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Abstract: In western Turkey, Late Neoproterozoic basement rocks are represented by variably
deformed metasedimentary and meta-igneous rocks within different tectonostratigraphical units
that make up the Alpine Tauride–Anatolide Platform. In the Kütahya–Bolkar Dagı unit to the
NE of Afyon this basement mainly includes garnet-bearing mica schists intruded by metamorphic
granitic rocks with relict porphyritic textures. The youngest zircon ages obtained from the granitic
rocks by the single zircon evaporation method are 542 + 5.0 Ma on average, which correlate
with the Late Pan-African–Cadomian granitic magmatism. The granitic rocks are rhyodacitic
or dacitic and peraluminous in composition, and display geochemical characteristics of I-type
(tonalite–trondhjemite–granodiorite (TTG) source) felsic intrusive rocks. Trace and rare earth
element patterns with distinct depletion in Rb, K, Nb, Sr, P and Ti relative to the other trace
elements correlate very well with a Proterozoic TTG source. The petrogenetic modelling also
implies that they were developed by partial melting of a TTG source by 20% fractional melting
plus 20% Rayleigh fractional crystallization. The emplacement temperatures estimated by using
zircon (790–820 8C), apatite and monazite saturation thermometry are about 827–1035 8C;
these are in accordance with I-type rather than S-type granite melts. A geochemical comparison
of the NE Afyon granitic rocks with the coeval quartz-porphyries in the Sandikli area of the
Geyik Dag tectonic unit suggests that the latter may represent the more evolved felsic part of
the Cadomian magmatism. Hence, both basement complexes are parts of the same Gondwanan
terrane and represent the eastern continuation of the North African–Southern European terrane
assemblage.

A number of Precambrian terranes or microplates,
named the Peri-Gondwanan terranes, are wide-
spread in Southern Europe and the Eastern Mediter-
ranean along the northern continental margin of
West Gondwana (Amazonia and West Africa).
They were separated from North Africa by the
opening of several oceanic seaways known as
Iapetus and Proto-, Palaeo- or Neotethys. The
Tauride–Anatolide Platform in Turkey is one of
the Cadomian-type Peri-Gondwanan terranes that
formed along the West African margin by recycling
of ancient West African crust (e.g. Murphy et al.
2002, 2004; Neubauer 2002) and had drifted from
North Africa by the Early Mesozoic opening of
the Bitlis–Zagros Neotethyan oceanic branch. The
Alpine closure of this ocean resulted in a redistri-
bution of the Late Neoproterozoic–Palaeozoic
basement rocks and their Mesozoic cover within
numerous allochthonous tectonostratigraphical
units in eastern, central and southern Turkey. The
Late Neoproterozoic basement rocks in these units
are represented by diverse lithologies, including

high-grade metamorphic complexes (e.g. basement
of Menderes Massif, Dora et al. 1995; Candan et al.
2001), very low-grade metavolcanic assemblages
(Gürsu & Goncuoglu 2001; Gürsu et al. 2004a, b)
and sedimentary–volcanic successions (Kozlu &
Goncuoglu 1997; Goncuoglu et al. 1997). The
radiometric age data from the felsic igneous rocks
range around c. 541–545 Ma, which correlates
well with the Late Pan-African–Cadomian grani-
toids in North Africa and Gondwana-derived ter-
ranes in Southern and Central Europe (Ballèvre
et al. 2001; Chantraine et al. 2001; El-Nisr et al.
2001; Pin et al. 2002; Bandres et al. 2002; Dörr
et al. 2002; Genna et al. 2002; Mushkin et al.
2003) in terms of age and geochemistry. In the
western central Taurides these basement rocks
mainly occur within two main tectonic units
(Fig. 1, distribution of Late Neoproterozoic base-
ment rocks in western Anatolia). These are the
Kütahya–Bolkar Dagı (NE of Afyon) and Geyik
Dag (SW of Afyon) units, as reported by Goncuoglu
& Kozlu (2000).
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The Late Neoproterozoic low-grade meta-
morphic sediments and felsic igneous rocks in the
Geyik Dag tectonic unit, slightly metamorphic
rhyolites and granites, were described recently by
Gürsu et al. (2004a) and Gürsu & Goncuoglu
(2006). The Late Neoproterozoic basement rocks

in the Kütahya–Bolkar Dagı tectonic unit, named
the Afyon Basement Complex (ABC) (Gürsu
et al. 2003), differ from the former by being
mainly composed of quartz–albite–garnet–biotite
schists intruded by porphyritic granites. The geo-
chemical, tectonic and petrogenetic significance of

Fig. 1. (a) The main tectonic units of the Tauride–Anatolide Belt (modified after Goncuoglu et al. 1997);
(b) geological map of NE Afyon (adapted from Özcan et al. 1989) showing exposures of Neoproterozoic to Upper
Miocene rocks and location of samples that were collected for chemical and Pb–Pb analyses.
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these granitic rocks is not well known and has not
been previously studied. Hence, the nature of this
Late Neoproterozoic basement and the tectono-
magmatic framework of the felsic rocks within the
Gondwanan evolution are unclear.

This paper presents new mineralogical, geo-
chemical and geochronological data for Late
Neoproterozoic porphyritic granitic rocks in the
Kütahya–Bolkar Dagı unit, with the aim of inter-
preting their petrology, petrogenesis and tectonic
significance. We then address possible correlations
with the geochemical characteristics of the
better-known felsic intrusions in the Geyik Dag
tectonic unit, which is established as a representa-
tive of the Cadomian granitic magmatism in
Peri-Gondwana.

Geological setting and petrography

The Afyon Basement Complex (ABC) as well as its
Palaeozoic–Mesozoic cover in the Kütahya–
Bolkar Dagı tectonic unit to the NE of Afyon
has different stratigraphical and metamorphic fea-
tures from that in the Sandikli area of the Geyik
Dag unit.

In the area between Iscehisar–Bayat and Ihsa-
niye (Fig. 1) the ABC is mainly composed
of quartz–albite–garnet–biotite schists, together
with metamorphic porphyritic granitoids and
micro-gabbroic stocks (Fig. 2). It is affected by
extensive polyphase deformation and metamorph-
ism and disconformably overlain by metaconglo-
merates and chlorite–quartz-schists alternating
with laminated quartzites (Calıslar Formation of
Gürsu et al. 2003, 2004b). The formation resembles
the Devonian successions in the Taurides and is
unconformably overlain by the Permian Eldes For-
mation (Goncuoglu et al. 1992, 2003). The meta-
conglomerates of the Eldes formation include
pebbles of quartz-schist, mica-schists and metagra-
nitic rocks, and the sequence continues upwards
with quartzites, calc-schists and fossiliferous
recrystallized limestones (Fig. 2). Here, the almost
2 km thick Early Cambrian–Late Ordovician units
of the Geyik Dag unit are missing. The Mesozoic
cover starts with Lower Triassic clastic deposits,
followed by a continuous platform-type carbonate
deposition that lasted without a depositional break
until the Cretaceous. The entire succession has
been affected by HP–LT Alpine metamorphism
(Özcan et al. 1989; Goncuoglu et al. 1992;
Candan et al. 2003, 2005), which has partly obliter-
ated the metamorphic mineral parageneses of the
earlier metamorphisms.

The country rocks of the ABC consist of
metasedimentary rocks that are mainly composed
of quartzo-feldspathic schists and garnet–mica

schists (Gürsu et al. 2003) containing the
assemblage quartz þ albite þ chlorite þ white
mica + garnet + biotite. In the northern part of
Afyon, the granitic dykes are more abundant than
elsewhere. The vertical to subvertical dykes vary
in length (from 50 m to 10 km) and in width
(from 50 cm to 25 m). 207Pb–206Pb zircon ages
around 542 Ma from the intruding granitic rocks
(in this study) indicate that the metasedimentary
rocks are Precambrian in age. Based on the field
observations and crosscutting relations (Fig. 3) the
metabasic dykes represent younger intrusive events
(Fig. 3a and b). They are micro-gabbroic dykes
with the paragenesis albite + sodic amphibole +
zoisite/epidote + garnet (Candan et al. 2005)
(Fig. 3a and b). On outcrops near NE Afyon, the
metapelites, granitic rocks and metabasic dykes
were affected by low-grade metamorphism prior
to the Alpine HP–LT event (Goncuoglu et al.
2003; Candan et al. 2003, 2005). They show well-
developed metamorphic foliations and multiphase
deformations, ascribed to the Cadomian, Late
Variscan and Alpine events (e.g. Gürsu et al.
2003, 2004b; Candan et al. 2005).

