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Abstract In the Sandıklı (Afyon) region, western Tau-
rides, the Late Proterozoic rocks of the Sandıklı base-
ment complex are composed of low-grade meta-
sedimentary rocks (Güvercinoluk Formation) intruded
by felsic rocks (Kestel Cayı Porphyroid Suite, KCPS).
The KCPS is a deformed and highly sheared, dome-
shaped rhyolitic body with a granitic core. Quartz por-
phyry dikes intrude both the slightly metamorphic
igneous and the sedimentary rocks of the basement
complex. Both the quartz porphyries and rhyolites were
converted into mylonites with relict igneous textures.
Geochemical data show that these felsic igneous rocks
are subalkaline and mainly granitic in composition with
SiO2 >72 wt% and Al2O3 >11.5 wt%. The chondrite-
normalized incompatible trace element patterns are
characterized by distinct negative Rb, Nb, Sr, P, Ti, and
Eu with enrichment in Th, U, La, Ce, Nd, Sm, and Zr.
The REE patterns of the felsic rocks indicate a strong
enrichment in LREE but display slightly flat HREE
patterns. According to geochemical characteristics and
petrogenetic modeling, extrusive and intrusive rocks of
the KCPS were probably derived from an upper conti-
nental crustal source (partial melting of granites/felsic
rocks) by 18–20% fractional melting plus 18–20%
Rayleigh fractional crystallization, which seems to be
the most effective igneous process during the crystalli-
zation of the KCPS. Single zircon age data from the
granitoids and fossils from the disconformably overlying
sedimentary successions indicate that the metamorphism
and the igneous event in the Taurides are related to the
Cadomian orogeny. Based on the geological, geochem-

ical and petrogenetic correlation of the post-collisional
granitoids it is further suggested that the Tauride belt in
western central Turkey was in a similar tectonic setting
to the Gondwanan terranes in North Africa (Younger
Granitoids) and southern Europe (Spain, France,
Bohemia, Brno Massifs) during the Late Cadomian
period.

Keywords I-type granites Æ Rhyolites/quartz porphyry
rocks Æ Post-collisional Æ Taurides Æ Late Pan-African

Introduction

Late Proterozoic granitic complexes with radiometric
ages ranging from 550 to 530 Ma are important con-
stituents in North Africa and in the Gondwana-derived
terranes 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). These granitic com-
plexes are known as the ‘‘Late Pan-African Granitoids’’
or ‘‘Cadomian Granitoids’’ and their formation was
ascribed to a wide range of tectonic events to the north
of the main part of Gondwana. The terms Cadomian
and Pan-African are used here more or less synony-
mously, the former for tectonic elements in southern
Europe that underwent orogenic overprint including
granitoid magmatism and metamorphism in Late Neo-
proterozoic to Early Paleozoic times. The latter is used
here for terranes still attached to Africa.

Based on the geochemical characteristics of these
granitoids and the depositional features of the associated
sediments these events have been related to different
processes (Ballèvre et al. 2001; Chantraine et al. 2001;
Bandres et al. 2002; Dörr et al. 2002; Genna et al. 2002).
These events include:

• Southward subduction of the Iapetus ocean and for-
mation of the continental arc-type magmatism;

• Granitic magmatism related to post-collisional
extension;
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• Back-arc basin development at the northern edge of
Gondwana; and

• Collision-type magmatism related to the amalgama-
tion of small Gondwana-derived continental micro-
plates (peri-Gondwanan terranes).

In Anatolia, Precambrian rocks occur in the base-
ment of different Alpine units in NW, S and SE Anatolia
(Göncüoglu et al. 1997). The Tauride Belt in southern
Turkey (Fig. 1) includes a basement complex with si-
liciclastic rocks, stromatolitic limestones, slates and fel-
sic volcanic rocks, both in the eastern (e.g. Kozlu and
Göncüoglu 1997) and western parts. A similar basement
complex was also encountered in southeastern Turkey
(Ketin 1966). These basement complexes were tradi-
tionally ascribed to the ‘‘Infracambrian’’ to include
Eocambrian to Lower Cambrian rocks. A detailed
account of the locations and rock units of this ‘‘Infra-
cambrian’’ basement is given in Kozlu and Göncüoglu
(1997).

Gürsu and Göncüoglu (2001) and Gürsu et al. (2004)
recently described low-grade metamorphic sediments
and felsic igneous rocks of the Late Proterozoic age in
the Sandıklı area of the Taurides in western central
Anatolia (Fig. 1). These authors have also shown that
the Late Proterozoic basement rocks are overlain dis-
conformably by siliciclastic rocks that contain Early
Cambrian (Erdogan et al. 2004) trace fossils. Based on
the single zircon ages of the granitic rocks in this area
(Kröner and Sengör 1990) and the new stratigraphic
findings (Gürsu and Göncüoglu 2001; Gürsu et al. 2004)
these basement rocks were attributed to the Late
Pan-African/Cadomian basement of Gondwana.

In this study, we will present geochemical data from
the felsic igneous rocks within the Late Proterozoic
basement of the Taurides in the western part of central
Anatolia, and discuss their petrology, petrogenesis and
tectonic setting to interpret their relationships to other
Late Pan-African or Cadomian granitoids in northern
Gondwanan terranes.

Geological framework

In the western part of central Anatolia around Sandıklı
(Fig. 1), the basement unit with low to very low-grade
metamorphic rocks has been described by various au-
thors (Öngür 1973; Kröner and Sengör 1990; Özgül et al.
1991; Kozlu and Göncüoglu 1995). Gürsu and
Göncüoglu (2001) and Gürsu et al. (2004) pointed out
that this unit actually includes the Sandıklı basement
complex (SBC) and its Lower Paleozoic cover.

