fractionation and restite trends (from
between the parameters indicate strong influence of crystal fractionation proc
7. Discussion

7.1. Petrogenetic implications

At first sight, the geochemical characteristics of the Bak-
lan rocks (e.g. metaluminous, high Mg# 44–51 values, low
[Al2O3/(FeO + MgO + TiO2) = (1.64–2.95)] and [(Na2O +
K2O)/(FeO + MgO + TiO2) = (0.78–2.20)] ratios), together
with the isotopic compositions comparable with those of
lower crustal xenoliths (Figs. 11a–c and 13c), give an idea
that they may be derived from the dehydration partial
melting of lower crust (pure crustal melting origin). Avail-
able experimental data (e.g. Tepper et al., 1993; Roberts
and Clemens, 1993; Wolf and Wyllie, 1994; Rapp and Wat-
son, 1995) have shown that partial melting of a mafic lower
crust could generate melts of metaluminous granitic com-
position. Alternatively, Roberts and Clemens (1993) postu-
lated that most high-potassium, calc-alkaline, I-type
granitoid magmas could be generated through partial melt-
ing of an older meta-igneous rocks in the lower crust. They
are granitic to tonalitic, and result from thermal extremes
in their lower crustal environments. However, the geo-
chemical characteristics of the enclaves in Baklan granodi-
orite do not confirm pure crustal origin (discussed further).
Granitoids having a high-K, calc-alkaline composition are
characterized by enrichment in LILEs (Cs, K and Rb) and
centrations of Baklan Granite. (b) Eu/Eu* vs. (La/Yb)N diagram showing
Wu et al., 2005). (c) Plot of Ce/YbN and (d) YbN vs. TiO2. Correlation

esses upon REE systematics.



Fig. 11. (a–c) Outlined domains denote partial melting of felsic pelites, metagreywackes and amphibolites obtained in experimental studies (Patı̃no Douce,
1999) and compositions of representative samples from Baklan Granite.

Fig. 12. (a) Updated Rb vs. (Y + Nb) discriminant diagram for granitoid tectonic setting (Pearce et al., 1984; Pearce, 1996) showing the ‘‘post-collisional”
character of Baklan Granite. (b) Rb/Zr vs. SiO2 discriminant diagram of Baklan rocks (Harris et al., 1986). (c) Rb–Hf–Ta discrimination diagram of Harris
et al. (1986). Key to abbreviations: syn-collisional (Syn-COLG), Within-plate granites (WPG), Volcanic arc granites (VAG), Ocean-ridge granites (ORG).
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U and Th with respect to the HFSEs, especially Nb and Ti.
Although magmas with such chemical features are consis-
tent with those of crustal melts, trace element compositions
of magmas are strongly dependent on protolith composi-
tion (e.g. Roberts and Clemens, 1993; Pearce, 1996; Förster
et al., 1997) and are largely affected by progressive
differentiation.

7.2. Significance of MME’s

Mafic microgranular enclaves may provide valuable pet-
rogenetic information on the genesis of granitic bodies (e.g.
Holden et al., 1987; Pitcher, 1993; Chappell, 1996; Yang
et al., 2004). Many workers supported that the enclaves
represent either cognate material (residual, restitic origin)
or globules of basaltic magma quenched in granitic host
(mixed magmas) (e.g. Pitcher, 1993; Chappell, 1996).

As mentioned before, major elements vs. MgO varia-
tions between the host Baklan granitic rocks and their
enclaves show separated trends (Fig. 7a and b). This rules
out any strictly co-genetic origin, and precludes the pure
crustal melting origin for this intrusion with a mantle-like
Sr isotopic signature. The chemical composition of the
enclave samples- BMGE-2 and BMGE-4 with high SiO2