The felsic rocks in the study area are character-
ized by metamorphosed porphyritic granitoids and
show evidence of multi-phase deformation. They
mainly include relict igneous minerals such as
alkali feldspar (disordered orthoclase) and sodic
plagioclase (oligoclase–andesine in composition)
(Fig. 4a). Biotite is the predominant ferromagnesian
mineral in the granitoids. Highly fractured ortho-
clase and plagioclase crystals are observed in thin
sections (Fig. 4a). Syntectonic albite porphyroblasts
with linear muscovite inclusions (Fig. 4b) that
grew synchronously with the early stages of crenu-
lation cleavage are sharply discordant with external
schistosity formed during a later deformational
phase (Fig. 4b). Recrystallized quartzþ fine-grained
white micas (Fig. 4) grew synchronously with
deformation under the low-grade metamorphic con-
ditions during the Cadomian orogeny (Gürsu et al.
2003). As a result of metamorphic overprinting,
the original microstructures and textures in the
granitic rocks were ultimately lost and fine- to
coarse-grained metamorphic quartz and white
mica neo-formations developed. Mafic minerals
such as biotite are rarely preserved, and were con-
verted to chlorite during retrograde metamorphism.
Accessory phases are mainly composed of titanite,
zircon, monazite, apatite and rarely opaque min-
erals. A discrete crenulation cleavage is well
developed in granitic rocks, with an S1 fabric para-
llel to the main regional NNW–SSE foliation trend,
overprinted by an S2 cleavage at nearly 908 to S1. S3

has overprinted and folded the S2 fabric diagonally
at a low angle (308) and may have developed during
the Alpine event (Fig. 4c).
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Fig. 2. Generalized columnar section of the NE Afyon area (after Gürsu et al. 2003, 2004b).
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Analytical methods

Eight representative samples were analysed for
major, trace and rare earth element (REE) abun-
dances in Acme Laboratories, Vancouver, Canada.
Determination of major element concentrations in
rock samples expressed as common oxides for
each element (SiO2, TiO2, Al2O3, Fe2O3, MnO,

MgO, CaO, Na2O, K2O, P2O5 and Cr2O3), loss on
ignition (LOI) and Sc were analysed by inductively
coupled plasma atomic emission spectrometry

Fig. 3. Field occurrences of the intrusive rocks in the
ABC: (a) and (b) metabasic dykes (MB) crosscut both
garnet–mica schists (GMS) and granitic rocks (MG) of
the study area; (c) the metamorphosed granitic rocks
intrude the garnet–mica schists and show the
development of metamorphic foliations and
multiphase deformations.

Fig. 4. (a) Microphotograph of the granitic rocks of the
ABC. The highly fractured orthoclase (Or) and
plagioclase (Pl) porphyroclasts are surrounded by very
fine-grained recrystallized quartz (Qtz) and
neoformation of sericite (Ser) parallel to mylonitic
fabric. (b) Syntectonic albite (Ab) porphyroblasts with
linear inclusion fabrics that are mainly composed of
fine-grained white mica occurrence (Ser) and are sharply
discordant with external schistosity. (c) Deformation and
development of S1, S2 and S3 planes in the granitic rocks
of the ABC.
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(ICP-AES) after fusion with lithium metaborate.
The LOI was determined by weight difference
after ignition at 1000 8C. Trace elements and
REE were determined by inductively coupled
plasma mass spectrometry (ICP-MS) following
a lithium metaborate fusion and nitric acid diges-
tion of 0.2 g samples. Analytical errors, as calcu-
lated from replicate analyses, are 0.5–1.0% for
major elements and 0.5–3.5% for trace elements
and REE.

Radiometric age dating is based on the single-
grain zircon evaporation technique. The laboratory
procedures were as described by Kober (1986).
Zircons were separated by using a Wilfley table,
magnetic separator, heavy liquids and finally hand-
picking. Isotopic measurements on the typical
magmatic igneous zircons were analysed by the
207Pb–206Pb evaporation technique on a Finnigan
MAT 262 mass spectrometer at the University of
Tübingen.

Single zircon Pb–Pb ages

Our new data for the Kütahya–Bolkar Dagı unit
provide zircon ages for the granitic rocks. The
calculated ages with the mean errors (2s) for a
sample from the Late Neoproterozoic basement
analysed using the single zircon evaporation
method are presented in Table 1. The
207Pb–206Pb ages determined by this method are
considered to be minimum ages. Sample 3 is a
light grey granitic rock from Doganlar near Iscehi-
sar (see Fig. 1). The zircons are clear, transparent,
euhedral and long-prismatic with some inherited
cores. Based on Pupin’s (1980) classifications,
S17, S18 and S19 pyramidal terminations were the
predominant zircon crystal types in the granitic
rocks. Five grains were evaporated and all

produced different 207Pb–206Pb ages ranging
from 541+4 Ma to 2086+4 Ma (Table 1;
Fig. 5a and b). The cathodoluminescence (CL)
images of zircon crystals in the granitic rocks com-
monly have magmatic domains representing
zircons from the protolith (Fig. 5c and d).
Additionally, some inherited cores, and some
alteration features such as flow domains, recrystal-
lization and the zigzag-shaped sector zoning on
small rounded cores are also observed (Fig. 5d).
Although this type of sector zoning is typical
for metapelitic rocks, it has reported been also
from metaigneous rocks (e.g. Vavra et al. 1996).
Two grains (Grains 1 and 2) yielded 207Pb–206Pb
ages of 541+4 Ma and 542+5 Ma with a mean
of 542+5 Ma (Fig. 5a). We are inclined to
consider the two youngest grains as reflecting the
time of emplacement of the granitic protoliths,
and the ages are similar to those of the quartz
porphyry rocks (543+7 Ma, Kröner & Sengör
1990; 541.3+10.9 Ma, Gürsu & Goncuoglu
2006) in the Sandikli area of the Geyik Dag unit.
Additionally, similar ages have been obtained on
the augen gneisses from the Menderes Massif
(207Pb–206Pb single zircon, 540–572 Ma, e.g.
Hetzel & Reischmann 1996; Loos & Reischmann
1999; Koralay et al. 2004). The remaining three
grains (Grains 3, 4 and 5) having brown, reddish,
semi-transparent and well-rounded termina-
tions provided xenocryst ages of 867+5 Ma,
2062+3 Ma and 2086 +4 Ma, respectively
(Table 1; Fig. 5b). Three samples fall in the inter-
val between 541 and 867 Ma with a peak at 542
Ma, whereas the oldest zircons show Palaeoproter-
ozoic ages of 2.06–2.08 Ga. The peak zircon age
(542 Ma) correlates with that of the post-tectonic
intrusions that followed the Cadomian arc-related
magmatism in northern Anatolia, which is dated
at 565–590 Ma in NW Anatolia as well as along

Table 1. Zircon morphology and Pb isotopic data from single grain evaporation

Zircon
morphology

Grain Mass
scans*

Evaporation
temperature (8C)

207Pb–206Pb ratio
and 2s error†

207Pb–206Pb age
and 2s error

C, E, LP, T 1 190 1380 0.058301 + 19 541 + 4
C, E, LP, T 2 184 1400 0.058319 + 24 542 + 5

1, 2‡ 377 0.05831 + 21.5 542 + 5
C, E, LP, T 3 183 1380 0.067953 + 26 867 + 5
B, ST, WR 4 190 1400 0.127384 + 11.8 2062 + 3
R, ST, WR 5 106 1420 0.129081 + 20.5 2086 + 4

