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Abstract — The Lower Cambrian (Tommotian) Gégebakan Formation in western Central Anatolia
is made up of slightly metamorphosed continental to shallow marine clastic rocks with pillowed
and massive spilitic lavas and dolerite dykes. Spilitic lavas, commonly amygdaloidal, are albite-
and pyroxene-phyric with the metamorphic mineral paragenesis albite + calcite + sericite £ epidote £
tremolite & chlorite. Dolerite dykes mainly include plagioclase and pyroxene as primary minerals
and tremolite & epidote & chlorite as low-grade secondary minerals. Geochemical data show that the
spilitic lavas and dolerite dykes are sub-alkaline, of oceanic tholeiitic basalt character and display a
tholeiitic fractional trend, characterized by an increase in FeO/MgQ and Zr and TiO, in variation
diagrams. They are characterized by relatively high Zr/Y (2-4.5), relatively high Th/Yb (0.15-1.0) and
La/Nb (0.5-2.5). Both show marked negative Nb and Ti anomalies relative to Th and La (Ce), implying
a subduction-related chemistry. Chondrite-normalized REE patterns display slight enrichment of light
REE (spilitic lavas (La/Yb)y=10.79-1.56; dolerite dykes (La/Yb)y =0.89-3.50) fairly comparable
with MORB. The geochemical similarity of the spilitic lavas and dolerite dykes suggests a co-genetic
origin. La/Nb ratios of both types are slightly higher than average MORB values and were possibly
formed in the early stages of back-arc basin development. Petrogenetic modelling suggests the mafic
rocks of the formation were formed by 9 % batch melting of spinel lherzolite in shallower depths
(c. 60 km). Taken together the data suggest that the Early Cambrian mafic rocks of the Taurus units were
developed in a back-arc basin along the northern edge of Gondwana above the southward-subducting
oceanic lithosphere and may represent initial rifting that resulted in separation of the peri-Gondwanan

terranes.
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1. Introduction

The Late Proterozoic—Early Palacozoic interval in
northern Gondwana was characterized by a period of
extensive igneous activity related to the Cadomian—
Late Pan-African orogenic event (e.g. D’Lemos,
Strachan & Topley, 1990). These events, initially recog-
nized in SW Europe, are a common feature of nume-
rous terranes which once formed parts of northern
Gondwana (e.g. see Murphy, Eguiluz & Zulauf, 2002).

In the Eastern Mediterranean, in Turkey and Iran,
the Late Proterozoic—Early Palacozoic rock units occur
in diverse alpine terranes (Fig. 1, Eastern Europe,
Turkey and Iran Precambrian rocks) and were identified
either as ‘Infracambrian sedimentary series’ or as or-
thogneiss inlayers within the metamorphic massifs and
attributed to Late Pan-African magmatism (Kozlu &
Gonctioglu, 1997; Gonctioglu, Dirik & Kozlu, 1997).
The relationships and exact ages of sedimentary,
mafic and felsic igneous rocks within the alpine
metamorphic complexes (Menderes, Central Anatolian
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and Bitlis metamorphic complexes) are not established
and are still a matter of debate (e.g. Erdogan &
Giingdr, 2004; Gonctioglu & Turhan, 1997).

Recently, it has been shown by Giirsu & Génctioglu
(2001) that the very low-grade metamorphic basement
rocks of the Taurides, with Late Neoproterozoic
(youngest zircon ages of about 543 + 7 Ma, Kriner &
Sengdr, 1990) felsic intrusive rocks, are discon-
formably overlain by a package of siliciclastic rocks
(Gogebakan Formation: Ozgiil er al. 1991) with Early
Cambrian (Tommotian: Erdogan et al. 2004) trace
fossils. This unit is conformably overlain by Middle
Cambrian sediments with a fauna akin to northern
Spain (Dean & Ozgiil, 1994). Within this formation,
dykes and mafic volcanic rocks are encountered ( Giirsu,
Gonctioglu & Bayhan 2004). Overstep sequences of
Early Cambrian magmatism are a common feature
of numerous Gondwana-derived terranes, now located
within the basement of Variscan and/or Alpine terranes.
They were mainly interpreted to reflect rift-related
magmatism along the northern margin of Gondwana
(e.g. Linnemann et al. 2000).
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Figure 1. (a) Map showing the location of the study area and the main tectonic units of the Tauride—Anatolide Belt (modified after

Goncioglu, Dirik & Kozlu, 1997); (b) geological map of northeast of Tagoluk village (south of Afyon); (¢) geological map of southwest

of Sandikh (near Celiloglu village).

