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ABSTRACT

Western Anatolia (Turkey) has experienced discrete pulses of widespread volcan-
ism since the collision of the Sakarya and Tauride continental blocks in the early
Eocene. Underplating of the leading edge of the Tauride platform at a north-dipping
subduction zone beneath the Sakarya continent resulted in crustal thickening and
detachment of the Neo-Tethyan oceanic lithosphere from continental lithosphere,
causing slab break-off and the development of an asthenospheric window. Thermal
perturbation caused by this asthenospheric upwelling led to melting of the meta-
somatized overriding mantle lithosphere that produced volcanism and granitic plu-
tonism across the suture zone and the Sakarya continent. The products of this first
episode of postcollisional volcanism in western Anatolia were subalkaline in charac-
ter, with rocks ranging in composition from basalt, basaltic andesite, and andesite to
dacite; they show enrichment in large-ion lithophile elements (LILE) and light rare
earth elements (LREE) relative to the high field strength elements and display the
highest 37Sr/30Sr (i) (0.7087 to 0.7071) and the lowest eNd (i) (6.5 to —3.5) values in
comparison to the rocks of the following volcanic episodes. Geochemical features and
compositional variations of this subalkaline volcanic group indicate increasing
amounts of crustal contamination and a decreasing subduction signature during their
evolution from the Eocene through the Oligo-Miocene.

Following the initial phases of orogenic collapse, collision-induced compression in
western Anatolia was replaced by north-south extension in the early to middle Miocene
that produced metamorphic core complexes and NNE-trending horst-graben struc-
tures in the region. The second major volcanic episode from 16 to 14 Ma produced
mildly alkaline rocks ranging in composition from basalt, trachy-basalt, and trachy-
andesite to trachyte, showing enrichment in LILE and LREE (although less pro-
nounced in comparison to the subalkaline lavas), with 37Sr/3¢Sr (i) (0.7075 to 0.7062)
and eNd (i) (-3.6 to —1.6) values that are transitional between the earlier subalkaline
and the later alkaline group lavas. Melting of a subduction-modified lithospheric
mantle and asthenospheric melts appear to have contributed to the magma budget of
the mildly alkaline group, which shows the effects of less crustal contamination or as-
similation as a result of advanced crustal thinning associated with tectonic extension
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in the region. The asthenospheric melt contribution likely resulted from lithospheric
delamination or partial convective removal of the subcontinental lithospheric mantle.

Alkaline volcanism, which started around 12 Ma and continued until the latest
Quaternary, produced rocks in the tephrite, basanite, and foidite fields that show
ocean island basalt—type trace-element patterns and 37Sr/3¢Sr (i) (0.7033 to 0.7030)
and eNd (i) (+6.5 to +2.5) values. These features suggest enriched asthenospheric
mantle—derived melts as their main magma source. Crustal contamination or assimi-
lation was not an important process in the evolution of the alkaline group, suggesting
that magma transport was facilitated by lithospheric-scale extensional fault systems
that acted as natural conduits. Establishment of the Hellenic subduction zone and the
associated slab roll-back from the middle Miocene onward produced arc volcanism on
the south Aegean islands (Milos, Santorini, and Methana) and in southwestern Turkey
(Bodrum). The postcollisional volcanism in western Anatolia thus displays composi-
tionally distinct magmatic episodes controlled by slab break-off, lithospheric delami-
nation, asthenospheric upwelling and decompressional melting, and oceanic litho-
spheric subduction as part of the geodynamic evolution of the eastern Mediterranean
region throughout the Cenozoic.

Keywords: western Anatolia, Aegean extensional province, postcollisional volcanism,
shoshonite, alkaline basalt, asthenospheric upwelling, slab break-off, lithospheric de-