(Sample 3, porphyritic metagranite) B, brown; C, colourless; E, euhedral; LP, long prismatic; R, reddish; SR,
sub-rounded; ST, semi-transparent; T, transparent; WR, well-rounded.
*Number of 207Pb–206Pb ratios evaluated for age assessment.
†Observed mean ratio corrected for non-radiogenic Pb where necessary. Standard errors based on uncertainties in counting statistics.
‡Mean ages calculated for two grains.
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the northern margin of the Peri-Gondwana (e.g.
Chen et al. 2002; Gürsu & Goncuoglu 2005;
Ustaömer et al. 2005). Arc-related magmatism
and post-tectonic granitoid emplacement have
also been observed in many Cadomian basements
in Armorica and NW France (540–746 Ma, Egal
et al. 1996; Strachan et al. 1996; Ballèvre et al.
2001; Chantraine et al. 2001), Saxo-Thuringia,
northern Germany (540–660 Ma; Linnemann
et al. 2000; Linnemann & Romer 2002; Mingram
et al. 2004), the Iberian massif, southern
Spain (540 to 575–600 Ma, e.g. Bandres et al.
2002; Pin et al. 2002), Tepla–Barrandia
(Bohemia), Czech Republic (550–670 Ma, Dörr
et al. 2002; Linnemann & Romer 2002; Patočka
& Štorch 2004) and the Carpathians, Romania

(567–777 Ma, Liégeois et al. 1996). The older
ages obtained in this study are generally from
brown–reddish, sub-rounded to well-rounded
zircon grains that are interpreted as xenocrysts
from the chronologically heterogeneous Palaeo-
proterozoic basement. These older zircon ages
(2.06–2.08 Ga) have been documented from the
Eburnean basement of the West African craton
(Allègre & Ben Othman 1980; Egal et al. 2002;
Hirdes & Davis 2002; Linnemann et al. 2004;
Murphy et al. 2004). The data presented here also
support the conclusions of Goncuoglu et al.
(1997) and Gürsu & Goncuoglu (2006) that
Tauride–Anatolite Platform was derived from
the NW margin of Gondwana during the Late
Neoproterozoic–Early Palaeozoic.

Fig. 5. Histograms showing distribution of radiogenic lead isotope ratios derived from evaporation of zircon
populations obtained from the granitic rocks of the ABC. (a) Graph for two grains, integrated from 374 ratios and
interpreted to reflect age of protolith emplacement. (b) Graph for xenocrystic grains of granitic rocks. (c) CL
images show single-phase magmatic zoning with small resorbed and recrystallized areas; arrows indicate regions
of oscillatory zoning. (d) CL images showing typical internal structures. ic, rounded inherited cores; fl, flow domains;
ft, sector zoning.
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Geochemistry

Major and trace element and REE element concen-
tration of granitic rocks in the ABC are listed
in Table 2. The rocks span a wide range of SiO2

contents (66.31–73.68 wt%), are of subalkaline
affinity and plot in the rhyodacite–dacite field on
the Zr/TiO2–Nb/Y discrimination diagram of
Winchester & Floyd (1977) (Fig. 6a). High-silica
rocks are subdivided into peralkaline, peraluminous
and meta-aluminous groups on the basis of the
alkali index (Hildreth 1981; Leat et al. 1986;
Davies & MacDonald 1987; Kirstein et al. 2000).
The granitic rocks show evidence of alkali mobility,
which may affect the classification based on alkali
elements. To avoid any misinterpretations for
alkali indices, Nb–Zr variation diagrams (Leat
et al. 1986) were used to determine the geochemical
signatures of the granitic rocks. The log–log Nb
v. Zr diagram shows a very scattered positive
trend with ,326 ppm Zr and ,14 ppm Nb and
the data plot close to the subalkaline fiew, charac-
teristic of peraluminous magmas (Fig. 6b). Major
element variations for the granitic rocks in the NE
Afyon area are shown on selected Harker diagrams
(Fig. 7). Al2O3 (11.57–15.56 wt%), Fe2O3 (3.71–
5.58 wt%), K2O (1.70–3.99 wt%), MgO (1.79–
2.51 wt%) and TiO2 (0.64–0.82 wt%) concen-
trations decrease with increasing SiO2 contents
defining a nearly linear trend, and suggest that
these rocks are probably products of magmatic
differentiation from a parental magma (Fig. 7).
K2O (1.70–3.99 wt%) decreases along a hyperbolic
curve, reaching near-one concentrations with
increasing SiO2, which shows that the major part
of the granitic rocks is high- to medium-K
calc-alkaline. CaO (0.22–1.23 wt%) and Na2O
(1.12–3.10 wt%) contents correlated very poorly
with SiO2 as a result of the element mobility
during the metamorphism (Fig. 7).

The total alkali concentrations (Na2O þ K2O) in
granitic rocks are uniform but have low values
(4.13–6.06 wt%). The higher LOI (2.9–3.22 wt%),
lower to high K2O/Na2O ratios (0.60–3.56), Na2O–
SiO2, CaO–SiO2 and Sr–SiO2 variations indicate
that the felsic rocks have been affected by alkali
mobility related to the low-grade metamorphism and
albitization. Consideration of major elements such as
Na and K, which are commonly influenced by
albitization, substantiates the outcome of the
Na-metasomatism in the granitic rocks. This is in
support of petrographical observations that potassium
feldspar is affected by albitization, but relatively low
Na2O/K2O ratios also indicate that some of original
potassium feldspar is still preserved in the granitic
rocks. Rb depletion also may have been a likely
consequence of chloritization and argillitic alteration
(breakdown of feldspar and mica). Sample 22 has

abnormally high silica content (73.68 wt%) and may
reflect the locally silicification related to the secondary
process (Fig. 7). Hence, SiO2, alkalis, Rb and Sr are not
used in further geochemical diagrams to avoid any
misinterpretation resulting from secondary processes.

Variations of trace elements against SiO2

are plotted in Figure 7. Ba (316–823 ppm),
Rb (68–140.9 ppm), Nb (9.3–14.3 ppm), Th
(9.3–16 ppm), V (69–105 ppm), Zr (181.8–326.5
ppm), Ce (46.7–91.1 ppm), Y (19.9–30.7 ppm)
and Lu (0.3–0.49 ppm) show well-defined negative
trends with increasing SiO2 (with the exception of
Sr (29.4–84.3 ppm)), indicating the fractionation
of plagioclase, alkali feldspar, biotite, titanite,
zircon and iron oxides, respectively (Fig. 7). The
relatively high values for large ion lithophile
elements (LILE) and high field strength elements
(HFSE) such as Nb (average 11.8 ppm), Rb
(average 95 ppm), Y (average 26), Ce (average
67 ppm), Zr (average 251 ppm), Ta (0.8 ppm),
and Yb (average 2.5 ppm), and the ratios Ti/Zr
(15.5–22.5 ppm), Ti/Y (135.5–216.8 ppm), Nb/
Y (0.33–0.55 ppm) and Zr/Nb (16.5–28.3 ppm)
in the granitic rocks are relatively consistent with
average chemical composition of the Proterozoic
tonalite–trondhjemite–granodiorite (TTG: 7.1, 63,
17.3, 45, 152, 0.72, 1.33, 18.5, 162.8, 0.41 and
21.4, respectively) (average data taken from
Condie 2005).

Chondrite-normalized (Sun & McDonough
1989) trace elements patterns of the granitic rocks
are characterized by slightly enrichment in Ba,
Th, La, Ce, Nd and Zr with depletion of Rb, K,
Nb, Sr, P and Ti (Fig. 8a). The distinct Rb and Sr
anomaly may also be ascribed to mobilization
during the metamorphism. Chondrite-normalized
REE patterns of granitic rocks show light REE
(LREE) enrichment with respect to heavy REE
(HREE), and negative Eu anomalies are modera-
tely pronounced, with Eu/Eu* between 0.61 and
0.71 (Fig. 8a). The negative Eu anomaly in the
chondrite-normalized REE plot suggests that
plagioclase and alkali feldspar fractionation within
the stability field of feldspar has played a significant
role in formation of these granitic rocks and
indicates intracrustal fractionation. The granitic
rocks have moderate to high REE contents
(
P

REE 99.8–196.8 ppm) with fractionated
(La/Yb)N ¼ 4.6–10 and (La/Sm)N ¼ 2.6–3.7,
and relatively flat (Gd/Yb)N ¼ 1.02–1.85. The
LILE and REE chondrite-normalized patterns
display very similar patterns to the average chemi-
cal composition of Proterozoic TTG (Fig. 8b).