In this paper, we will present the results of field
studies, coupled with detailed petrological work on
the Early Cambrian mafic igneous rocks. The details
of local geology, petrogenetic characteristics of Late
Neoproterozoic felsic rocks and their metamorphism
are presented elsewhere (Giirsu, Génctioglu & Bayhan,
2004; Bozkaya, Giirsu & Géncilioglu, 2004; Giirsu e al.
2004). This paper provides a tectono-magmatic ap-
proach to the geodynamic evolution of north Gondwana
and assesses the applicability of geodynamic models

proposed for the Gondwana-derived southern European
terranes (e.g. Neubauer, 2002) to the Turkish terranes
as previously suggested by Gonciioglu (1997).

2. Geological framework

Sandikli (SW Afyon) region in the western central
Taurides 1s characterized by very weak pre-Alpine
and Alpine deformations that allow the Late
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Neoproterozoic—Early Palaeozoic geological events to
be deciphered.

The lowermost rock units in this area constitute
the *Sandikhh Basement Complex’ (SBC) (Fig. 1),
which includes sub-greenschist sedimentary rocks
(Glivercinoluk Formation), associated with felsic vol-
canic rocks and cut by quartz-porphyry dykes (Kestel
Cay1 Porphyroid Suite (KCPS): Giirsu, Gonciioglu &
Bayhan, 2004). The Givercinoluk Formation is com-
posed of black cherts (phtanite) bearing siltstones,
recrystallized cherty dolomite lenses, lithic sand-
stones, slates, phyllites with bands of stromatolitic
and dolomitic limestones. The upper part of the
formation consists of interbedded debris-flow con-
glomerate and meta-siltstone/phyllite. The fine-grained
meta-sedimentary rocks display a relatively well-
developed foliation in which primary clastic texture
is commonly obliterated. Quartz+albite +sericite +
graphite & chlorite metamorphic paragenesis is devel-
oped. The Kiibler Index (KI) values of the white
micas in this formation correspond to high anchimeta-
morphic—low epimetamorphic conditions (Bozkaya,
Giirsu & Gonciioglu, 2004).

The Kestel Cay1 Porphyroid Suite (KCPS) is com-
posed of deformed and highly sheared meta-rhyolites
and irregularly distributed meta-quartz porphyry dykes
cutting both the meta-sedimentary rocks of the
Giivercinoluk Formation and rhyolitic carapace. The
Sandikli Basement Complex is intensively mylonitized
and variably foliated (Giirsu, Gonciioglu & Bayhan,
2004). The meta-quartz porphyry dykes vielded a
wide range of single zircon *Pb/*"Pb ages. the
youngest one being 543 +7 Ma (Kroner & Sengér,
1990). Geochemical data indicate that the felsic rocks
of the KCPS are sub-alkaline and post-collisional and
are indicative of an upper crustal source and the co-
genetic nature of both the intrusive and extrusive
members (Giirsu, Gonciioglu & Bayhan, 2004).

The SBC rocks are unconformably overlain by the
Early Cambrian Gégebakan Formation, which in turn is
conformably overlain by the Hiidai, Middle Cambrian
Caltepe and Middle/Late Cambrian—Early Ordovician
Seydisehir formations, respectively (Fig. 1). The
Gogebakan Formation begins with a basal conglom-
erate that contains sub-rounded to rounded pebbles
(meta-rhyolites, black chert (phtanite), recrystallized
limestone and meta-siltstones) of the underlying SBC.
It includes lenses of coarse-grained arkosic meta-
sandstone. Upwards, the formation is composed of red
and violet-coloured fluvial sandstones, overlain by a
sequence of interbedded red-violet-pink siltstone and
mudstone. Interlayers and discontinuous lenses of dark
green pyroclastic rocks, spilitic lavas and dolerite dykes
are mainly observed in this middle part of the formation
(Gtirsu & Gonciioglu, 2001). The lithofacies of the
Gogebakan Formation indicate a low-energy shallow
marine environment with continental influx (Kozlu &
Gonciioglu, 1995). At the transitional contact, Erdogan
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et al. (2004) found Tommotion trace fossils. The
Celiloglu and Orenkaya Quartzite members of the
Hiidai Formation are composed of siliciclastic rocks
that are interpreted as deltaic and beach sediments
(Kozlu & Gonctioglu, 1995). The upper layers of the
conformably overlying carbonate succession are char-
acterized by nodular limestones that contain Middle
Cambrian trilobites (Dean & Ozgiil, 1994) and con-
odonts (Ozgill & Gedik, 1973). Anchi-metamorphic
storm-beds with nodular limestone bands, shales and
meta-sandstones contain Middle—-Upper Cambrian to
Ordovician fossils (Seydisehir Formation) and consti-
tute the youngest Palaeozoic unit in the Sandikli area.
The Late Neoproterozoic Sandikli Basement Com-
plex and Early Palaeozoic rocks are disconformably
overlain by a Mesozoic cover that includes con-
glomerates, sandstones and siltstones of the Liassic
[lyasli Formation, followed by the Liassic—Cretaceous
Derealam Formation (Ozgill ef al. 1991) (Fig. 1).