(55–59 wt.%), MgO (6.3–6.1 wt.%), Cr (308–273 ppm), Ni
(69–48 ppm) and low Al2O3 (15.65–13.28 wt.%) values,
probably argues for an origin from mixed source (Table
4). They may also be considered to represent remnants of
a mafic component added to intermediate to felsic magma
chambers (e.g. Holden et al., 1987; Didier and Barbarin,
1991; Collins, 1998). Moreover, trace element contents of
some mafic enclaves (e.g. BGTA-1, BMGE-4, BMGY-1)
in Baklan rocks have most characteristics of A-type gran-
ites (e.g. Whalen et al., 1987; Whalen et al., 1996). They
have high Ga/Al*10000 (2.60–2.65), Zr + Nb + Y + Ce
(326–355 ppm) and Na2O (2.8–4 wt.%) contents, respec-
tively (Table 4, unshown). The enclave sample BMGE-4
displays also sharp negative Eu anomaly, which is typical
of some A-type granites formed from mixing of mantle-
and crustal-derived magmas (e.g. Yang et al., 2006). In
terms of the Ni–Cr concentrations expected for a primitive
basaltic (unfractionated) magma derived from a mantle
peridotite source (e.g. Wilson, 1989) are so high (Ni >
250 ppm, Cr > 500 ppm), relatively high Cr, Ni, Sc (up
to 223 ppm) and V (up to 40 ppm) contents of enclaves,
together with low Al2O3 (15.65–13.28 wt.%) values equili-
brated with a mantle source (Al2O3 < 15 wt.%), suggest
that a mafic magma underwent a significant fractionation
of olivine and pyroxene prior to mixing with the granitic
end-member. Accordingly, defined hyperbolic and/or lin-
ear arrays on some selected trace element variations (e.g.
Nb/Ba vs. Th/Ta, Rb/Sr vs. Y/Nb, Rb/Sr vs. La/Yb, Zr/
Y vs. La/Yb, Ti/Zr vs. Yb/Hf, Fig. 14), are expected for
the mixing between the two distinct compositional end-
members (Fig. 14). Combined with the TDM data (ranging
between 1.05 and 1.17 Ga) and mantle-like isotopic (low
Sri) signature of Baklan rocks, it seems like that the micro-



Fig. 13. Nd, Sr isotopic compositions of selected samples from Baklan Granite. (a) Initial Sr isotopic ratios vs. SiO2 (wt.%). (b) Initial eNd(t) values vs.
initial Sr isotopic ratios. East African lower crust (dashed field) after Cohen et al. (1984). Lithospheric end-member composition is adapted from Yang
et al. (2004, 2006), as follows

Sources Sr (ppm) (87Sr/86Sr)i Nd (ppm) 143Nd/144Nd eNd(t)

Lithospheric mantle 1070 0.7065 42 0.51217 �6.0

(c) Comparison of Nd and Sr isotopic ratios of Baklan Granite with those of selected lower crustal granulite xenoliths. Data sources: Lashaine granulite
xenoliths (East Africa), Cohen et al. (1984); Lesotho granulite xenoliths (South Africa), van Calsteren et al. (1986); Qianxi granulites from the North China
Block, Jahn and Zhang (1984). MORB, Sun and McDonough (1989). Western Anatolia Eocene–Miocene granites and Kos monzonites (open diamonds)
after Karacık et al. (2007), Altunkaynak (2007), Altherr and Siebel (2002) and Juteau et al. (1986). Aegean metamorphic basement is adapted from Aldan-
maz et al. (2000, references therein).
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granular enclaves represent additional mantle components
involved in the generation of the host Baklan Granites.

In that case, we addressed the role of magma mixing in
the genesis of the Baklan Granite, but source nature of
Baklan pluton is associated with either (i) direct interaction
between an underplated mantle-derived melt and lower
crust, or (ii) partial melting of a juvenile crust.

Numerical simulations have shown that partial melting
of mafic lower crust by periodic influx of basaltic magma
is a viable mechanism for the generation of granitic mag-
mas (e.g. Petford and Gallagher, 2001). The necessary heat
for dehydration melting of the lower crust may be provided
by a periodic influx of mantle-derived basaltic magma.
Altherr and Siebel (2002),Coban and Flower (2007) and
Altunkaynak (2007) suggested that additional heat was
introduced from the rising asthenosphere and from basaltic
underplates as a consequence of lithospheric thinning after
slab-breakoff as speculated by Davies and Von Blanken-
burg (1995).

Recent studies in granite petrology suggested that crus-
tal thickening as a consequences of continental collision,
development of lower juvenile crust via input of mantle-
derived magmas, and lithospheric thinning and astheno-
spheric mantle upwelling are common feature in orogenic
settings (e.g. Sengor et al., 1993; Johnson, 1993; Chen
and Jahn, 1998, 2004; Chen et al., 2000; Hu et al., 2000;
Wu et al., 2000, 2003; Chen et al., 2002; Zhai et al., 2007;
Mo et al., in press; Karsli et al., 2007). The production of
extensive juvenile crust in the Central Asian Orogenic Belts
is significant (Sengor et al., 1993; Jahn et al., 2000; Wu
et al., 2000). Sengör et al. (1985) suggested that the crust
in western Anatolia had thickened to about 50–55 km, as
a result of Palaeocene orogenic contraction. It is possible
that the development of a new juvenile crust during crustal
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thickening as a result of collision in the Upper Cretaceous–
Early Tertiary period in western Anatolia, and partial melt-
ing of this juvenile crust by influx of basaltic magma after
the slab break-off could be a valid mechanism to produce
the Baklan rocks under extensional tectonics.