The continuous negative trends of granitic rocks
in Nb/U–U and Ce/Pb–Pb variations indicate
that U and Pb may have been added as a result of
intracrustal melting (Fig. 8c and d), and the low
Nb/U (,10) and variable Ce/Pb (,65) ratios

S. GÜRSU & M. C. GONCUOGLU416



Table 2. Representative chemical analyses of granitic rocks in the ABC to the NE of Afyon in the
Kütahya–Bolkar Dagı unit

Sample no. Afyon3 Afyon6 Afyon9 Afyon11 Afyon22 Afyon177 Afyon179 Afyon187 Average

SiO2 68.52 66.87 70.29 68.61 73.68 67.90 69.11 66.31 68.91
TiO2 0.69 0.65 0.72 0.82 0.64 0.69 0.77 0.81 0.72
Al2O3 14.49 15.55 13.71 13.74 11.57 14.48 13.67 15.56 14.09
Fe2O3 4.99 5.58 4.56 5.56 3.71 4.46 5.35 5.57 4.97
MnO 0.05 0.05 0.05 0.08 0.04 0.04 0.09 0.08 0.06
MgO 2.21 1.80 1.79 2.51 1.81 2.15 2.0 2.47 2.09
CaO 0.53 0.22 0.44 0.60 0.36 1.23 0.39 0.41 0.52
Na2O 1.12 2.68 2.97 2.10 2.38 3.09 2.81 3.10 2.28
K2O 3.99 3.38 2.01 2.70 1.75 2.54 1.70 2.45 2.56
P2O5 0.21 0.18 0.23 0.20 0.24 0.24 0.21 0.22 0.21
Cr2O3 0.019 0.009 0.015 0.014 0.014 0.011 0.012 0.013 0.013
LOI 3.1 3.2 3.0 2.9 3.8 3.1 3.6 3.1 3.2
Total 100.02 100.25 99.84 99.93 100.04 100.01 99.77 100.17 100.00
Ba 823 688 420 728 316 658 483 622 592
Sc 13 19 12 12 9 12 12 14 13
Co 13 8.4 9.4 13.4 9.8 11.4 14.9 12.6 11.6
Pb 10 14.8 4 1.4 13.8 4.5 2.2 22.3 9.1
Zn 70 67 61 80 85 56 75 86 72
Ni 52.5 18.5 31.2 43.2 32.4 27.6 36.9 38.3 35.1
Cs 4 2.4 2.4 4 2.7 3.1 2.7 2.6 3.0
Ga 20.7 21.4 16.8 18.2 14.4 18 17.4 20.1 18.4
Hf 6.2 7.4 6.7 9.7 7.9 7.4 7.6 6.2 7.4
Nb 11.6 12.2 11 14.3 9.3 11.1 11.9 13.1 11.8
Rb 140.7 120.3 81.7 99.6 68 87.8 68.7 89.7 94.6
Sr 80.9 33.2 84.3 58.7 41.7 29.4 63.6 49.9 55.2
Ta 0.80 0.80 0.80 0.90 0.7 0.8 0.8 1.0 0.8
Th 12.4 12.1 11.7 16 9.3 12.2 10.4 11.2 11.9
U 2.4 1.4 1.9 3.0 2.1 2.3 1.7 1.8 2.1
V 98 105 93 94 69 89 93 97 92
W 1.7 1.2 0.6 1.2 1.0 0.8 1.7 1.1 1.2
Zr 191.8 251.6 246 326.5 263 231 279.4 216.1 250.6
Y 21.2 27.4 19.9 25 28.3 28.4 30.2 30.7 26.4
La 15.9 18.3 20.9 38.6 32.3 31.1 29.7 37.1 28.0
Ce 46.7 62.1 56.6 91.1 61.0 76.9 61.8 75.9 66.5
Pr 3.72 4.05 4.75 7.87 6.60 6.74 6.22 7.72 5.95
Nd 16 17.8 19.1 33.8 27.2 28 25.8 31.8 24.9
Sm 3.8 3.8 3.9 6.6 5.7 5.8 5.3 6.6 5.2
Eu 0.78 0.76 0.80 1.20 1.39 1.30 1.17 1.40 1.10
Gd 3.26 3.37 3.22 5.38 5.63 5.71 5.31 5.57 4.68
Tb 0.64 0.63 0.53 0.86 0.92 0.89 0.82 0.86 0.76
Dy 3.30 4.18 2.81 4.53 4.74 4.91 4.76 5.0 4.27
Ho 0.66 0.87 0.56 0.83 0.89 0.86 0.92 0.89 0.81
Er 2.24 2.76 1.94 2.67 2.86 2.95 2.97 2.95 2.66
Tm 0.28 0.35 0.22 0.35 0.31 0.41 0.40 0.38 0.33
Yb 2.21 2.69 1.84 2.61 2.47 2.71 2.68 2.89 2.51
Lu 0.36 0.44 0.30 0.44 0.38 0.43 0.46 0.49 0.41
Ti 4135 3896 4315 4915 3836 4135 4615 4855 4338
Zr/Y 9.04 9.18 12.36 13.06 9.29 8.13 9.25 7.04 9.66
Th/Nb 1.07 0.99 1.06 1.12 1.00 1.09 0.87 0.85 1.00
Th/Y 0.58 0.44 0.58 0.64 0.33 0.43 0.34 0.36 0.46
Y/Nb 1.82 2.24 1.81 1.74 3.04 2.56 2.53 2.34 2.26
La/Nb 1.37 1.50 1.90 2.69 3.47 2.80 2.49 2.83 2.38
Ti/Y 195.08 142.2 216.8 196.6 135.55 145.6 152.8 158.1 167.8
(La/Yb)N 4.86 4.60 7.68 9.99 8.84 7.75 7.49 8.67 7.48
(La/Sm)N 2.63 3.03 3.37 3.68 3.57 3.38 3.53 3.54 3.34
(Gd/Yb)N 1.20 1.02 1.42 1.67 1.85 1.71 1.61 1.56 1.50
Eu/Eu* 0.68 0.65 0.71 0.61 0.75 0.69 0.67 0.70 0.68

Subscript N indicates normalization data from Sun & McDonough (1989).
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suggest magmatic differentiations of intracrustal
melting of a TTG source that is in the garnet stab-
ility field under the mantle wedge (Martin et al.
2005; Condie 2005). The low to very low unfractio-
nated HREE and Y abundances suggest that the
granitic rocks were evolved from second-stage
melts of a TTG source during intracrustal melting
without residual garnet.

To summarize, the geochemical variations
confirm that the granitic rocks are sub-alkaline
(peraluminous) in composition. They have geo-
chemical characteristics of I-type (TTG source)
felsic intrusive rocks and magmatic differentiations
such as fractional crystallization trends are
observed in geochemical diagrams. Trace element
and REE patterns show similar patterns, with
distinctive depletion in Rb, K, Nb, Sr, P and Ti
relative to the other trace elements. Trace element
and REE patterns correlate very well with the
Proterozoic TTG data.

Magmatic temperatures, crystallization

and source rock conditions

In this study, emplacement temperatures were
estimated by using zircon, monazite and apatite

saturation thermometry (Table 3). Petrographic
and geochemical signatures of the granitic rocks
from the study area show that the felsic magmas
must have been saturated in zircon, monazite and
apatite minerals. Zircon, monazite and apatite satur-
ation temperatures can be calculated from whole-
rock geochemical data to estimate temperatures
and composition effects of crustal magma types
by using the experimental models of Watson &
Harrison (1983), Harrison & Watson (1984),
Montel (1993) and Piccoli et al. (1999). Hydrother-
mal experiments in the temperature range of
750–1020 8C show the saturation behaviour of
zircon in crustal anatectic melts as a function
of both temperature and the zircon solubility
range in peraluminous granites changing from
c. 100 ppm dissolved at 750 8C c. 1330 ppm at
1020 8C (Watson & Harrison 1983). The zircon
solubility model of Watson & Harrison (1983) is
given by equation

ln DZr ¼ f�3:80� ½0:85� ðM � 1Þ�g þ 12900=T

where T is zircon saturation temperature (in 8C),
DZr is the bulk concentration of Zr and M is the
cationic ratio [(NaþKþ 2 � Ca)/(Al � Si)] of
the whole-rock concentration of SiO2, Al2O3,
NaO, K2O, CaO. The Zr concentration and cationic
ratio (M) show similar scatter in granitic rocks
(192–327 ppm; 0.70–1.05). Zircon saturation
temperatures of granitic rocks have a distinct peak
at 790–809 8C with only one higher value at
820 8C (average 803 8C) (Table 3).