3. Petrography of the meta-magmatic rocks
of Gogebakan Formation

The meta-magmatic rocks of Gogebakan Formation
contain spilitic lavas and dolerite dykes. They crop
out southwest of Sandikl1 (near Celiloglu village) and
northeast of Tasoluk village (south of Afyon) (Fig. 1).
Both spilitic lavas and dolerite dykes of the Gogebakan
Formation are affected by low-grade metamorphism
and are variably foliated. Petrographically, they are
classified as spilite and dolerite.

The spilitic lavas are commonly amygdaloidal,
albite- and pyroxene-phyric and display quench-
textures such as skeletal plagioclase microlites and
pyroxene sheaves (Fig. 2a). They are brownish in hand
specimen due to extensive oxidation. Lath-shaped pla-
gioclase is albite in composition and pyroxene has been
mainly replaced by tremolite. Titanite and opaque min-
erals occur as accessory minerals. The mineral parage-
nesis is albite + calcite + sericite +chlorite + epidote 4
tremolite. Amygdales contain quartz, carbonate and
rarely zeolite minerals. The glassy matrix of the rock
was totally replaced by chlorite minerals.

The dolerites are blasto-ophitic and mainly include
plagioclase and clinopyroxene as primary minerals that
subophitically enclose laths of plagioclase (Fig. 2b).
They contain tremolite & epidote + chlorite mineral
paragenesis that is indicative for low-grade metamor-
phism. Plagioclase laths are of andesine/labradorite
composition,

4. Geochemistry and petrology
4.a. Analytical techniques

Twenty-two samples (8 of spilitic lavas, 14 of dolerite
dykes) collected from the Gogebakan Formation were
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Figure 2. (a) Microphotograph of the spilitic lavas: (b) micro-
photograph of the dolerite dykes rocks of Gogebakan For-

mation. Pl — plagioclase, Cal
tremolite, Ep — epidote.

calcite, Chl — chlorite, Tr —

analysed for major, trace and rare earth elements
(REE)in the ACME Analytical Laboratory (Vancouver,
Canada) by using ICP-AES (inductively coupled
plasma atomic emission spectrometry) after fusion
with LiBO; and [CP-MS (inductively coupled plasma
mass spectrometry) after acid decomposition (HNO;
of 5%) (Table 1). Major elements (Si0;, Al;Os,
Fe, 04, Ca0, MgO, Na,0, K,0, Mn0O, TiO,, P,0s and
Cr;0,) and Ba, Sc was determined by [CP-AES after
fusion with LiBO;. Major element detection limits are
about 0.001-0.04 %. The trace elements and rare earth
elements (REE) were determined by ICP-MS after
acid decomposition (HNO; 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 ppm for Ba, Co, Ga, Hf, Nb, Rb, Sr, Zr, La and
Ce; 0.4 ppm for Nd; 0.1 ppm for Cs. Ta, Th, TI, U,
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Y and Sm; 0.05 ppm for Eu, Gd, Dy, Ho, Er, Tm and
Yb; 0.01 ppm for Tb and Lu. Analytical precision, as
calculated from replicate analyses, is 0.5 % for major
elements and varies 0.5-1.5 % for trace and rare earth
elements.