The SBC constitutes the meta-sedimentary rocks of
the Güvercinoluk Formation and the felsic igneous
rocks of the Kestel Cayi Porphyroid Suite (KCPS). The
Güvercinoluk Formation consists of a very thick suc-
cession of dark colored phyllitic slates and/or phyllites
with bands and lenses of black cherts, cherty dolomites,
dark gray meta-sandstones and debris flow conglomer-

ates (Fig. 2). The siliciclastic meta-sediments show a
relatively well-developed foliation and are characterized
by the metamorphic paragenesis: quartz + albite +
biotite + muscovite + graphite ± chlorite. The meta-
sandstones include flattened clasts of basic volcanic
rocks and black chert. The black cherts, interlayered
with siliciclastic rocks, are 10–50 cm thick, finely lami-
nated and very similar to the phthanites described in the
Late Proterozoic sediments in NW Gondwanaland (Le
Corre 1977; Chantraine et al. 1988, 2001; Bandres et al.
2002). The meta-carbonates within this formation form
bands and lenses of light gray dolomites with very thin
bands of cherts. Locally, they display stromatolithic
textures.

Petrographical data on the Güvercinoluk Formation
revealed that the phyllites, phyllitic slates with crenula-
tion folds and mylonites mainly contain quartz, sericite,
biotite, chlorite, feldspar and show textural evidence for
three distinct deformational phases. Fine-grained biotite
neoformations are typical and phyllosilicate paragenesis
is characterized by illite/mica + mixed-layer chlorite–
vermiculite (C–V) + chlorite–smectite (C–S) ± chlorite.
The crystallinity values (D�2h=0.14–0.24, mean=
0.20) of phengitic illite/muscovites of 2M1 polytype are
indicative of epimetamorphism, whereas the b0 values
(9.028–9.058 Å, mean=9.043 Å) suggest the higher
parts of an intermediate- to high-pressure facies condi-
tion (Bozkaya et al. 2004).

The meta-sedimentary rocks of the Güvercinoluk
Formation interfinger with highly deformed felsic
pyroclastic rocks interpreted as rhyolitic crystal- and
lithic-tuffs (Gürsu 2002) and are intruded by sills and
dikes of meta-quartz porphyry (Fig. 2).

The KCPS comprises meta-rhyolites and irregularly
distributed sills/dikes of meta-quartz porphyry. They
occur in the core of the NNE–SSW trending antiform
and have a core of mylonitic granitoids around the
Büyükbakırlı and Kocayayla Hills (Fig. 1). Both the
meta-rhyolites and their coarse grained equivalents are
intensively mylonitized and variably foliated. The meta-
rhyolitic rocks of the KCPS show illite/mica ± C–V
phyllosilicate paragenesis, and display IC and b0 values
similar to the Güvercinoluk Formation (Bozkaya et al.
2004).

Kröner and Sengör (1990) stated that the single zir-
con 207Pb/206Pb ages obtained from the quartz porphy-
ries vary between 543±7 and 2,448±3 Ma. The
youngest age (543±7 Ma) is interpreted to represent the
time of granite intrusion, whereas the older ones reflect
the age of the crustal source from which the granite may
have been derived or through which the granite magma
ascended.

The metaclastic rocks of the Gögebakan Formation
cover the SBC (Fig. 2) by an angular unconformity.
Discontinuous pockets of basal conglomerates with
well-rounded pebbles derived from the felsic rocks,
meta-carbonates and black cherts of the SBC are present
in the lower part of the formation. The middle
part of this formation comprises variegated arkoses,
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Fig. 1 Geological map of the Sandıklı area (Gürsu 2002). The inset map shows the location of the study area and the main tectonic units
of the Tauride-Anatolide Belt (simplified after Göncüoglu et al. 1997)
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meta-siltstones, black and green meta-mudstones. This
succession includes spilitic lava-flows and lenses of dark
green pyroclastic rocks and grade upwards into silici-
clastic rocks of the Celiloglu Member of the Hüdai
Formation (Fig. 2). This member is almost 100 m thick
and is made up of an alternation of pink, white and
yellow siliceous mudstones, quartz-siltstones and
quartzites and continues upward into the thick-bedded
quartzite of the Örenkaya Quartzite Member of Hüdai
Formation. Based on trace fossils (Erdogan et al. 2004)
at the transitional layers between the Celiloglu Member

and the Gögebakan Formation, a Tommotian (earliest
Cambrian) age has been assigned to this unit.

The mudstones of the Gögebakan Formation typi-
cally display crenulation folds and only two foliations.
Its metamorphic paragenesis is illite + chlorite ± C–V
± C–S. The illites/muscovites are of muscovitic–
phengitic composition and 2M1-type, whereas the neo-
formed ripidolitic chlorites are of the IIb polytype. The
IC values (D�2h=0.14–0.27, mean =0.20) are similar to
those of the Güvercinoluk Formation but the b0 values
(9.004–9.040 Å, mean =9.026 Å) are lower and char-
acterize an intermediate-pressure facies condition (Boz-
kaya et al. 2004).

Petrography

Meta-rhyolites of KCPS are mylonitic–blastomylonitic
with porphyroclasts of quartz, K-feldspar and plagio-
clase. Where preserved, the skeletal quartz phenocrysts
reflect strong undercooling effects (Fig. 3a) and are

Fig. 2 Generalized columnar section of the Sandıklı area (after
Gürsu and Göncüoglu 2001)

Fig. 3 a Microphotograph of the meta-rhyolites with the sanidine
phenocrysts (Sa) displaying retrogression. The quartz porphyro-
clasts (Q) display typical skeletal structure and are surrounded by
very fine-grained recrystallized quartz parallel to the mylonitic
foliation. bMicrophotograph of the meta-quartz porphyry rocks of
the KCPS. The skeletal quartz (Q) and perthitic orthoclase (Or)
porphyroclasts are surrounded by very fine-grained recrystallized
quartz and neoformations of sericite (Ser) parallel to the mylonitic
foliation
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euhedral to subhedral and deformed. In the mylonitic
parts they are elongated and show a mortar texture. The
phenocrysts of K-feldspar are strongly retrogressed and
are obviously derived from twinned sanidine (Fig. 3a).
The original plagioclase phenocrysts are replaced by al-
bite subgrains (Gürsu 2002). The volcanic matrix pre-
served in larger porphyroclasts is mainly composed of
quartz, K-feldspar (sanidine), plagioclase and white mica
microcrysts. Accessory minerals are zircon and opaques.
Epidote occurs as a secondary mineral. In general, the
groundmass is replaced by neoformed/recrystallized
quartz, albite and sericite (and coarse grained sericite–
muscovite) as a product of extensive mylonitic deforma-
tion and very low-grade metamorphism.