Sr–Nd isotopic ratios of Baklan rocks and western Ana-
tolia Eocene–Miocene granites are consistent with those of
Phanareozoic lower crustal xenoliths in Europe (Fig. 15a).
On the basis of TDM ages (1.05–1.17 Ga) and mantle-like
Sr isotopic (low Sri) signatures for Baklan intrusion, it is
suggested that the new juvenile crust may be a reasonable
protoliths in the origin of Baklan intrusion. Accordingly,
low Sr and negative Nd isotopic ratios of Baklan Granite
fits lower-left quadrant of the Nd–Sr plot, expected for
EM-I type source (Fig. 13b). Data that fall in the lower-left
quadrant include some metasomatized mantle xenoliths
(Menzies and Murthy, 1980), mafic granulites (Cohen
et al., 1984), and continental basalts (Carter et al., 1978).
For isotopic data from mantle-derived rocks that lie to
the left of the ‘‘mantle array” (Carter et al. (1978)) sug-
gested a source derived from mixing of a mantle-derived
melt with amphibolites or granulites. All these aspects dis-
cussed above, we may have encountered a mantle source
for Baklan rocks, which was LREE enriched but Rb
depleted relative to Sr, similar to EMI. The parental mag-
mas of the Baklan rocks were probably produced by partial
melting of a juvenile lower crust, and the underplated man-
tle-derived basaltic magmas should have a geochemistry
and isotopic composition similar to that of enriched man-
tle, with negative eNd(t) values.
Fig. 14. Interelement ratio a) Nb/Ba vs. Th/Ta, b) Rb/Sr vs. Y/Nb, c) Ti/Zr vs. Y
In order to estimate the relative contribution of mantle-
to-crust component respectively, a simple mixing model
(from Yang et al., 2004) has been testified, and the result of
mixing calculation using Sr–Nd isotopic data is shown in
Fig. 15b and c. Fig. 15b and c demonstrates that the upper
crustal component (UCC) has little or no role in the genera-
tion of the Baklan Granite; whereas mantle-derived basaltic
magma and the lower crust (LCC) are the two major compo-
nents. Accordingly, the higher-positive eNd(t) and low initial
87Sr/86Sr ratios for the western Anatolia Eocene–Miocene
granites (e.g. Samos, Kapıdağ, Marmara, Karabiga,
Sarıoluk, Gönen, Orhaneli, Topuk, Gürgenyayla) (Juteau
et al., 1986; Altherr and Siebel, 2002; Karacık et al., 2007;
Altunkaynak, 2007) and Kos monzonites (Altherr and Sie-
bel, 2002), similar to those of group I granites from NE
China (Wu et al., 2000), also suggest a high proportion of
juvenile material in their petrogenesis (Fig. 15b and c). With
respect to the Baklan rocks, they may be interprated that the
granitic magma were produced by melting of a mixed lithol-
ogy containing a lower crustal rocks intruded or underplated
by a basaltic magma in such a proportion. Hence, we
strongly suggest that the input of juvenile magmas played
significant role in the source domains of western Anatolia
Eocene–Miocene granites.
8. Conclusion

The Baklan Granite from western Anatolia is of sub-
alkaline affinity, belong to the high-K, calc-alkaline series
b/Hf, d) Rb/Sr vs. La/Yb) plots for Baklan rocks and monzonitic enclaves.
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and display features typical of I-type affinity. It is classified
as a post-collisional granitoid (post-COLG) in terms of
parameters of tectonic setting (e.g. Pearce et al., 1984).
The composition of the mafic microgranular enclaves and
host rocks of the Baklan intrusion provide direct evidence
for the involvement of mantle-derived juvenile magmas in
their genesis. The geochemical and isotopic compositions
of the Baklan granitic rocks suggest that they were gener-
ated not via partial melting of lower crustal granulitic resi-
dues, but by either (i) mixing of lithospheric mantle-derived
magma with lower crustal-derived magmas, or (ii) partial
Fig. 15. (a) Comparison of Baklan Granites and western Anatolia (late syn)-
granulite xenoliths from Europe in 87Sr/86Sr vs. 143Nd/144Nd variation diagra
Miocene granites (open diamonds) after Karacık et al. (2007); Altunkaynak
87Sr/86Sr plot showing mixing proportions between two end-members: (1) ju
continental crust; or UCC, upper continental crust). The parameters used are
Granites. For comparison, western Anatolia Eocene–Miocene granites (open di
Juteau et al., 1986) are also plotted. The data for dioritic enclaves in I-type gr
parameters of end-member isotope compositions (for ancient lower crust, ju
construction of AFC and magma mixing trends are adapted from Yang et al.