4.b. Classification and geochemical variations

The meta-magmatic rocks of the formation are charac-
terized by SiO; contents of 45.93-49.56 wt %, MgO
of 8.03-12.85wt % and Fe,0; of 9.24-13.68 wt %
in dolerite dykes, whereas spilitic lavas have 45.14—
5538 wt % Si0;, 1.96-11.62 wt % MgO and 9.03—
15.92 wt % Fe,0;. To avoid any misinterpretation re-
sulting from post-crystallization chemical changes due
to secondary processes, these oxides were checked for
possible element mobility by using Zr as discrimination
factor. SiO,—Zr, AlLO3—Zr, MgO-Zr, CaO—Zr, Na,O—
Zr and K;O—Zr pairs are characterized by a lack of
linear relationship. whereas Fe,O:—Zr, TiO>—Zr and
P,0s—Zr diagrams indicate clear positive correlation
with Zr for spilitic lavas/dolerite dykes of the formation
(Fig. 3). According to Pearce (1983), incompatible
LILE (large ion lithophile elements) elements as Cs,
Sr, K. Rb and Ba are mobile whereas HFS (high field
strength) elements such as REE. Sc. Y, Th, Zr, HIf,
Ti, Nb, Ta and P are relatively immobile in low-grade
metamorphism. Incompatible elements such as Rb, Sr
and Ba eclements also display positive relations with
K;0, Ca0 and K,O + Na,O + Ca0, indicative of alkali
mobility during secondary process.

In the Zr/TiO, v. Nb/Y diagram of Winchester &
Floyd (1977), these mafic rocks plot in the sub-
alkaline basalt field (Fig. 4). Both rock groups also
plot in tholeiitic field in the P-Os—Zr (Winchester &
Floyd, 1977) diagram. The role of the magmatic
differentiation that affected the meta-magmatic rocks
of the formation is also indicated by the negative trend
in the ALO/TiO; v. TiO, diagram (Fig. 5).

The magmatic rocks of Gogebakan Formation are
characterized by relatively higher Zr/Y (2.30-4.63),
slightly lower Zr/Nb (7.3-24.9) and La/Nb (0.43—
1.66), higher Th/Ta (2.66—12), Th/Yb (0.25-1.51) and
Ta/Yb (0.05-0.38) ratios than the normal mid-ocean
ridge basalts (2.64, 31.75, 1.07, 0.75, 0.04, 0.052,
respectively: Sun & McDonough, 1989). These fea-
tures are akin to some subduction-related basalts, back-
arc basin basalts and the more enriched type of mid-
ocean ridge basalts (Saunders & Tarney, 1984; Sun &
McDonough, 1989).

The spider diagram of trace and REE elements is
similar to that of oceanic island basalts (OIB) and
enriched mid-oceanic ridge basalts (E-MORB) as
described by Sun & McDonough (1989). N-MORB
normalized (Tarney ef a/. 1981) and chondrite norma-
lized (Sun & McDonough, 1989) spider diagrams
of the spilitic lavas and dolerite dykes of the for-
mation reveal a closer correspondence to E-MORDB
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(see Sun & McDonough, 1989) rather than N-MORB
and OIB (see Sun & McDonough, 1989) (Fig. 6a, b).
They show sharp negative Nb and Ti anomalies
relative to Th, La and Ce, implying a subduction-
related chemistry and enrichment in LILE (large ion
lithophile elements) rather than HFSE (high field
strength elements) (Fig. 6a). The absence of a negative
Eu anomaly (EwWEu®)y in spilitic lavas (0.894-1,31)
and in dolerite dykes (0.617-1.169) suggests that
plagioclase fractionation was not significant (Fig. 6b).
Both lithologies are relatively enriched in LREE
(La=23 x primitive mantle, La= 34 x chondrite;
La =23 x primitive mantle, La= 35 x chondrite. res-
pectively) and display a horizontal trend by MREE
and HREE (Lu=28 x primitive mantle, Lu=15 x
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chondrite; Lu=7 x primitive mantle, Lu=13 x
chondrite, respectively) (Fig. 6b). The (La/Yb)y,
(La/Sm)y and (Gd/Yb)y ratios, respectively, range
from 0.71-3.50, 0.72-2.27, 0.92-1.24 for dolerite
dykes and 0.73-5.40, 1.03-1.90, 0,76-2.33 for
spilitic lavas. These features resemble the more
enriched type of mid-ocean ridge basalts (E-MORB)
(1.80, 1.53, 1.02) than N-MORB (0.55, 0.60, 0.98)
and OIB (11.58, 2.33, 2.86) (Sun & McDonough,
1989).