The meta-quartz porphyries mainly include euhedral–
subhedral quartz phenocrysts with a typical skeletal
structure, euhedral–subhedral microperthitic orthoclase
with micrographic texture and microcline phenocrysts
(Fig. 3b). Mafic minerals are rarely preserved and occur
as biotite relicts. Titanite, allanite, apatite, zircon and
opaque minerals are the accessory phases (Gürsu 2002).
In extremely deformed parts, the original minerals of the
rock are only preserved as porphyroclasts. They are
marginally recrystallized and surrounded by a mylonitic
matrix with well-oriented and fine-grained metamorphic
quartz and sericite neoformations.

Geochemistry

Analytical procedures

Twenty-seven representative samples (11 meta-rhyolites
and 16 meta-quartz porphyry) were selected for major,
trace and rare earth element (REE) analyses.Major, trace
and REE element concentrations were determined in the
ACME Analytical Laboratory (Canada/Vancouver) by
using ICP-AES and ICP-MS. Representativemajor, trace
and REE results are presented in Tables 1 and 2. Major
elements (SiO2, Al2O3, Fe2O3, CaO, MgO, Na2O, K2O,
MnO, TiO2, P2O5 and Cr2O3) and the Ba and Sc trace
elements were determined by ICP-AES after fusion with
LiBO2. The major elements detection limits are about
0.001–0.04% wt. The trace elements and REEs were
determined by ICP-MS after acid decomposition (HNO3

of 5%). Detection limits of trace and REE elements are
10 ppm for Sc; 5 ppm for V; 2 ppm for Pb; 1 ppm for Ni,
W, Sn and Zn; 0.5 for Ba, Co, Ga, Hf, Nb, Rb, Sr, Zr, La
and Ce; 0.4 ppm for Nd; 0.1 for Cs, Ta, Th, Tl, U, Y and
Sm; 0.05 for Eu, Gd, Dy, Ho, Er, Tm and Yb; 0.01 for Tb
and Lu. Analytical precision, as calculated from replicate
analyses, is 0.5% for the major elements and varies from
0.5 to 1.5% for trace and REEs.

Major elements

The meta-rhyolites and meta-quartz porphyry rocks of
KCPS yield similar compositions (see Tables 1, 2). As

they show evidence of dynamic metamorphism and
mobility of the alkali elements (Gürsu 2002), geochem-
ical diagrams used for discriminations were mainly
based on the less-mobile elements (e.g. Winchester and
Floyd 1977). On the Zr/TiO2 versus SiO2 diagram of
Winchester and Floyd (1977) the meta-rhyolites and
meta-quartz porphyry rocks are mainly rhyolitic in
composition (Fig. 4) and plot in the subalkaline field.

Major and trace element distributions are illustrated
on Harker variation diagrams (Fig. 5) where Al2O3,
Fe2O3 and TiO2 decrease with increasing SiO2 and dis-
play negative trends (Fig. 5) compatible with the mag-
matic differentiation. Na2O, K2O and CaO display poor
negative correlation with increasing SiO2. On the other
hand, P2O5 values of the meta-rhyolites display more
linear trends than meta-quartz porphyry rocks with
increasing SiO2. The MgO–SiO2 variation diagram
indicates a lack of linear relationship because of element
mobility during the dynamic metamorphism (Fig. 5).
Al2O3, Fe2O3, TiO2, Na2O, CaO, K2O and P2O5 nega-
tive trends are broadly consistent with the fractionation
of an assemblage consisting of plagioclase, alkali feld-
spar and iron oxides. Major element variations in meta-
rhyolites and meta-quartz porphyry rocks are similar.
The Al2O3/TiO2 versus TiO2 diagram represents a neg-
ative trend indicating the role of magmatic differentia-
tion (Fig. 6).

Major elements with relatively poor correlation (e.g.
Na2O, CaO and MgO) were not used in further geo-
chemical diagrams as this may be a result of element
mobility during dynamic metamorphism.

Trace and rare earth elements

The trace element versus SiO2 patterns are similar to the
major elements (Fig. 5). Sr (8.3–39.5 ppm in meta-rhy-
olites, 16.5–63.9 ppm in meta-quartz porphyry rocks)
and Rb (152.5–302.8 ppm in meta-rhyolites, 148–
293 ppm in meta-quartz porphyry rocks) values decrease
slightly with increasing SiO2 and are in accordance with
the fractionation of an assemblage that includes alkali
feldspar, plagioclase and biotite. The high value of Ba
(757–1,545 ppm in meta-rhyolites, 496–1,623 ppm) dis-
plays no clear trend with increasing SiO2, which may be
due to dynamic metamorphism. The felsic rocks of the
KCPS show a large scatter of data for V (5–29 ppm in
meta-rhyolites, 5–33 ppm in meta-quartz porphyry
rocks) and Zr (119–324.7 ppm in meta-rhyolites, 110.1–
311.9 ppm in meta-quartz porphyry rocks) and sharp
negative trends of V and Zr with increasing SiO2, which
were ascribed to the crystallization of biotite, Fe–Ti
oxides and zircon. The negative correlation between Zr
and SiO2 shows that the felsic melts were saturated in Zr
and suggests that zircon was a fractionating phase.
Zircon is microscopically observed in meta-rhyolites and
meta-quartz porphyry rocks. On the other hand, Nb
(10.1–22.8 ppm in meta-rhyolites, 9.4–17.9 ppm in
meta-quartz porphyry rocks) decreases slightly with
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increasing SiO2, while Y (38.1–78.7 ppm in meta-rhyolites,
29–69.6 ppm in meta-quartz porphyry rocks) generally
rises with increasing SiO2. They have similar Ti/Zr
(4.92–10.88 ppm in meta-rhyolites, 6.91–10.22 ppm in
meta-quartz porphyry) and Nb/Y (0.22–0.45 ppm in

meta-rhyolites, 0.200–0.46 ppm in meta-quartz porphyry)
ratios.