lamination

INTRODUCTION

The Neogene evolution of the eastern Mediterranean region
was controlled mainly by three geodynamic processes: (1) con-
tinental collision of Arabia with Eurasia since the middle
Miocene (ca. 13 Ma; McKenzie, 1978; Dewey et al., 1986; Jack-
son and McKenzie, 1988; Ring and Layer, 2003); (2) subduc-
tion of the Africa plate beneath Eurasia along the Hellenic and
Cyprean trenches (LePichon and Angelier, 1979; Jackson and
McKenzie, 1988; Kreemer et al., 2003); and (3) the westward
escape of the Anatolian block away from the Arabia-Eurasia col-
lision zone along the North and East Anatolian fault systems
(Fig. 1; Ketin, 1948; McKenzie, 1972; Sengor and Yilmaz,
1981; Sengor et al., 1985; McKenzie and Yilmaz, 1991; Taymaz
et al., 1991; Barka and Reilinger, 1997). Subduction roll-back
processes along the Hellenic trench since 12-11 Ma (Meu-
lenkamp et al., 1988) are believed to have caused extension in
the upper plate, resulting in the development of the Aegean ex-
tensional province (Ring and Layer, 2003), which is presently
undergoing ~north—south stretching as a whole in the range of
30—40 mm/yr (Taymaz et al., 1991; Oral, 1994; LePichon et al.,
1995).

This north-south extension was accompanied by distinct
pulses of volcanism throughout the late Neogene. However, the
history of postcollisional magmatism in western Anatolia ex-
tends back to the Paleogene, as evidenced by the distribution of
volcanic and plutonic rocks of this age throughout the region
(Keller, 1983; Yilmaz, 1989, 1990; Giile¢, 1991; Harris et al.,
1994; Ercan et al., 1995; Richardson-Bunbury, 1996; Geng and

Yilmaz, 1997; Savas¢in and Oyman, 1998; Aldanmaz et al., 2000;
Yilmaz et al., 2001). Postcollisional volcanism has occurred in
distinct episodes throughout western Anatolia since the late
Eocene and appears to have changed character from calc-
alkaline to more alkaline and ultrapotassic over time (Yilmaz,
1989; Giileg, 1991; Seyitoglu et al., 1997; Savas¢in and Oyman,
1998; Aldanmaz et al., 2000; Altunkaynak et al., 2004). Because
subduction of the African lithosphere beneath Eurasia along
the Hellenic trench possibly dates back to the beginning of the
Miocene at the earliest, the initial stages of calc-alkaline volcan-
ism in western Anatolia during the late Eocene and the Oligocene
were not related to any active subduction processes at that time.
Therefore, the causes and magma sources of the early phases of
postcollisional volcanism in this region remain significant ques-
tions for the geodynamic evolution of the Aegean extensional
province (Pe-Piper and Piper, 2001, this volume).

Different models have been proposed to explain the tec-
tonomagmatic evolution of Cenozoic volcanism in western
Anatolia:

1. Collapse of the western Anatolian orogenic “welt” starting
in the Oligo-Miocene, causing crustal attenuation and
associated decompressional melting that produced the
Paleogene—Neogene magmatism in the region (Seyitoglu
and Scott, 1992, 1996).

2. Subduction of the east Mediterranean ocean floor north-
ward beneath Eurasia along the Hellenic trench and associ-
ated subduction zone magmatism (Fytikas et al., 1984;
Pe-Piper and Piper, 1989; Giilen, 1990; Okay, 2002).
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Figure 1. Simplified tectonic map of the eastern Mediterranean region showing major plate boundaries, plates, fault systems, and geological
provinces relevant to this study (i.e., the West Anatolian extensional province, Rhodope massif, Taurides, Kazdag metamorphic massif [KDM],
Menderes massif [MM], and Isparta angle). AF— Aksu fault; AKFZ— Aksehir fault zone; BF— Burdur fault; EAFZ—East Anatolian fault zone;
EF—Ecemis fault; IAESZ —Izmir-Ankara-Erzincan suture zone; IPSZ —Intra-Pontide suture zone; ITSZ —Intra-Tauride suture zone; NAFZ —
North Anatolian fault zone; NEAFZ —Northeast Anatolian fault zone; TGF—Tuz Go6lii fault. The thick black arrows show the direction of plate
convergence; the thick blank arrows depict the current motion of the Anatolia plate. Data are from Dewey et al. (1986); Yilmaz (1997); Bozkurt
(2001); and Marchev et al. (2004).

felsic plutonic, hypabyssal, and volcanic rocks that were closely
related in space and time. The following magmatic phase dur-
ing the late Miocene—Pliocene was marked by sporadic eruption
of alkaline basaltic lavas (Borsi et al., 1972; Fytikas et al., 1984;
Ercan et al., 1985; Yilmaz, 1989, 1990, 1997; Altunkaynak,
1996; Seyitoglu et al., 1997; Altunkaynak and Yilmaz, 1998,
1999; Yilmaz et al., 2001).