The spilitic lavas and dolerite dykes of the formation
completely overlap in all diagrams, suggesting a single
co-genetic series.

4.c. Tectono-magmatic discrimination

As some oxides (CaO, K;0 and Na-O) and trace
elements (Rb, Sr and Ba) show evidence of mobility
during low-grade metamorphism, less mobile high field
strength elements were used in tectonic discrimination
diagrams. As a whole, spilitic lavas and dolerite
dykes are evolved members of a co-genetic tholeiitic
suile.

Magmas erupted in subduction-related environments
are predominantly enriched in LILE elements (K, Rb,
Ba, Th) relative to HFS elements (Nb, Ta, Zr, HI,
Ti). Island arc tholeiites (IAT) have higher LILE/HFS
ratios attributed to the subduction influence on back-
arc basin basalts (Tarney et al. 1981; Pearce, 1983;
Saunders & Tarney, 1984; Floyd et al. 1991). The
analysed samples have subduction-related geochemical
features rather than N-type MORB. The spider diagram
pattern of trace and REE eclements of the studied
mafic rocks indicates more Nb and Ti depletion and
minor LREE enrichment than HREE (see Fig. 6a, b).
LREE enrichment relative to low Nb and Ta contents
is generally an indicator of subduction-related compo-
sition (Saunders & Tarney, 1984).

Within-plate basalts having higher Ti/Y and higher
Nb/Y reflect an enriched mantle source relative to the
source of MORB and volcanic arc basalts (Rollinson,
1993). On the Zr/Y-Ti/Y diagrams of Pearce & Gale
(1977), the analysed rocks plot in the plate-margin
basalts, indicating enrichment in Zr and Ti compared
with within-plate basalts (Fig. 7a). Zt/Y plotted against
the fractionation index Zr (adapted from Pearce &
Norry, 1979) provided an effective discrimination
between the basalts from ocean-island arcs, mid-ocean
basalts, within-plate basalts and back-arc basin basalts
(Rollinson, 1993), and the spilitic lavas and dolerite
dykes of the Gogebakan Formation plot in the field of
back-arc basin basalts (Fig. 7b).

Back-arc basin basalts (BABB) have notably higher
Zr, lower Ti/Zr, V/Ti and S¢/Y values than island
arc basalts (IAB) (Woodhead, Eggins & Gamble,
1993). The La/Nb v. Y diagram is an indicator
diagram that clearly discriminates between MORB
types and subduction-related tholeiitic basalts such as
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diagram (Floyd et al. 1991); (d) V/Ti—Zr diagram (Woodhead, Eggins & Gamble, 1993).

back-arc basin basalts and 1AT (Floyd et al. 1991).
La/Nb ratios are > 5 (commonly > 10) in most arc
tholeiites, whereas tholeiites and alkali basalts have
ratios between | and 5. reflecting the maturity of the
arc and the influence of within-plate mantle sources
(Brown, Thorpe & Webb, 1984). The low (La/Nb)/Y
ratios of both mafic rock-types from the studied area
are typical of back-arc basin basalts rather than TAT
(Fig. 7c). The spilitic lavas and dolerite dykes of the
Gogebakan Formation have lower V/Ti ratios (0.017—
0.064 in spilitic lavas, 0.038-0.065 in dolerite dykes)
than island arc tholeiites (IAT) and a slightly lower Zr
value than N-MORB in the V/Ti-Zr variation diagram
of Woodhead, Eggins & Gamble (1993) where the
meta-magmatic rocks clearly plot in the BABB field
rather than N-MORB or IAT (Fig, 7d).

As a result, the spilitic lavas and dolerite dykes of
the Gogebakan Formation may have been erupted in a
back-arc basin environment.

4.d. Petrogenesis

The spilitic lavas and dolerite dykes of the Gégebakan
Formation have high Cr (225-875 ppm) and slightly
high Ni (84-228 ppm) contents. On Al,O5/TiO,—TiO,
(adapted from EI-Nisr, El-Sayed & Saleh, 2001) and
Cr-Y variation diagrams of Floyd et al. (1991), they
display evidence of significant clinopyroxene and plag-
ioclase fractionational crystallization (see Figs 6a, 8a).