The average trace elements of meta-rhyolites and
meta-quartz porphyry rocks are distinguished by hav-
ing low Nb (12.9–14.48 ppm), Th (26.31–21.67 ppm)

Table 1 Representative chemical analyses of the meta-rhyolites of KCPS

Sample No 11 23 78A 324 327A 474 517 553 609 637 679 Average

SiO2 72.94 77.03 75.4 73.36 74.91 76.48 76.78 74.42 76.19 75.83 77.75 75.55
Al2O3 13.06 11.5 12.03 13.34 11.44 12.11 11.27 12.23 12.44 12.46 11.73 12.14
Fe2O3 3.4 1.55 1.91 2.76 2.19 1.25 1.38 3.4 1.24 1.41 1.65 2.01
MgO 0.46 0.31 0.5 0.67 0.21 0.39 0.09 0.28 0.32 0.25 0.99 0.4
CaO 0.14 0.02 0.04 0.09 0.02 0.02 0.01 0.15 0.01 0.02 0.03 0.05
Na2O 2.38 0.07 0.11 2.1 0.13 0.1 0.13 1.55 0.12 0.16 0.24 0.64
K2O 5.95 7.89 8.42 7.94 10.06 8.43 9.43 7.16 9.22 8.21 5.27 7.99
TiO2 0.44 0.12 0.19 0.35 0.19 0.11 0.11 0.49 0.12 0.13 0.18 0.22
P2O5 0.08 0.01 0.02 0.07 0.03 <0.01 0.02 0.1 <0.01 <0.01 0.02 0.03
MnO <0.01 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 0.01 <0.01 <0.01 0.01 0.01
Cr2O3 0.024 0.02 0.026 0.015 0.018 0.008 0.05 0.057 0.01 0.002 <0.001 0.021
LOI 1.00 1.00 1.9 1.00 2.5 1.6 1.00 0.9 1.00 1.4 1.8 1.37
Total 99.99 99.64 100.66 101.86 101.84 100.62 100.46 100.93 100.78 100 99.85 100.6

Ba 906 813 876 1,346 1,144 757 1,436 1,472 768 1,017 1,545 1,088.18
Sc 9 5 15 7 6 6 4 9 5 6 5 7
Co 5.1 3 3.3 4.1 4.5 3.2 5.4 7.9 3 3.4 2.7 4.14
Pb <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 4 3
Zn 1 1 5 3 1 3 1 2 1 <1 7 2.36
Ni 50 121 93 45 61 54 147 134 84 74 52 83.18
Cs 1.9 2.1 5.4 3.4 2.4 1.8 2 1.8 2.4 2.5 3.2 2.62
Ga 18.5 12.5 21.2 23.4 13.2 20.6 8.6 13.4 20.3 21.5 17.2 17.31
Hf 8.5 4.9 7.6 10.2 6.8 5.5 5.2 8.3 4.5 5.3 5.9 6.6
Nb 14.9 10.1 2.8 18.5 12.2 13.5 12.2 16.2 14.3 12.8 12.6 12.9
Rb 258.7 240 251.5 269 289.7 262.7 257.9 235.9 302.8 299.5 152.5 256.38
Sn 7 5 7 5 7 7 6 6 9 8 5 6.54
Sr 39.5 18.5 35.5 33.1 24.8 10.2 21.7 29.9 8.3 10.8 26.4 23.52
Ta 1.1 1.1 1.6 1.3 1.2 1.2 1.2 2.3 1.8 1.7 1.4 1.44
Th 21.5 24.3 26.2 32.1 21.2 29 25.5 22 34.3 29.8 23.6 26.31
Tl 0.9 0.5 0.6 0.5 0.5 0.5 0.5 0.4 0.6 0.7 0.4 0.55
U 5.5 3.3 5.2 4.3 3.9 5.1 3.2 4.1 5.7 4.6 5 4.53
V 29 <5 <5 16 9 5 <5 27 11 8 7 11.54
W 3 3 4 3 4 3 3 6 3 4 2 3.45
Zr 287.8 119 212.3 324.7 177.8 133.9 127.1 269.7 119.1 130.7 169 188.28
Y 47.6 40 87.7 40.6 51.1 38.1 44 39.8 62.9 49.1 40.8 49.24
La 42.6 41 63.2 69.3 94.9 81.2 86.7 42 41.3 15.9 47 56.82
Ce 86.6 90 135.2 140.4 196.9 172.7 162.3 89.5 94.1 27.1 97 117.41
Pr 9.86 9.91 15.22 15.42 21.45 19.38 17.37 10.41 10.23 3.91 10.54 13.06
Nd 35.5 35.1 58.5 54.8 75.7 68.2 60.8 42 37.8 15.6 41 47.72
Sm 7.6 6.5 12.8 10.3 15.7 13 12.8 8.1 7.3 3.4 7.7 9.56
Eu 0.7 0.12 1.14 0.83 0.99 0.3 0.54 0.56 0.1 <0.05 0.52 0.53
Gd 7.31 4.87 13.16 8.11 11.79 8.27 9.5 7.28 7.67 4.06 6.48 8.04
Tb 1.23 0.92 2.44 1.24 1.68 1.2 1.38 1.05 1.44 1.02 1.12 1.33
Dy 8 6.72 15.24 7.35 8.83 7.18 7.52 7.03 10.78 8.66 7.68 8.63
Ho 1.61 1.42 3.14 1.4 1.64 1.45 1.46 1.52 2.44 2.01 1.66 1.79
Er 5.03 4.69 9.36 4.34 4.91 4.4 4.5 4.53 7.09 6.01 4.84 5.43
Tm 0.69 0.66 1.23 0.58 0.66 0.63 0.63 0.63 1 0.85 0.63 0.74
Yb 4.54 4.41 8.49 4.18 4.67 4.37 4.1 4.36 7.14 6.06 4.64 5.18
Lu 0.69 0.67 1.19 0.68 0.72 0.66 0.62 0.64 1 0.85 0.68 0.76
Ti 2,637.8 719.4 1,139.05 2,098.25 1,139.05 659.45 659.45 2,937.55 719.4 779.35 1,079.1 1,264.4
Zr/Y 6.05 2.98 2.42 8.00 3.48 3.51 2.89 6.78 1.89 2.66 4.14 4.07
Th/Nb 1.44 2.41 9.36 1.74 1.74 2.15 2.09 1.36 2.40 2.33 1.87 2.62
Th/Y 0.45 0.61 0.30 0.79 0.41 0.76 0.58 0.55 0.55 0.61 0.58 0.562
Y/Nb 3.19 3.96 31.32 2.19 4.19 2.82 3.61 2.46 4.40 3.84 3.24 5.93
La/Nb 2.86 4.06 22.57 3.75 7.78 6.01 7.11 2.59 2.89 1.24 3.73 5.87
Ti/Y 55.42 17.99 12.99 51.68 22.29 17.31 14.99 73.81 11.44 15.87 26.45 29.11
(La/Yb)N