The diversity of models and opinions on the causes and
magma sources of Cenozoic volcanism in western Anatolia is in
part a reflection of the complex geodynamic evolution of this re-

3. Multiple episodes of magmatism in different tectonic
regimes through time (Ercan et al., 1984, 1995; Yilmaz,
1989, 1990; Savasgin and Giileg, 1990; Giileg, 1991), shifting
from a north-south compression during the late Oligocene—
early Miocene to north-south extension from the late Mio-
cene onward (Ercan et al., 1984, 1995; Yilmaz, 1989,
1990; Altunkaynak and Yilmaz, 1998, 1999; Geng, 1998;
Aldanmaz et al., 2000; Yilmaz et al., 2001).

Magmatism during the Eocene was limited mostly to north-

western Anatolia and produced mainly shallow-crustal granitic
intrusions and their volcanic carapace (Yilmaz, 1992; Harris
etal., 1994; Geng and Y1ilmaz, 1997; Geng, 1998). The Oligocene—
early Miocene magmatism was characterized by intermediate to

gion, but stems largely from the lack of systematic and compre-
hensive geochemical and geochronological data. Detailed field
observations documenting the spatial and temporal relations
between faulting and magmatism are also rare. Therefore, our
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understanding of the possible links among magmatism, litho-
sphere kinematics, and mantle flow during the Cenozoic geo-
dynamic evolution of western Anatolia is limited.

In this article, we review the existing geochemical and
geochronological data from late Eocene and younger volcanic
rocks in western Anatolia and present a systematic composi-
tional classification of volcanic rock associations and their de-
velopment through time. Based on the extant geochemical data
and regional tectonic constraints, we evaluate the existing ideas
and present an internally coherent geodynamic model for the
postcollisional magmatic evolution of this region.

OVERVIEW OF THE GEOLOGY
OF WESTERN ANATOLIA

The geology of western Anatolia consists of two distinct
geological entities: basement units and cover sequences. Major
components of the basement geology include the Sakarya con-
tinent, the Izmir-Ankara-Erzincan suture zone, metamorphic
massifs (the Kazdag and Menderes massifs) and granitoid plu-
tons, and the Tauride platform (Figs. 1 and 2). The cover se-
quences include latest Eocene and younger volcanic and
sedimentary rocks that formed after the last episode of conti-
nental collision in the region during the early Eocene (Harris
etal., 1994).

The Sakarya continent occurs between the Intra-Pontide
suture to the north and the Izmir-Ankara-Erzincan suture zone
to the south (Fig. 2) and consists of a Paleozoic crystalline base-
ment with its Permo-Carboniferous sedimentary cover and
Permo-Triassic ophiolitic and rift or accretionary-type mélange
units (the Karakaya complex) collectively forming a composite
continental block (Tekeli, 1981; Okay et al., 1996). The Tauride
platform farther south is composed of carbonates and inter-
calated volcanosedimentary and epiclastic rocks ranging in age
from Cambro-Ordovician to Lower Cretaceous (Ricou et al.,
1975; Demirtasli et al., 1984; Ozgﬁl, 1984) and is tectonically
overlain by Cretaceous ophiolite nappes derived from a Tethyan
seaway to the north (Juteau, 1980; Dilek and Moores, 1990;
Dilek et al., 1999a).