The spilitic lavas and dolerite dykes of the
Gogebakan Formation could have been produced by
5-20 % partial melting of a spinel Therzolite source
(Fig. 8a).

Th/Nb ratios (0.09-0.4) of spilitic lavas and dolerite
dykes indicate slight enrichment relative to MORB
(0.04-0.07) and OIB (0.08) (Sun & McDonough,
1989). Ti/Y (194—414) is generally lower than N-
MORB and OIB (272 and 593, respectively: Sun &
McDonough, 1989). On the other hand, the V/Ti~Ti/Zr
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field for residues, formed by extraction of arc melts from N-
MORB source,

diagram (see Fig. 8b) suggests that 1 to 20 % melting
of N-MORB is required to produce the mafic rocks of
the formation.

According to La/Yb—Zr/Nb diagrams, both groups
could have formed by 5 to 20 % partial melting of
a spinel lherzolite source rather than from a garnet
lherzolite source from depleted mid-ocean mantle
(DMM) (Fig. 9).

Ag primitive mantle-normalized trace and REE
patterns of mafic rocks were more similar to N-MORB
(Saunders & Tarney, 1984) than to OIB (Sun, 1980),
spinel lherzolite was used in the modelling studies
as the possible source rock (Cy) and partial melting
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processes were modelled using Rb, Ba, Th, U, Nb, La,
Ce, Sr, Nd, HF, Zr, Sm, Ti, Tb, Y, Sm, Eu, Gd, Erand Lu
elements. Proposed source rock is comprised of olivine,
orthopyroxene, clinopyroxene and spinel in the relative
modal proportions 57:25:16:2 (Woodhead, Eggins &
Gamble, 1993). A BABB source is equated with the N-
MORB source. For the modelling of batch melting,
the formula C /Cy=1/(Dy+F(1 —Dy)) (Rollinson,
1993) was used. where C; =the concentration of a
trace element in the liquid, Cj=the concentration
of a trace clement in N-MORB, D; = bulk partition
coefficient for a trace element with respect to N-MORB
source, FF = degree of partial melting (Rollinson, 1993).
Mineral/melt partition coefficients for basaltic/basaltic
andesite liquids in modelled studies are taken from
Arth (1976). Fujimaki, Tatsumoto & Aoki (1984)
and Woodhead, Eggins & Gamble (1993) (Table 2).
Probable trace element contents were given using
1%, 1.5%. 5%, 8%, 9%, 10% and 15 % partial
melting degrees obtained from N-MORB in Table 3.
Partial melting (batch melting) of about 9% of
the upper mantle crust data of Sun & McDonough
(1989) as source rock seemed to have similarities
with observed chemical analyses of both mafic rocks
and was correlated respectively with spider diagrams
of the studied rocks. N-type MORB and chondrite-
normalized trace element and REE patterns suggest
that 9 % batch melting of N-MORB seems to fit well
to produce both co-genetic spilitic lavas and dolerite
dykes of the Gdgebakan Formation (Fig. 10a, b). Spider
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Table 2. Parameters used in modelling partial melting processes

Olivine-  Orthopyroxene-  Clinopyroxene-  Spinel-

Elements melt melt melt melt
Rb 0.0098' 0.022 0.0312 0.01°
Sr 0.0140! 0.040! 0.060° 0.01°
Ba 0.00997 0.013! 0.0267 0.01°
Y 0.010 0.18! 0.9007 0.01°
Ti 0.020! 0.10! 0.400? 0.048°
Zr 0.012! 0.18 0.100% 0.05°
Hf 0.0013' = 0.2637 =
Nb 0.010" 0.15! 0.005? -
Th = - 0.030°

u 0.002! - 0.040° —
La 0.00672 0,02 0.056° 0.01°
Ce 0.00607 0.02! 0.0922 0.08¢
Nd 0,0059° 0.03! 0.2307 0.01°
Sm 0.0070° 0.05! 0.445° 0.05°
Eu 0.0074° 0.05! 0.474* 0.03°
Gd 0.01007 0.09! 0.556° 0.01°
Th — - 0.570° 0.01°
Dy 0.0130° 0.15° 0.582% 0.01°
Er 0.0256° 0.23! 0.583% 0.01°
Yb 0.04912 0.34' 0.5422 0.02*
Lu 0.0454% 0.42! 0.506° 0.01%

Distribution coefficients are for basaltic and basaltic andesite
liquids. ' Arth (1976), *Fujimaki, Tatsumoto & Aoki (1984),
*Woodhead, Eggins & Gamble (1993).

diagrams also display negative trends in Nb, Ti and
slight enrichment of LREE than MREE and HREE
(Fig. 10a, b).