a 6.34 6.28 5.03 11.2 13.73 12.56 14.29 6.51 3.91 1.77 6.84 8.04
(La/Sm)N

a 3.53 3.97 3.11 4.23 3.8 3.93 4.26 3.26 3.56 2.94 3.84 3.67
(Gd/Yb)N

a 1.3 0.89 1.26 1.57 2.05 1.53 1.88 1.35 0.87 0.54 1.13 1.31
Eu/Eua 0.28 0.065 0.268 0.277 0.222 0.088 0.149 0.223 0.0408 – 0.225 0.167

aNormalization data from Sun and McDonough (1989)
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and V (11.54–11.29 ppm); low to moderate Y (49.24–
47.54 ppm); moderate La (56.82–42.55 ppm) and Ce
(117.41–87.95 ppm) values, respectively (Tables 1, 2).

The trace and REE element patterns of the studied
rocks are relatively similar, especially for LREE and
HREE (Fig. 7a, b). Chondrite-normalized (Sun and
McDonough 1989) trace element spider diagrams re-
veal that both groups display a humped pattern with
sharp negative anomalies for Rb, Nb, Sr, P and Ti
with enrichment in Th, U, La, Ce, Nd, Sm and Zr.
They have similarities with the upper continental crust
than with the lower continental crust and OIB
(Fig. 7a).

Felsic rocks as a whole are enriched (Fig. 7b) in
LREE [in meta-rhyolites La=154.8 · chondrite and
La=109.3 · primitive mantle; in meta-quartz porphyry
rocks La=116 · chondrite and La=81.8 · primitive
mantle; normalization values from Taylor and McLen-
nan (1995)] and display a slightly horizontal trend by
MREE and HREE (Lu=19.9 · chondrite, Lu=10.3 ·
primitive mantle in meta-rhyolites; Lu=18.8 · chon-
drite, Lu=9.7 · primitive mantle in meta-quartz por-
phyry rocks).

Considering the REE patterns, the meta-rhyolites
and meta-quartz porphyry rocks are clearly enriched in
LREE and have roughly flat, unfractionated HREE
patterns, which are similar with the upper continental
crust rather than the lower crust and OIB (Fig. 7b).
Taylor and McLennan (1995)’s chondrite-normalized
(La/Yb)N, (La/Sm)N and (Gd/Yb) N ratios show a
large scatter data in meta-rhyolites (1.77–14.29; 2.94–
4.26; 0.54–2.05) and meta-quartz porphyry rocks
(2.63–13.77; 2.25–4.20; 0.92–1.91) and resemble the
upper continental crust (9.21; 4.20; 1.40) rather than
the lower crust (3.38; 2.18; 1.15) and OIB (11.58; 2.33;T
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2.86). The patterns also display distinct negative Eu
anomalies demonstrated by the Eu/Eu* values of 0.07–
0.28 for meta-rhyolites and of 0.16–0.33 for meta-
quartz porphyry rocks (Fig. 7b). The presence of sig-
nificant Eu and Sr negative anomalies are probably the
result of early crystallization of feldspars from the
melts by fractional crystallization or retention of these
elements in feldspar at the source during the partial
melting. The distinct negative Sr anomaly of the felsic
rocks of KCPS may also be ascribed to mobilization
during the dynamic metamorphism. The low to un-
fractionated HREE and Y patterns on the other hand
suggest that the felsic magmas were produced outside
the garnet stability field.

To summarize, geochemical variation diagrams con-
firm that the extrusive and intrusive felsic members of
the KCPS are subalkaline in composition and belong to
a co-genetic suite. The trace element patterns of the felsic
rocks are very similar to each other with distinctive
depletions in Nb, Sr, P and Ti relative to the other trace
elements and enrichment in most incompatible elements
(Th, U, La, Ce, Nd, Sm and Zr). Moreover, both the
trace and REE patterns correlate very well with the
upper crustal data.

Source rock characteristics

Because of possible element mobility during the meta-
morphism of KCPS rocks, diagrams involving CaO,
MgO, Na2O and K2O and the alumina saturation index
(ASI) were avoided to reveal the source characteristics.
The Al2O3 versus SiO2 ratios were used to identify the
compositional differences of computed melts produced
by the partial melting of different source rocks (e.g.
basaltic/amphibolitic rocks, undersaturated basaltic/
amphibolitic, unsaturated/saturated basalts) (Helz 1976;
Spulber and Rutherford 1983; Beard and Lofgren 1989,
1991; Winther and Newton 1991; Wolf and Wyllie

1994). The data of the Archean–Proterozoic–Phanero-
zoic andesites, basalts/komatites, cratonic shales, gray-
wackes, granites and felsic rocks and tonalites-
trondhjemite-granodiorites (data taken from Condie
1993) are also plotted on the diagram to determine the
protoliths of the KCPS. On the Al2O3–SiO2 variation
diagram (Fig. 8), the meta-rhyolites and meta-quartz
porphyry rocks of KCPS plot towards the silica-rich end
of basaltic/amphibolitic source field. The compositions
of the meta-rhyolites and meta-quartz porphyry rocks
overlap with the field for ‘‘low H2O to dry’’ conditions,
suggesting the 20–50% dehydration melting of a basal-
tic/amphibolitic source at 900–1,000�C and 1–7 kbar
(Beard and Lofgren 1989, 1991). However, their mag-
matic protoliths are probably homogeneous and may be
derived from high silica peraluminous Archean–Prote-
rozoic–Phanarezoic granites/felsic rocks and from highly
fractionated anatectic crustal melts and/or by the low
and variable degrees of partial melting which resulted in
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a highly felsic composition. Meta-rhyolites/meta-quartz
porphyry rocks may represent high silica felsic rocks of a
low degree of partial melting and fractionation. The
absence of the hydrated minerals such as amphibole and
the very limited amount of biotite in the felsic rocks
suggest that the partial melting of the protolith took
place under ‘‘low H2O’’ conditions. Furthermore, the