Harrison & Watson (1984) showed that the
whole-rock concentrations of SiO2 and P2O5 of
granitic rocks were equivalent to the initial
melt composition of apatite crystallized from
the melt. Apatite precipitation in peralkaline,
meta-aluminous, slightly peraluminous and highly
peraluminous silicate melts (excluding low-Ca
melts) can be approximated as a function of P2O5

and SiO2 (Harrison & Watson 1984; Pichavant
et al. 1992). Apatite saturation temperatures at the
temperature at which apatite began to crystallize
from the magmas were calculated by using SiO2

and P2O5 in the following equation of Piccoli
et al. (1999), which is adapted from Harrison &
Watson (1984):

T ¼ ð26400� C1SiO2 � 4800Þ=

ð12:4� C1SiO2 � lnðC1P2O5Þ � 3:97Þ
� 273:15

where T is the apatite saturation temperature
(in 8C), and C1SiO2 and C1P2O5 are the concen-
tration of silica and phosphorus (expressed as
weight fractions in the melt at the apatite

Fig. 6. (a) Zr/TiO2 v. Nb/Y diagram (Winchester &
Floyd 1977) and (b) Nb–Zr diagram (Leat et al. 1986)
for granitic rocks of the ABC; O, granitic rocks.
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Fig. 7. Major and selected trace element variation diagrams v. SiO2 (field boundaries for K2O, I- and A-type granites
are from Peccerillo & Taylor (1976) and Collins et al. (1982), respectively); W, granitic rocks; R, quartz porphyry rocks
of Geyik Dag Unit in Sandikli, SW Afyon (data taken from Gürsu & Goncuoglu 2006).
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crystallization temperature). Piccoli & Candela
(1994) and Piccoli et al. (1999) showed that the
relationship between the SiO2 and P2O5 bulk
concentrations in the initial melt can be used for
the apatite crystallization temperature at crustal

pressures. This equation is based on the kinetic
studies on the solubility of apatite in felsic melts
by Harrison & Watson (1984), and is valid at
crustal pressures for rocks with 45–75 wt% SiO2

and ,10% H2O (Harrison & Watson 1984). The

Fig. 8. (a) Chondrite-normalized trace multi-element diagram; (b) chondrite-normalized REE patterns (all
normalizing values from Sun & McDonough 1989). Shaded area for quartz porphyry rocks is from Gürsu & Goncuoglu
(2006). (c) and (d) Nb/U–U and Ce/Pb–Pb diagrams. O, granitic rocks; A, upper crust; N, lower crust; O, N-MORB
(mid-ocean ridge basalt); half-filled triangles, enriched mid-ocean ridge basalt (E-MORB); V, ocean-island basalt
(OIB); B, TTG. Upper and lower continental crust, N-MORB, E-MORB, OIB and TTG data are from Taylor &
McLennnan (1995), Sun & McDonough (1989) and Condie (2005), respectively.

Table 3. The zircon, monazite and apatite saturation temperatures of granitic rocks in the ABC

Sample no. Zircon saturation
temperature (8C)

Monazite saturation
temperature (8C)

Apatite saturation
temperature (8C)

Afyon3 820 833 970
Afyon6 802 836 935
Afyon9 803 830 998
Afyon11 790 886 965
Afyon22 804 860 1035
Afyon177 797 827 979
Afyon179 799 862 976
Afyon187 809 873 952
Average 803 851 976
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average SiO2 and P2O5 weight concentrations of
granitic rocks are distinguished by being lower
64.5–73.4% (average 68.9%) and higher 0.18–
0.24% (average 0.24%), respectively. The estimates
of apatite saturation temperatures of granitic rocks
have a distinct peak at 935–979 8C with only two
higher values at 998–1035 8C (average 976 8C)
(Table 3).

As shown by petrography, monazite is the main
LREE-bearing mineral in less evolved granitic
rocks. In contrast to zircon, the monazite solubility
is strongly dependent on the H2O contents in
Ca-poor felsic magmas (Montel 1993) and is
described in the following equation of Montel
(1993):

lnðREEtÞ ¼ 9:50þ 2:34Dþ 0:3879
p

H2O

� 13318=T � 273:15

where REEt ¼
P

[REE (ppm)/atomic weight
(g mol21)], D is the cationic % (NaþKþ Liþ
2Ca)/Al(Alþ Si), H2O is in wt% and T is the
monazite saturation temperature (in 8C). The REE
considered extend from La to Gd, excluding Eu
(Montel 1993). We calculated temperatures for
3.5 wt% H2O, which is a typical value expected
in crustal magmas (Thomson 1996). Estimated
monazite saturation temperatures of granitic
rocks have a distinct peak at 827–836 8C with
higher values at 860–886 8C (average 851 8C);
(Table 3). The monazite saturation temperatures
are compatible with zircon data rather than apatite
data for the studied granitic rocks from the ABC.
The calculated apatite saturation temperatures are
higher than those obtained from the zircon and
monazite saturation thermometry by 100–180 8C.
To justify this discrepancy, Pichavant et al. (1992)
noted that the calibration of Harrison & Watson
(1984) fails to yield reliable results in peraluminous
rocks, and all the granitic rock samples from
the ABC contain low CaO (about ,1.0 wt%).
Additionally, Winchester & Floyd (1976) found
that P could easily show mobility as a result of
progressive alteration and metamorphism, and this
may affect the apatite saturation thermometry. In
a source rock without monazite, apatite dissolution
will release both LREE and phosphorus into the
melt and if REE in melt become oversaturated,
monazite crystallization occur (Zeng et al. 2005).
The mineralogical–petrographical analyses of
the granitic rocks show that zircon and monazite
crystallized early. They occur as small inclusions
within the mica minerals with grain sizes of
about 0.024–0.045 mm and 0.032–0.152 mm,
respectively.

The Pb–Pb systematics of the zircon from the
granitic rocks in the ABC indicates the presence

of an inherited older crustal component, and
inherited zircons were partly dissolved in the
melt. The zircon temperatures may be suggestive
of a high proportion of assimilated crustal material
in the magmas. Therefore zircon saturation temp-
eratures calculated from total Zr abundances
may be higher than the real temperatures of
magmas. We obtained slightly higher temperatures
(790–820 8C) for the granitic rocks of the Neopro-
terozoic basement by using zircon thermometry.
Our average estimates of zircon, monazite and
apatite saturation temperatures in the felsic
magmas range from 803 to 976 8C. The calculations
provide a reasonable estimate of the temperatures
over which zircon and monazite crystallized.
On the other hand, based on Pupin’s (1980) classifi-
cations, S17, S18 and S19 pyramidal terminations
(see Table 3) in the studied granitic rocks
were the predominant zircon crystal types,
indicating temperatures of 800 + 50 8C. These
results suggest that the felsic magma temperatures
were between c. 800 8C and c. 850 8C in the
studied granitic rocks of the ABC and could
be interpreted as temperatures of LREE and
Zr saturation at the onset of monazite and
zircon crystallization.

The generation of I-type granite melts requires
substantially higher temperatures (800–900 8C)
than that of S-type granitoid melts (�700 8C),
as shown by experimental work (e.g. Liew &
McCulloch 1985). Estimated magma temperatures
of the granitic rocks in this study of about 850 8C
are in agreement with I-type rather than S-type
granite melts. Nb–SiO2 and Y–SiO2 variation
diagrams (see Fig. 7) also indicate an I-type
source (Collins et al. 1982) rather than S- and
A-type granitic rocks. In addition to these data,
Al2O3–SiO2 variations also identify the compo-
sitional differences of experimental melts produced
by partial melting of various source rocks
(Helz 1976; Spulber & Rutherford 1983; Beard &
Lofgren 1989, 1991; Winther & Newton 1991;
Wolf & Wyllie 1994). The protoliths of granitic
rocks of the ABC are probably homogeneous
and may have originated from crust-derived
(probably TTG-like compositions with negative
Eu and flat HREE) felsic magmas and may have
been generated from a chemically similar
magma source.