4.e. Comparison with different BABB data
and Pan-African units

The trace and REE patterns of the studied rocks were
compared with different mafic rocks of Brno and
Bohemia massifs in Central Europe where trace and
REE geochemical signatures are transitional between
oceanic ridge and island arc basalts (Gill, 1976;
Saunders & Tarney, 1979, 1984; Dostal, Patocka &
Pin, 2001). Many back-arc basalts display enrichment
of LILE clements, and basaltic rocks resembling E-
MORB do occur in back-arc basins (Saunders &
Tarney, 1984). Saunders & Tarney (1984) pointed out
that over-generalized comparisons of the geochemistry
of the basaltic rocks from back-arc basins with
different ages are contentious because of the wide
range of compositions and various degrees of fractional
crystallization or partial melting. The meta-mafic rocks
of the Gogebakan Formation and the other BABB
(having relatively high LILE enrichment) have been
normalized to a constant Zr to reduce the various
degrees of fractional crystallization and partial melting
between the BABB with different ages (Fig. 11). Back-
arc basalts have the highest LILE/HFS ratios in mature
subduction zones and the lowest LILE/HFS ratios in
young subduction zones (Saunders & Tarney, 1984).
The geochemical behaviour of Late Proterozoic—Early
Palacozoic mafic rocks of the Gégebakan Formation,
Bohemia massifs (Finger e al. 2000), Brno (Dostal,

Table 3. Data used in the calculation of partial melting (batch melting)
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Figure 10. (a, b) Multi-element N-MORB-normalized and REE
chondrite-normalized diagrams illustrating 9 % degree of partial
melting calculated by non-batch melting of a spinel lherzolite
source.

Patocka & Pin, 2001), the Archaean Kaminiskag as-
semblage (Hollings, Stott & Wyman, 2000) and typical
BABB of the Cenozoic Okinawa Trough (Shinjo, 1998)
display a roughly concordant spider diagram (Fig. 11)
indicating a similar chemical behaviour of these BAB
rocks of different ages.

5. Discussions on geodynamic implications

The back-arc basin setting of the Early Cambrian
Gogebakan Formation meta-magmatic rocks is in
good agreement with the geodynamic model proposed
by Gonciioglu & Kozlu (2000) for the Anatolian
realm which proposes that the Late Proterozoic—Early
Cambrian volcanism in southern Turkey was related
to southward subduction of the northern margin of the
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(1979), Kaminiskag Assemblage data from Hollings, Stott &
Wyman (2000), Okinawa Trough data from Shinjo (1998) and
their correlation with some Late Pan-African meta-basic rocks
of Bruno and Bohemian Massifs (Finger ef «l. 2000; Dostal,
Patocka & Pin, 2001).
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Figure 12.  Schematic reconstruction of Late Pan-African
(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 — Yucatan (modified after Nance
et al. 2002; Murphy, Eguiluz & Zulauf, 2002).

Gondwana. This model can now be improved by recent
geological and geochemical data from the Taurides and
northern Anatolia (Fig. 12).
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Figure 13. Model of tectonic evolution of the northern margin of Gondwana during Late Neoproterozoic—Early Cambrian time

(modified atter Gonctioglu, 1997).

(1) The earliest reliable age data between ¢. 590 and
570 Ma (Chen et al. 2002; Ustadmer ef al. 2003) are
obtained from arc-type calk-alkaline rocks from the
basement of the Istanbul-Zonguldak Terrane. This unit
was previously ascribed to an ensimatic arc complex by
Gonciioglu, Dirik & Kozlu (1997). Recent studies in
the Bolu and Armutlu areas (Ustadmer, 1999; Yigitbas
et al. 2004) have shown that these arc-type granitoids
intrude an accreted assemblage with supra-subduction-
type ophiolites, back-arc-type volcanic rocks and
metamorphic rocks of continental crust origin. In our
re-evaluation, this assemblage includes arc magmas
that intrude the accretionary prism and Precambrian
Gondwanan basement and were formed above the
southward-subducting northern margin of Gondwana
(Fig. 13). This part of the geodynamic model is in good
agreement with recent models for Eastern Europe (e.g.
Neubauer, 2002) and various Perigondwanan terranes

(e.g. Murphy, Eguiluz & Zulauf, 2002; Nance et al.
2002) (Fig. 12).