Al2O3/TiO2 versus TiO2 diagram also suggests that the
extrusive and intrusive rocks may have been generated
from a chemically similar magma source. The major and
trace element characteristics, subalkaline character and
the occurrence of titanite, rutile, ± magnetite and ±
biotite as accessory minerals suggest that they both be-
long to the I-type granitoids (Chappell and White 1974).
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Table 3 Parameters used in the modeling of 18% fractional melting plus 18% Rayleigh fractional crystallization of the upper continental
crust to produce the meta-rhyolite of KCPS and 20% fractional melting plus 20% Rayleigh fractional crystallization of the upper
continental crust to produce meta-quartz porphyry rocks of KCPS

D0M CoM 18% Fractional
Crystallization

Average of
meta-rhyolites

D0Q C0Q 20% Fractional
Crystallization

Average of
meta-quartz
porphyries

Rb 0.95189 205.93 207.90 256.38 0.95725 198.66 200.56 196.59
Th 0.01954 21.36 25.94 26.31 0.09078 17.93 21.96 19.89
U 0.04263 3.67 4.43 4.53 0.0988 2.76 3.37 3.88
Nb 0.0048 9.12 11.11 12.9 0.45019 5.49 6.20 14.48
Sr 2.4030 49.52 37.48 23.52 2.3484 50.61 37.45 41.4
Zr 0.0267 191.03 231.73 188.28 0.12009 137.15 166.90 178.7
Ti 0.01882 3,285.92 3,992.28 1,324.35 0.0223 2,691.8 3,348.04 1,584.86
Y 0.0104 41.20 50.14 49.24 0.10971 39.63 48.34 47.54
La 0.07865 54.98 66.01 56.82 0.50556 53.06 59.25 42.55
Ce 0.04643 116.99 141.36 117.41 0.37275 112.8 129.74 87.95
Nd 0.04103 42.78 51.74 47.72 0.23534 41.72 49.48 39.63
Sm 0.03191 6.44 7.80 9.56 0.19279 6.34 7.59 8.32
Eu 2.8137 0.27 0.188 0.53 2.91606 0.27 0.18 0.58
Gd 0.01 8.59 10.45 8.04 0.0421 7.77 9.65 7.68
Tb 0.01988 0.84 1.02 1.33 0.15294 0.83 1.00 1.30
Dy 0.04396 7.56 9.14 8.63 0.16781 7.08 8.52 8.70
Er 0.0036 5.19 6.32 5.43 0.0326 4.67 5.79 5.01
Yb 0.02973 2.94 3.56 5.18 0.13726 2.90 3.51 5.15
Lu 0.03031 0.439 0.532 0.76 0.14785 0.43 0.52 0.72

C0M trace elements of the theoretical magma obtained from 18% fractional melting of the upper continental crustal source, C0Q trace
elements of the theoretical magma obtained from 20% fractional melting of the upper continental crustal source, D0M the bulk partion
coefficients of the modal composition of meta-rhyolites of KCPS, D0Q the bulk partion coefficients of the modal composition of meta-
quartz porphyry rocks of KCPS
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This is also supported by the Nb–SiO2, Y–SiO2 and Zr–
SiO2 diagrams (Fig. 5), where the studied samples
mainly concentrate in the I-type granitoid field.

Magma modeling

A trace element modeling was carried out for the iden-
tification of the source and magmatic processes. The
upper continental crust composition of Taylor and
McLennan (1995) was used as the possible source rock
(Co) and the fractional melting and (Rayleigh) frac-
tional crystallization processes were modeled by using
Rb, Th, U, Nb, Sr, Zr, Ti, Y, La, Ce, Nd, Sm, Eu, Gd,
Tb, Dy, Er, Yb and Lu. The normative composition of
the upper continental crust (Taylor and McLennan
1995) assigned 16.1% quartz, 46.9% plagioclase, 20.1%
orthoclase, 5.8% clinopyroxene, 10.0% orthopyroxene
and 1% ilmenite. Quartz, plagioclase, orthoclase, clin-
opyroxene and orthopyroxene mineral/melt partition
coefficients for rhyolitic melts were taken from Arth
(1976), Pearce and Norrry (1979), Watson and Harrison
(1983) and Nash and Crecraft (1985) (See Appendix).

Based on their average modal composition (Gürsu
2002), an assemblage of 39% quartz, 53% alkali feldspar

and 8% plagioclase in meta-rhyolites and of 35%
quartz, 40% alkali feldspar, 18% plagioclase and 7%
biotite in the meta-quartz porphyry rocks of KCPS were
considered and calculated for the bulk partition coeffi-
cients (Do). For the modeling of fractional melting and
Rayleigh crystallization, the formulas CL/Co=1/Do

(1�F) (1/Do�1) and CL/Co=F(D�1) (Rollinson 1993) were
used for the meta-rhyolites and meta-quartz porphyry
rocks of the KCPS, respectively. The computed trace
element data for 1, 5, 10, 15, 18, 20, 25 and 30% frac-
tional melting were determined and evaluated.

By 18 and 20% fractional melting, the computed
magma composition had similarities with the average
chemical analyses of the extrusive and intrusive rocks of
KCPS. To achieve a better correlation, Rayleigh frac-
tional crystallization of the theoretical magma by 18 and
20% were computed (Table 3). By 18% fractional
crystallization of this theoretical magma and 20% par-
tial melting plus 20% fractional crystallization, there is
an optimal correlation on the chondrite-normalized
(Sun and McDonough 1989) trace element spider dia-
grams with the meta-rhyolites and meta-quartz por-
phyry rocks, respectively.