Magma modelling and the generation

of felsic magmas

The decrease in Zr abundance with increasing
SiO2 suggests that zircon was a fractionating
phase (e.g. Watson & Harrison 1983). The multi-
element behaviour is characterized by lower
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abundances of Rb, K, Nb, Sr, P and Ti and higher
abundances of Ba, Th, La, Ce, Nd and Zr suggesting
a source similar to TTG. The flat HREE patterns
in the metagranitic rocks show that garnet was
not restite phase, which indicates that the felsic
magmas were formed at pressures ,10 kbar
(Rutter & Wyllie 1988; Vielzeuf & Montel 1992);
this implies crustal depths of melting.

The granitic rocks have low silica (66.3–
73.6 wt%) and relatively low to high alumina
(11.5–15.5 wt%) contents consistent with partial
melting of an igneous source (average 67.3 wt%
SiO2 and average 15.8 wt% Al2O3 in TTG;
average 73.16 wt% SiO2 and 13.90 wt% Al2O3 in
granites; 73.12 wt% SiO2 and 13.82 wt% Al2O3

in felsic volcanic rocks, respectively) rather than
a sedimentary protolith (65.83 wt% SiO2 and
15.33 wt% Al2O3 in greywackes; 63.50 wt% SiO2

and 17.72 wt% Al2O3 in cratonic shales (e.g.
Condie 1993, 2005; Chappell 1999). The trace
element and REE pattern and variation diagrams
(see Fig. 8) indicate that the source was igneous
with Ti/Zr (average 20.97), Nb/Y (average
0.45), Zr/Nb (average 21.42), Th/Y (average
0.46) and La/Nb (average 2.38) ratios similar to
those of TTG (18.5, 0.41, 21.4, 0.35 and 3.66,
respectively; data from Condie (2005)). All these
data support the idea that the granitic rocks in the
ABC may be derived from dehydration melting
of a TTG source rather than from sedimentary
protolith. Experimental data also support that
dehydration of tonalites may produce granitic
melts within the temperature range 750–900 8C at
2–10 kbar pressure (Sing & Johannes 1996a, b),
and peraluminous tonalites can contain up to
about 30% biotiteþmuscovite and quartzþ
plagioclase concentrations, which suggests remelt-
ing to yield mobile granitic magmas (Patiño &
Patiño-Douce 1987).

The TTG source composition (Condie 2005)
was used as the possible source rock (C0), and
fractional melting and Rayleigh fractional crys-
tallization process were modelled by using Rb,
Ba, K, Sr, Nb, Th, U, Zr, Ti, Y, La, Ce, Nd, Sm,
Eu, Gd, Tb, Dy, Er, Yb and Lu to constrain the gen-
eration of granitic rocks. The phase proportions
were estimated from the normative mineralogy of
possible source rocks and partition coefficient
values (D0) were calculated assuming 51% plagio-
clase, 21.5% quartz, 11.5% alkali feldspar, 11%
amphibole and 5% biotite in the source residue
with mineral–melt coefficient for dacitic–rhyolitic
magma compositions (Arth 1976; Pearce & Norry
1979; Henderson 1982; Watson & Harrison 1983;
Nash & Crecraft 1985; Table 4). The fractional
melting and Rayleigh crystallization were used to
determine the approximate minor and trace
element, and REE compositions. Bulk D0

1 values

for the Rayleigh crystallization modelling were
calculated from average normative mineralogical
contents of granitic rocks considered as an assem-
blage of 43.7% quartz, 21.4% plagioclase, 15.7%
alkali feldspar, 7.3% corundum, 5.4% orthopyro-
xene, 5.2% magnetite and 0.48% apatite. Calculated
20% fractional melting plus 20% fractional crystal-
lization of TTG source rocks gives similar trends
to those of granitic rocks (Table 5, Fig. 9a and b).
Experimental data (e.g. Clemens & Vielzeuf
1987; Rutter & Wyllie 1988; Sing & Johannes
1996a, b) also show that melt proportions obtained
by dehydration melting of tonalites may increase to
nearly 15 vol% at 850 8C and 22.5 vol% at 900 8C;
these values are similar to the 20% partial melting
of a TTG source in our modelling study.

Chondrite-normalized calculated compatible/
incompatible element patterns, shown in
Figure 9a, are very similar to those of the studied
granitic rocks and display enrichment in Ba, La,
Ce, Nd, Zr and Y and depletion in Rb, K, Nb, Sr
and Ti. Sr and Ti negative anomalies are consistent
with significant fractional crystallization. The REE
pattern of the calculated TTG melts also shows a
pattern concordant with that of the granitic rocks
and displays an enrichment of LREE rather than
HREE and a pronounced negative Eu anomaly
(Fig. 9b). A 20% fractional melting and 20% frac-
tional crystallization of a Proterozoic TTG source
provides a significant control on the change in
Eu/Eu* with increasing Th abundances for the
studied granitic rocks (Fig. 10).

In conclusion, we suggest that the felsic magmas
in western Anatolia were generated by dehydration
melting of a TTG source at ,10 kbar pressure. Our
petrogenetic modelling also implies that the granitic
rocks were developed from partial melting of a
TTG source by 20% fractional melting plus 20%
Rayleigh fractional crystallization.

Comparison of the Neoproterozoic

granitic magmatism in the basements

of Kütahya–Bolkar Dagı and Geyik

Dag tectonic units

The metaquartz porphyry rocks in the Geyik Dag
unit in the Sandikli area display petrographical
and chemical differences from the granitic rocks
of the Kütahya–Bolkar Dagı unit in the NE
Afyon area. The zircon and apatite thermometers
of metaquartz porphyry rocks in Sandikli yielded
two distinct peaks at 783–811 8C and 821–
845 8C (average 816 8C) and three distinct peaks
at 785–823, 881–925 and 947–998 8C (average
912 8C), respectively, and include well-developed
perthitic textures (Table 6). The phenocryst phase
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Table 4. Mineral–melt partition coefficients for dacitic–rhyolitic melts used in the modelling of fractional
melting and Rayleigh fractional crystallization

Distribution
coefficients

Quartz
melt*

K-feldspar
melt*

Plagioclase
melt*

Biotite
melt*

Hornblende
melt†

Orthopyroxene
melt*†

Apatite
melt†

Magnetite
melt†

Rb 0.041 1.75 0.105 3.20 0.014 0.003
Ba 0.022 6.12 1.515 6.36 0.044 0.003
Th 0.009 0.023 0.048 1.227 0.13
U 0.025 0.048 0.093 0.167 0.145
K 0.013 1.490 0.1 5.63 0.081 0.02
Nb 0.06 6.367 4.0 0.8 0.1
Sr 3.87 4.4 0.447 0.022 0.009
Zr 0.03 0.135 1.197 4.0 0.2 0.1 0.8
Ti 0.038 0.05 7.0 0.4 0.1 12.5
Y 0.13 1.233 6.0 1.0 40 2.0
La 0.015 0.08 0.38 5.713 0.78 14.5
Ce 0.014 0.037 0.267 4.357 1.52 0.93 34.7
Nd 0.016 0.035 0.203 2.56 4.26 1.25 57.1
Sm 0.014 0.025 0.165 2.117 7.77 1.6 62.8
Eu 0.056 4.45 1.214* 0.87* 5.14 0.825 30.4
Gd 0.125 0.067 10.0 0.34 56.3
Tb 0.017 0.025 1.957 1.85
Dy 0.015 0.055 0.112 1.72 13.0 1.8 50.7
Er 0.006 0.055 0.35 12.0 0.65 37.2
Yb 0.017 0.03 0.09 1.473 8.39 2.2 23.9
Lu 0.014 0.033 0.092 1.617 5.5 2.25 20.2

*Nash & Crecraft (1985).
†Arth (1976) and Pearce & Norry (1979).
‡Henderson (1982).