Sources Sr

Lithospheric mantle 10
Juvenile lower crust 48
Ancient lower crust 30
melting of a (relatively) juvenile crust, which is probably a
mixed lithology formed by pre-existing lower crust intruded
or underplated by mantle-derived basaltic magma. Addi-
tionally, the generation of the (late syn)- post-collisional
intrusions with higher eNd(t) values from the western Anato-
lia also require a much higher proportion of juvenil compo-
nent in their source domains. It appears that a drastic
change from compressional to extensional settings in wes-
tern Anatolia provide an important tectonic environment
for crustal melting and mantle input for the generation of
(late syn)- post-collisional granitic bodies.
post-collisional granites, with the Phanareozoic and cratonic lower crustal
m. Fields adapted from Downes et al. (2001). Western Anatolia Eocene–
(2007), Altherr and Siebel (2002) and Juteau et al. (1986). (b) eNd(t) vs.
venile components (B, basalt), and (2) crustal components (LCC, lower
taken from Wu et al. (2000). (c) Plots of (87Sr/86Sr)i vs. MgO for Baklan

amond) (Karacık et al., 2007; Altunkaynak, 2007; Altherr and Siebel, 2002;
anites are from Yang et al. (2004) and Karsli et al. (2007). The calculated
venile lower crust and lithospheric mantle) and Sr concentrations in the
(2004, 2006) and are as follows

(ppm) (87Sr/86Sr)i

70 0.7065
0 0.7050
0 0.7200.
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Erdinc� Yiğitbas� (Onsekizmart University, Turkey) and As-
soc. Prof. Orhan Karslı (Karadeniz Technical University,
Turkey) for their helpful criticism, detailed discussions
and suggestions which improved the text.

References

Akdeniz, N., Konak, N., 1979. Simav-Emet-Tavs�anlı-Dursunbey-Demirci
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Is�ık, V., Tekeli, O., Seyitoğlu, G., 2004b. The 40Ar/39Ar age of
extensional ductile deformation and granitoid intrusions in the
northern Menderes core complex: implications for the initiation of
extensional tectonics in western Turkey. J. Asian Earth Sci. 23,
555–566.

Jacopsen, S.B., Wasserburg, G.J., 1984. Sm–Nd isotopic evolution of
chondrites and achondrites. Earth Planet. Sci. Lett. 67, 137–150.

Jahn, B.-m., Zhang, Z.Q., 1984. Archean granulite gneisses from eastern
Hebei Province, China: rare earth geochemistry and tectonic implica-
tions. Contrib. Mineral. Petrol. 85, 224–243.
Jahn, B.-m., Wu, F., Chen, B., 2000. Massive granitoid generation in
Central Asia: Nd isotope evidence and implication for continental
growth in the Phanerozoic. Episodes 23 (2), 82–92.

Johnson, C.M., 1993. Mesozoic and Cenozoic contributions to crustal growth
in the southwestern United States. Earth Planet. Sci. Lett. 118, 75–89.

Jung, S., Hoernes, S., Mezger, K., 2002. Synorogenic melting mafic lower
crust: constraints from geochronology, petrology and Sr, Nd, Pb and
O isotope geochemistry of quartz diorites (Damara orogen, Namibia).
Contrib. Mineral. Petrol. 143, 551–566.

Juteau, M., Michard, A., Albarede, F., 1986. The Pb–Sr–Nd isotope
geochemistry of some recent circum-Mediterranean granites. Contrib.
Mineral. Petrol. 92, 331–340.

Karacık, Z., Yılmaz, Y., 1998. Geology of the ignimbrites and the
associated volcano-plutonic complex of the Ezine area, northwestern
Anatolia. J. Volcanol. Geothermal Res. 85, 251–264.

Karacık, Z., Yılmaz, Y., Pearce, J.A., Ece, I., 2007. Petrochemistry of the
south Marmara granitoids, northwest Anatolia, Turkey. Int. J. Earth
Sci. (Geol. Rundsch). doi:10.1007/s00531-007-0222-y.

Karsli, O., Chen, B., Aydin, F., S�en, C., 2007. Geochemical and Sr–Nd–
Pb isotopic compositions of the Eocene Dölek and Saric�ic�ek Plutons,
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Zhai, M., Fan, Q., Zhang, H., Sui, J., Shao, J., 2007. Lower crustal
processes leading to Mesozoic lithospheric thinning beneath eastern
North China: underplating, replacement and delamination. Lithos 96,
36–54.


	Geochemical and mantle-like isotopic Nd, Sr composition of the Baklan Granite from the Muratda gbreve  inodot  Region Banaz, U scedil ak, western Turkey: Implications for input of juvenile magmas in the sou
	Introduction
	Regional geological setting
	Local geological setting

	Analytical techniques
	Petrography
	Geochronology
	Results
	Geochemistry
	Major and trace element compositions
	Nd and Sr isotopic compositions


	Discussion
	Petrogenetic implications
	Significance of MME ' s

	Conclusion
	Acknowledgements
	References