Here, both groups display a clear parallel pattern
with sharp negative anomalies in Rb, Nb, Sr and Ti with
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enrichment in Th, U, La, Ce, Nd, Sm, Zr (Fig. 9a, b).
However, the computed data in meta-rhyolites and
meta-quartz porphyry rocks have slightly higher Ti and
Sr values compared with the original rocks (Table 3).
This may be due to the absence of mafic minerals and
the secondary process.

For the REEs, the computed spider diagrams are also
very similar to the KCPS rocks displaying enrichment in
LREE, sharp Eu negative anomaly and low to unfrac-
tionated HREE, suggesting an optimal correlation by
18% fractional melting plus 18% Rayleigh fractional
crystallization and 20% fractional melting plus 20%
Rayleigh fractional crystallization of the upper conti-
nental crust rocks to produce both rock groups (Fig. 9c,
d).

To summarize, petrogenetic modeling implies that
both the meta-rhyolites and meta-quartz porphyries of
KCPS were developed from an upper continental crustal
source (partial melting of granites/felsic rocks) by 18–
20% fractional melting plus 18–20 % Rayleigh frac-
tional crystallization.

Tectonic setting

To interpret the tectonic setting of the felsic rocks of
the KCPS the tectono-magmatic discrimination dia-
grams of Pearce et al. (1984) and Pearce (1996) were
used. In the Rb versus Y + Nb tectonic discrimina-
tion diagram of Pearce et al. (1984), all KCPS rocks
(meta-rhyolites and meta-quartz porphyry rocks) plot
on the triple junction of within plate granites (WPG),
syn-collision granites (syn-COLG), and volcanic arc
granites (VAG) fields, which represents the field of
post-collisional granites (post-COLG) of Pearce (1996)
(Fig. 10a). On the Rb/Zr versus SiO2 diagram of
Harris et al. (1986), the felsic rocks of the KCPS plot
within the post-collision granites field (Fig. 10b) rather
than in the syn-collision and volcanic arc granites field.
Therefore it is suggested that the meta-rhyolites and
the meta-quartz porphyry rocks of KCPS may have
been emplaced during the post-orogenic period of
crustal thinning (Genna et al. 2002) at the end of the
Late Proterozoic.
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Comparison with Late Neoproterozoic granitoids

The average trace and REE patterns of the meta-rhyo-
lites and meta-quartz porphyry rocks of the KCPS were
correlated with the granitoids of Eastern Egypt (Arabian
shield), Brno and Bohemia Massifs in Central Europe
(Rogers et al. 1978; Saleh 2001; El-Nisr et al. 2001;
Finger et al. 2000; Dostal et al. 2001) with Late Pan-
African/Cadomian ages ranging from 550 to 530 Ma.

Chondrite-normalized trace element spider diagrams
reveal that the KCPS rocks display very similar patterns
with those from these North Gondwanan localities,
where they have very similar sharp negative trends in
Nb, Eu and Ti elements (Fig. 11a). The chondrite-nor-
malized REE patterns of the KCPS samples and those
from the Gondwana-derived areas also show concordant
patterns with a clear enrichment of LREE compared
with MREE and have a relatively unfractionated flat
HREE (Fig. 11b).

Discussion and conclusions

The Late Neoproterozoic meta-sedimentary host rocks
of the granitoids in the Taurides, central Anatolia, are
made up of dark gray phyllitic slates and/or phyllites
with bands and lenses of black cherts (phthanite), cherty
dolomites, dark gray meta-sandstones and debris flow
conglomerates. The succession is very similar to those of
the Gondwanan terranes in the Variscan Central and
SW Europe (Brioverian sediments, e.g. Chantraine et al.
1988) as well as in NW Africa.

In the Taurides, the Late Proterozoic meta-sedimen-
tary rocks are associated with dynamo-metamorphic
rhyolites and are intruded by quartz porphyries. The
latter yielded a single zircon evaporation minimum age
of 543±7 Ma (Kröner and Sengör 1990), which is
interpreted as the intrusion age. This age is confirmed by
the 207Pb/206Pb evaporation ages obtained from two
populations with colorless, transparent, euhedral long-
prismatic zircons from the meta-rhyolites (sample
SG394 from the Merdiven Hill, see Fig. 1) that yielded a
mean age of 541.3±10.9 Ma (M. Satır, 2004 written
communication). These two age determinations firmly
establish the Late Neoproterozoic intrusion age of the
granitic magmatism in Taurides.

Geochemical features of this granitic magmatism are
indicative of an upper crustal source and a co-genetic
nature of both the intrusive and extrusive members.
Geochemical modeling suggests that the KCPS rocks
may have been produced by a two-stage process
involving fractional melting and Rayleigh fractional
crystallization from an upper crustal source (partial
melting of granites/felsic rocks). In the first stage felsic
magmas were derived from highly fractionated anatectic
crustal melts and by the 18–20% degree of partial
melting (fractional melting) which resulted in a highly
felsic composition and were emplaced in an upper

crustal (shallow) magma chamber. By 18–20% Rayleigh
fractional crystallization, this felsic magma produced the
meta-rhyolites and meta-quartz porphyry rocks of the
KCPS, respectively. REE data also indicate that the
lower continental crust and upper mantle were not
important in producing the co-genetic subalkaline felsic
magmas of the KCPS.

Once the felsic magma is separated from the magma
chamber it may have first produced the carapace of
extrusive rocks (rhyolites and associated felsic tuffs
within the Güvercinoluk Formation). Penecontempora-
neously, the same felsic magma was emplaced as a dike
complex to produce the intrusive rocks (quartz porphyry
rocks) of KCPS.

Tectono-magmatic discrimination diagrams indicate
that the felsic rocks of KCPS were formed in a post-
collisional tectonic setting. This is in good agreement for
the Late Pan-African geodynamic model proposed by
Göncüoglu and Kozlu (2000). The model suggests that

Fig. 12 Schematic reconstruction of the Late Pan-African felsic
rocks of KCPS (Turkey) during the Cadomian/Pan-African
orogeny. AmC Amazonian craton, C Carolina, Ca Cadomia, Ch
Chortis block, CIZ Central Iberian zone (Iberia), Eav East
Avalonia, F Florida, OMZ Ossa-Morena zone (Iberia), Ox
Oaxaquia, Rb Ribeira, SFC San Fransisco craton, WAC West
African craton, Wav West Avalonia, Y Yukatan, (modified after
Nance et al. 2002; Murphy et al. 2002; Bandres et al. 2002)
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felsic magmatism is the product of post-collisional
extension within the northern margin of the Proterozoic
Gondwana.