Table 5. Parameters used in the modelling of 20% fractional melting plus 20% Rayleigh fractional
crystallization of a TTG source to produce granitic rocks of the ABC in NE Afyon

Trace
element

D0 C0 20%
fractional
melting

D0
1 C0

1 20%
fractional

crystallization

Average of
metagranitic

rocks

Rb 0.425 63 110 0.315 110 128 94.6
Ba 1.804 717 439 1.295 439 411 592
Th 0.090 6.1 7.14 0.025 7.14 8.87 11.91
U 0.066 2.1 1.38 0.046 1.38 1.70 2.07
K 0.515 19093 30029 0.261 30029 35411 21252
Nb 0.789 7.1 8.47 0.200 8.47 10.12 11.81
Sr 9.195 473 62.8 1.549 62.8 55.5 55.2
Zr 0.572 152 225 0.089 225 275 251
Ti 0.804 2817 3319 0.700 3319 3549 4338
Y 0.788 17.3 20.7 0.378 20.7 27.7 26.4
La 0.492 26 42.0 0.212 42.0 50.0 28.0
Ce 0.528 45 70.0 0.243 70.0 82.6 66.5
Nd 0.707 18 23.2 0.341 23.2 26.9 24.9
Sm 1.050 3.50 3.37 0.361 3.37 3.88 5.18
Eu 1.752 0.95 0.59 1.338 0.59 0.58 1.10
Gd 1.177 3.0 2.63 0.315 2.63 3.06 4.68
Tb 0.104 0.49 0.69 0.111 0.69 0.84 0.76
Dy 0.835 3.50 4.01 0.307 4.01 4.68 4.27
Er 0.699 1.90 2.46 0.156 2.46 2.96 2.66
Yb 0.613 1.33 1.88 0.151 1.88 2.27 2.51
Lu 0.569 0.23 0.34 0.219 0.34 0.40 0.41
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includes quartz, microperthitic K-feldspar and
microcline, with accessory minerals such as titanite,
allanite, apatite and zircon. The granitic rocks in the
latter locality contain alkali feldspar (disordered
orthoclase), plagioclase (oligoclase–andesine in
composition), quartz and biotite as relict phases.
The accessory minerals are titanite, zircon, mona-
zite, apatite and, rarely, opaque minerals.

Geochemically, the quartz porphyry rocks of
Sandikli (Gürsu & Goncuoglu 2006) have higher
SiO2 (73.56–77.87 wt%), K2O (4.73–7.81 wt%)
and TiO2 (0.16–0.48 wt%) and lower Al2O3

(11.68–13.68 wt%), Fe2O3 (1.05–3.38 wt%),
P2O5 (0.02–0.13 wt%) and MgO (0.21–1.1 wt%)

than the granitic rocks of NE Afyon (see Fig. 7).
They can be clearly distinguished from the latter
also by lower Y/Nb (2–5 ppm) and Ti/Zr (,11),
higher REE abundances (

P
REE 220 ppm),

lower Eu/Eu* ¼ 0.16–0.33, highly fractionated
(La/Yb)N ¼ 2.6–13.8 and (La/Sm)N ¼ 2.2–4.2,
and relatively flat (Gd/Yb)N ¼ 0.9–1.9 (for a
brief review see Gürsu & Goncuoglu 2006). The
granitic rocks, on the other hand, show relatively
less enriched LREE and more depleted HREE pat-
terns (see Fig. 8a and b). The correlative histogram

Fig. 9. (a) and (b) trace element and REE diagrams for the granitic rocks and their comparison with the calculated
composition for 20% fractional melting plus 20% Rayleigh fractional crystallization of a TTG source. W, granitic
rocks; V, granitic rocks obtained from 20% fractional melting plus 20% Rayleigh fractional crystallization of the TTG
source of Condie (2005).

Fig. 10. Eu/Eu*–Th diagram (Kirstein et al. 2000)
with calculated model curves for closed-system
fractional crystallization. Modal curve was generated
from 20% fractional partial melting of starting
composition of TTG source of Condie (2005), where
amounts of fractional crystallization (0.1–75%)
are indicated.

Table 6. Zircon and apatite saturation temperatures
of the quartz porphyry rocks of the Geyikdağ
unit in SW Afyon

Sample no. Zircon saturation
temperature (8C)

Apatite saturation
temperature (8C)

7 781 919
176 792 899
192 833 823
198 845 905
199 838 907
301 821 998
336 791 873
337A 783 925
344 804 881
664 844 947
692 811 970
740 807 959
744 832 952
745 839 975
944 807 886
1058 829 785
Average 816 912

The whole-rock analyses of the samples are from Gürsu &
Goncuoglu (2006).
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diagrams also indicate that on average the granitic
rocks in the ABC of NE Afyon display Zr, Hf, Eu
and Ti enrichments and Th, Nb, La, Ce, Nd, Sm,
Gd, Tb, Dy, Y, Ho, Er, Tm, Ty and Lu depletions
(Fig. 11a). Moreover, the Ti/Zr–Nb/Y,

P
REE–

(La/Yb)N and Eu/Eu*–(La/Yb)N variation dia-
grams clearly reflect the presence of two chemically
different felsic rock groups in the Late Neoprotero-
zoic basements of the Geyik Dag and Kütahya-
Bolkar Dagı units (Fig. 11b–d). Petrographical
and geochemical characteristics suggest that the
metaquartz porphyry rocks in Sandikli may rep-
resent the more felsic part of the coeval granitic
magmatism that produced the granitic rocks in
the NE Afyon area. Both rock types were formed
from a TTG-type source by 20% fractional
melting and 20% Rayleigh fractional crystallization
(for a brief review see Gürsu & Goncuoglu 2006)
in the upper continental crust.

A comparison of the Neoproterozoic felsic mag-
matism in the Kütahya–Bolkar Dagı (NE Afyon)
and Geyik Dag (Sandikli) units in the Western
Taurides is shown in Table 7.

Geodynamic implications and conclusions

The granitic rocks within the Late Neoproterozoic
basement of the Taurides were ascribed to a post-
collisional extension in the North Gondwanan
margin (Goncuoglu 1996; Goncuoglu & Kozlu
2000; Gürsu et al. 2004a; Gürsu & Goncuoglu
2006). This event very probably followed the south-
ward subduction of the oceanic lithosphere beneath
the Gondwanan continental crust (e.g. see Gürsu &
Goncuoglu 2005, fig. 13) that formed the 590 and
570 Ma arc-type granitoids intruding an older
(890–710 Ma, Chen et al. 2002) sector of continen-
tal crust in the Safranbolu area of northern Turkey.
The early Late Neoproterozoic rocks in northern
Turkey were attributed to North Gondwana, are of
tonalitic and granitic composition, and have low
Nb/Y ratios and Ti contents, consistent with those
of arc rocks (Chen et al. 2002). This tonalitic
basement may be the TTG-type source of the Late
Neoproterozoic granitic rocks in the Afyon and
Sandikli areas. An alternative source for the
studied granitoids may be the Mid-Proterozoic

Fig. 11. (a) Correlative, (b) Ti/Zr–Nb/Y, (c)
P

REE–(La/Yb)N (from Zhao et al. 2004), (d) Eu/Eu*–(La/Yb)N

variation diagrams indicating the differences between the granitic rocks in the Kütahya–Bolkar Dagı unit of NE Afyon
(ABC) and quartz porphyry rocks of the Geyik Dag Unit of Sandikli, SW Afyon.
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Table 7. A comparison of the Neoproterozoic felsic magmatism in the Kütahya–Bolkar Dagı (NE Afyon) and Geyik Dağ (Sandıklı) units in the Western Taurides

Feature Kütahya–Bolkar Dağı (NE Afyon) Unit Geyik Dağ (Sandıklı) Unit

Stratigraphy The Late Neoproterozoic basement is unconformably overlain
by Late Palaeozoic units and the Early Cambrian–Late
Ordovician units are missing

The Late Neoproterozoic basement is unconformably overlain
by Early Cambrian–Late Ordovician units. The Late Palaeozoic
units are missing