(2) Between ¢. 550 and 540 Ma (Krdner & Sengor,
1990; Loos & Reischmann, 1999), intrusion of mainly
[-type granitoids in Menderes Massif and the Tau-
rides occurred. The geochemistry of these granitoids
suggests a post-collisional extensional environment
(Fig. 13) and may reflect the initial stages of rifting
within the Gondwanan continental crust (for a detailed
geochemical assessment, see Giirsu, Gonciioglu &
Bayhan. 2004).

(3) The Early Cambrian (c. 540-530 Ma) spilitic
lavas and dolerite dykes from the Sandikli area with
their typical back-arc geochemical characteristics are
interpreted to reflect rifting by back-arc extension
where the Gondwanan pericratonic margin had been
subject to lithospheric thinning, producing the back-
arc basin basaltic rocks (Fig. 13). The formation
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of an extensional basin with Early Cambrian silici-
clastic successions, tholeiitic volcanism and volcano-
sedimentary rocks in the Taurides also correlates
with the development in Cadomia and related peri-
Gondwanan terranes which are similar in age and
tectonic setting (Finger et al. 2000; Dostal, Patocka &
Pin. 2001 Neubauer, 2002). This rifting episode during
the Early Cambrian period very probably resulted in
separation of the Istanbul-Zonguldak terrane from the
rest of Gondwanan Anatolia and hence the initial
opening of a basin to the north of the Taurides.
The depositional features of Upper Cambrian to
Ordovician successions in the Taurides suggest a
shallow platform (e.g. Dean, Uyeno & Rickards, 1999)
facing toward a northern oceanic basin, which is a
common feature of coeval sediments from Morocco
to northern Arabia. On the other hand, the Cadomian
basement in the Istanbul-Zonguldak terrane includes
arc-type volcanic rocks (e.g. Ustadmer & Rogers,
1999; Yigitbas et al. 2004), supporting the back-arc
setting of the mafic volcanism in the northern Taurides
(Figs 12, 13). Moreover, the transgressively overlying
Ordovician—Early Silurian rocks are interpreted as
graben-facies sediments ($engor, Yilmaz & Sungurlu,
1984), suggesting the opening of a basin between
the Taurides and the Istanbul-Zonguldak terrane
(Fig. 13).

6. Conclusions

Summarizing the geological, petrological and geo-
chemical characteristics of slightly metamorphic Early
Cambrian spilitic lavas and dolerite dykes from the
Sandikli Area (SW Turkey), the following conclusions
are drawn.

(1) The Early Cambrian Gogebakan Formation is
composed of continental to shallow-marine clastic
rocks alternating with spilitic lavas and pyroclastic
rocks, which are cut by doleritic dykes. The succession
is very similar to those of the Gondwanan terranes in
SW Europe (Finger et al. 2000; Dostal, Patocka & Pin,
2001).

(2) Geochemical features of the dolerite dykes and
spilitic lavas are indicative of a tholeiitic composition,
and overall similarities together with field relationships
suggest that they are co-genetic.

(3) Geochemical modelling indicates that these
mafic rocks may have been produced by partial melting
of an upper mantle source. The mafic magmas were
probably derived from the upper mantle (spinel stability
field) by 9% partial melting. REE data indicate
that continental contamination was not significant,
suggesting the magma passed through a very thin
continental crust during back-arc basin spreading.
Moreover, the studied rocks show similarities with
other BABBs such as those in the Cadomian continental
fragments in Europe (Murphy ez al. 2004).
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To conclude, the available geological and geo-
chemical data on the Late Neoproterozoic to Early
Palacozoic igneous events in Turkey indicate that
both the Istanbul-Zonguldak and Tauride-Anatolide
terranes were dismembered fragments of Gondwanan
active margin and located on the eastern continuation
of the Eastern European Cadomian and Avalonian
ferranes.
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