A geochemical comparison of the felsic igneous rocks
of the KCPS in the Taurides with the Late Cadomian
granitic magmatism in N Gondwana (e.g. Bandres et al.
2002; Murphy et al. 2002) suggests that they all display
very similar petrological features and were probably
formed by analogous geological processes and in similar
tectonic settings (Fig. 12).

It is suggested that the Taurides were in a similar
paleogeographic setting with the smaller Gondwana-
derived terranes in North Africa and southern Europe
(Spain, France, Iberia, Bohemia, Brno Massifs; e.g.
Bandres et al. 2002) during the Late Proterozoic and
Early Paleozoic. The geodynamic model presented in
Fig. 12 suggests that during the Late Proterozoic (600–
575 Ma) subduction was followed by the latest Prote-
rozoic (575–550 Ma) diachronous arc-trench oblique
collision along NW Gondwana. Between 550 and
540 Ma, the intrusion of mainly post-collisional I-type
granitic rocks in the Taurides occurred. This may reflect
the initial stages of rifting within the Gondwanan con-
tinental crust, accompanied by the mylonitic deforma-
tion within the granitoids and uplifting, as evidenced by
the angular unconformity between the basement and by
the overlying Early Cambrian fluvial deposits. The basal
conglomerates contain deformed and dynamo-meta-
morphic pebbles of the basement rocks. This is a con-
clusive evidence for the relative age of the mylonitic
basement–cover relations identified in Sandıklı area.
Granitoid magmatism in the Taurides as well as the
coeval ones in the peri-Gondwanan terranes in southern
Europe are considered as products of the Cadomian
event (Bandres et al. 2002; Genna et al. 2002; Murphy
et al. 2002; Nance et al. 2002). The early-middle Cam-

brian (i.e. ca 540–520 Ma) siliciclastic–limestone plat-
form development with typical back-arc-type basic
volcanism (Gürsu and Göncüoglu 2005) are interpreted
to reflect rifting by back-arc extension, where the Gon-
dwanan peri-cratonic margin had been subject to the
lithospheric thinning to produce the back-arc basin. This
event also correlates with the development in Cadomia
and the related peri-Gondwanan terranes (Finger et al.
2000). Post-collisional extension probably continued
during the rest of the Early Paleozoic period and re-
sulted in the separation of some micro-continents from
Gondwana and hence was responsible for the initial
opening of an ocean to the north of the Taurides
(Fig. 12).

The model in Fig. 12 contradicts with the suggestion
of Kröner and Sengör (1990) that the Taurides might
have been part of the Angora craton and the Pan-Afri-
can evolution in the Middle East may have been termi-
nated by the collision of this micro-continent with the
Gondwana during the Early Cambrian.
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Appendix

Table a

Table a Parameters used in the
modeling of fractional melting
and Rayleigh fractional
crystallization processes

Distribution coefficients are for
intermediate silisic composi-
tions
aArth (1976), Y–Nb trace
elements from Pearce and
Norry (1979)
bNash and Crecraft (1985)
cWatson and Harrison (1983)

Distribution
Coefficients

Hornblende-melt Biotite-melt Quartz-melt Plagioclase-melt K-Feldspar-melt

Rb 0.014a 3,200b 0.041b 0.105b 1.750b

Ba 0.044a 6.360c 0.022b 0.310 6.120a

Th 0.997b 0.009b 0.048b 0.023b

U 0.773b 0.025b 0.093b 0.048b

K 0.081a 5.630 0.013b 0.1 1.490
Nb 4,000a 6,367b 0.025
La 5,713b 0.015b 0.380b 0.080b

Ce 1,520a 4,357b 0.014b 0.267b 0.037b

Sr 0.022a 0.1203 4.400 3.870a

Nd 4,260a 2,560b 0.016b 0.203 0.035b

Hf 0.703b 0.030b 0.148b 0.033b

Zr 4,000a 1.197b 0.135b 0.030b

Sm 7,770a 2,117b 0.014b 0.165b 0.025b

Ti 7,000a 0.038b 0.05
Tb 1.957b 0.017b 0.025b

Y 6,000a 1.233b 0.130b

Yb 8,380a 1.473b 0.017b 0.090b 0.030b

Eu 5,140a 2.020b 0.056b 5.417b 4.450b

Lu 5,500a 1.617b 0.014b 0.092b 0.033b

Er 12,000a 0.350a 0.045
Gd 10,000a 0.067 0.125b
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Dörr W, Zulauf G, Fiala J, Franke W, Vejnar Z (2002) Neopro-
terozoic to Early Cambrian history of an active plate margin in
the Tepla-Barrandian unit-a correlation of U-Pb isotopic-dilu-
tion-TIMS ages (Bohemia, Czech Republic). Tectonophysics
352:65–85

El-Nisr SA, El-Sayed MM, Saleh GM (2001) Geochemistry and
petrogenesis of Pan-African late to post orogenic younger
granitoids at Shalatin-Halaib, South Eastern Desert -Egypt. J
Afr Earth Sci 33:261–282
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Gürsu S, Göncüoglu, MC (2005) Early Cambrian back-arc volca-
nism in the Western Taurides, Turkey: implications for the
rifting along northern Gondwanan margin. Geol Mag 142(5)
(in press)

Helz RT (1976) Phase relations of basalts in their melting ranges at
PH2O = 5 kb. Part II. Melt composition. J Petrol 17:139–193

Harris NBW, Pearce JA, Tindle AG (1986) Geochemical charac-
teristics of collision zone magmatism. In: Coward MP, Reis AC
(eds) Collision tectonics. Geological Society of London Special
Publication, vol 19, pp 67–81

Ketin _I (1966) Cambrian formations in southeast Anatolia and
their correlation with the Cambrian of eastern Iran. Miner Res
Explor Bull 66:75–87
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