Type of metamorphism Multiple phases of tectonothermal events were observed as
greenschist-facies (first), HP/LT blueschist-facies (350 8C and
6–9 kbar pressure, 30 km burial depths) (second) and
greenschist-facies (third) overprints (Göncüoglu et al. 2001;
Candan et al. 2005)

Multiple phases of tectonothermal events were observed as
pre-Early Cambrian low-grade dynamothermal metamorphism
(c. 300 8C, 4.2 kbar pressure, c. 15 km burial depths) and Late
Palaeozoic very low grade metamorphism (3.2 kbar pressure,
c. 10 km burial depth)

Felsic magmatism
Nature Metamorphosed leucogranitic rocks and sills or dykes of

porphyry rocks
Meta-rhyolites and irregularly distributed sills or dykes of

meta-quartz porphyries
Mineral contents Alkali feldspar, plagioclase (oligoclase–andesine in composition),

biotite, titanite, zircon, monazite, apatite and, rarely, opaque
minerals

Quartz, microperthitic orthoclase, microcline with minor amount of
biotite, titanite, allanite, apatite, zircon and opaque minerals

Geochemical
fingerprints

Sub-alkaline (peraluminous). Magmatic differentiation by
fractional crystallization is the main factor in formation of the
leucogranitic rocks. Trace element and REE patterns show
distinctive depletion in Rb, K, Nb, Sr, P and Ti, and slight
enrichment in Ba, Th, La, Ce, Nd, Zr

Sub-alkaline and cogenetic. The role of the fractional crystallization
is consistent with the fractionation of an assemblage of
plagioclase, alkali feldspar and iron oxides. The trace element
patterns show depletion in Nb, Sr, P and Ti and enrichment
in Th, U, La, Ce, Nd, Sm and Zr

Melting process Low H2O activity, TTG dehydration Low H2O activity, granite and felsic rock dehydration
Source I-type (Proterozoic TTG) I-type (Proterozoic granites or felsic rocks)
P–T conditions during

melting
Lower than 10 kbar, 800–850 8C Lower than 10 kbar, 780–845 8C

Timing of emplacement
(zircon ages)

541.1 + 3.6 Ma (207Pb–206Pb) in leucogranitic rocks (this study) 543+7 Ma (207Pb–206Pb) in meta-quartz porphyry
rocks (Kröner & Şengör 1990), 541.3 + 10.9 Ma (207Pb–206Pb)
in meta-rhyolites (Gürsu & Göncüoglu 2006)

Associated deformation Synkinematic S1, S2 and S3 discrete crenulation cleavage is well
developed

Synkinematic S1, S2 and S3 discrete crenulation cleavage is well
developed

Geodynamic model Post-collisional extension, crustal thinning Post-collisional extension, crustal thinning
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(U–Pb single-zircon and SHRIMP ages; Anders
et al. 2006) arc-related rocks recently reported
from the orthogneisses in the Pelagonian basement
in Greece, which were also attributed to a
Gondwanan terrane (the Florina Terrane of
Anders et al. 2006). As indicated by many
workers (e.g. Condie 1981, 2005; Martin 1988,
1999; Martin et al. 2005), TTG magmas were
derived from subducted basaltic crust in most
Archaean cratonic terranes. The TTG-type melting
of such a crustal source by post-collisional exten-
sion or lithospheric delamination after subduction
of the oceanic lithosphere may have resulted in
the formation of the Late Neoproterozoic
post-collisional granitoids in the basement of the
Taurides. This geodynamic scenario is in good
agreement with models for various Peri-
Gondwanan terranes (e.g. Murphy et al. 2002;
Nance et al. 2002). Based on these similarities,
Gürsu & Goncuoglu (2001, 2006) suggested that
this magmatic activity in the Taurides should be
considered as the eastern counterpart of the
Cadomian magmatism.

Despite the differences in their post-Cadomian
history (Variscan(?) and Alpine events) the geo-
chemical comparison of the granitic rocks in the
basements of two tectonic units (Geyik Dag and
Kütahya-Bolkar Dagı units) in the Taurides has
revealed the presence of two chemically different
but genetically linked groups. In very general
terms, it can be assumed that the rocks represent
the products of more evolved end-members of the
same parent magma. However, the present data
are not sufficient to allow us speculate on details
of the magmatic evolution; detailed radiometric
age dating coupled with further geochemical evalu-
ation of associated metaigneous rocks may in
obtaining a better understanding of the relations.

To conclude, the recent petrological work on the
granitic rocks in the Kütahya–Bolkar Dagı tectonic
unit of the Taurides has revealed the following results.

(1) The Cadomian felsic magmas of the
Kütahya–Bolkar Dagı unit were mostly emplaced
between 545 and 540 Ma and they are believed to
have been intruded during post-collisional stages
of Cadomian orogeny. The mineralogical, petro-
graphic and geochemical features of the porphyritic
granitoids in the ABC indicate a sub-alkaline
(peraluminous) nature. They have geochemical
characteristics of I-type felsic intrusive rocks. It is
suggested that fractional crystallization was the
main differentiation process during the formation
of these rocks.

(2) The low to very low unfractionated HREE
and Y abundances in the granitic rocks suggest
that the felsic magmas were evolved through the
second-stage melting of a TTG source during intra-
crustal melting without residual garnet. Their trace

element and REE patterns show distinctive
depletion in Rb, K, Nb, Sr, P and Ti and slightly
enrichment in Ba, Th, La, Ce, Nd and Zr, with frac-
tionated (La/Yb)N and (La/Sm)N, and relatively
flat (Gd/Yb)N patterns. They display very similar
patterns to a TTG source. The petrogenetic model-
ling and magmatic temperature studies also imply
that the protoliths of the granitic rocks of the
ABC were derived by partial melting of a TTG
source by 20% fractional melting plus 20% Ray-
leigh fractional crystallization. This was achieved
under ,10 kbar pressure and water-undersaturated
conditions. The felsic magma temperatures deter-
mined (c. 800–850 8C) are in general agreement
with values from experimental studies (e.g.
Clemens et al. 1986; Skjerlie & Johnston 1992;
Patiño-Douce 1997) and support the model that
I-type granites may be produced by partial
melting of a tonalitic source.

(3) We propose that the felsic magmas were
generated by crustal extension related to the Cado-
mian post-collisional magmatism. Therefore they
represent the eastern equivalents of the Late
Pan-African–Cadomian granitoids in North Africa
and Gondwana-derived terranes in Southern and
Central Europe (e.g. Chantraine et al. 2001;
El-Nisr et al. 2001; Pin et al. 2002; Dörr et al.
2002; Mushkin et al. 2003).

(4) The ABC-type basement of the Kütahya–
Bolkar Dagı unit and the Sandikli-type basement
of the Geyik Dag unit are part of the same
Cadomian terrane and the present differences in
stratigraphy and metamorphism are due to sub-
sequent (Variscan and Alpine) geological events.
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Barrandian Unit, Bohemian Massif, Czech Republic).
International Journal of Earth Sciences, 93, 728–741.

PEARCE, J. A. & NORRY, M. J. 1979. Petrogenetic
implication of Ti, Zr, Y and Nb variations in volcanic

rocks. Contributions to Mineralogy and Petrology,
69, 33–47.

PECCERILLO, A. & TAYLOR, S. R. 1976. Geochemistry
of Eocene calcalkaline volcanic rocks from the
Kastamonu area, northern Turkey. Contributions to
Mineralogy and Petrology, 58, 63–81.

PICCOLI, P. M. & CANDELA, P. A. 1994. Apatite in felsic
rocks, a model for the estimation of initial halogen
concentrations in the Bishop Tuff (Long Walley)
and Tuolumne intrusive suite (Sierra Nevada Batho-
lith) magmas. American Journal of Science, 294,
92–135.

PICCOLI, P. M., CANDELA, P. A. & WILLIAMS, T. J.
1999. Estimation of aqueous HCl2 and Cl2 concen-
trations in felsic systems. Lithos, 46, 591–604.

PICHAVANT, M., MONTEL, J. M. & RICHARD, L. R.,
1992. Apatite solubility in peraluminous liquids:
experimental data and an extension of the Harrison–
Watson model. Geochimica et Cosmochimica Acta,
56, 3855–3861.
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