The Izmir-Ankara-Erzincan suture zone marks the site of
the demise of a Neo-Tethyan seaway that had separated the
Sakarya continent to the north from the Tauride platform to the
south (Okay et al., 1998, and references therein; Tankut et al.,
1998). A blueschist belt containing high-pressure metamorphic
rocks of the northern passive margin of the Tauride platform oc-
curs along the Izmir-Ankara-Erzincan suture zone and indicates
that the subduction zone was dipping north beneath the Sakarya
continent (Okay, 1984; Okay et al., 1998). The calculated P-T
conditions of metamorphism and 4°Ar/3°Ar ages of phengites
and glaucophanes from blueschist rocks suggest that metamor-
phism likely occurred over a period of ~20 m.y., from 108 Ma
to 88 Ma (Harris et al., 1994). Southward emplacement of the
Tethyan ophiolites and the blueschist metamorphism of the
leading edge of the Tauride platform preceded a continent-
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continent collision between the Sakarya and Tauride continen-
tal blocks during the early Eocene (ca. 53—48 Ma; Harris et al.,
1994). We consider this event the last alpine-style continental
collision to have affected western Anatolia, and hence interpret
all subsequent magmatism in the area as postcollisional in ref-
erence to this orogenic event. Much of western and central Ana-
tolia was a highland marked by thickened continental crust
(~55-60 km) and a high mean elevation (~3—4 km) in the after-
math of the Eocene collisional events in both western and cen-
tral Anatolia (Sengdr et al., 1985; Seyitoglu and Scott, 1996;
Dilek et al., 1999b; Dilek and Whitney, 2000).

The Kazdag and Menderes metamorphic massifs (Fig. 2)
represent exhumed lower-crustal rocks in western Anatolia;
hence, their evolutionary history points to the early stages of ex-
tensional tectonics in the region. Both massifs are analogous to
Cordilleran-type core complexes and contain in their cores
gneiss, amphibolite, and marble that were metamorphosed at >5
kbar and >600 °C. Rimmelé et al. (2003) estimated the P-T
conditions of the metamorphic peak for the Menderes high-P,
low-T rocks at >10 kbar and >440 °C. These massifs are over-
lain by relatively unmetamorphosed cover sequences and are in-
truded by synkinematic granitoids (Hetzel and Reischmann,
1996; Bozkurt and Park, 1997; Okay and Satir, 2000; Cemen
et al., 2002; Gessner et al., 2004; Ring and Collins, 2005). The
main episode of their metamorphism is inferred to have resulted
from the burial regime that lasted from the Late Cretaceous to
the latest Oligocene (Yilmaz, 2002). Estimated metamorphic
pressures and the igneous age and P-7 conditions of the crys-
tallization of a granitoid pluton in the Kazdag massif suggest
that its lower-crustal rocks were “rapidly exhumed at ~24 Ma
from a depth of ~14 km to ~7 km” along a north-dipping
mylonitic shear zone (Okay and Satir, 2002). Similarly, the
Barrovian-type metamorphism of the Menderes massif occurred
during the late Paleocene—early Eocene, as inferred from recent
Rb-Sr mica ages (Bozkurt and Satir, 2000). Its unroofing took
place in discrete extensional episodes dating back to the middle
to late Eocene and continued through the early Miocene and
the Pliocene, as constrained by recently obtained mica cooling
ages (Bozkurt and Satir, 2000) and monazite ages (Catlos et al.,
2002). Thus, the processes and timing of the initial post-
collisional tectonic extension in western Anatolia are reasonably
well constrained.

L
>

Figure 2. Simplified geological map of western Anatolia showing the
distribution of volcanic rock groups (identified mainly based on their
age relations), Cenozoic plutonic rocks mentioned in this article, and
major metamorphic massifs. BG—Bakircay graben; BMG—Biiyiik
Menderes graben; CGD — Cataldag granodiorite; EP—Egrigéz pluton;
GBG—Goyniikbelen granite; GdG—Gediz graben; GG—Gordes
graben; IAESZ —Izmir-Ankara-Erzincan suture zone; IGD—Ilica gra-
nodiorite; KG—Kozak granodiorite; KM —Kazdag massif; KMG—
Kiigiik Menderes graben; OGD — Orhaneli granodiorite; SG— Selendi
graben; TGD—Topuk granodiorite; UGB —Usak-Gtire basin.
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Sedimentary rocks in the cover sequences start with upper
Oligocene—lower Miocene lacustrine limestone, marl, and fine-
grained clastic rocks that are widespread in western Anatolia.
Upper Miocene coarse-grained clastic rocks represent the sec-
ond phase of deposition in fault-bounded narrow basins and
grabens (Yilmaz, 2002). There are two major sets of graben
structures in western Anatolia (Fig. 2); earlier NNW- and NNE-
trending grabens (i.e., the Gordes, Gediz, Selendi, and Usak-
Gire grabens) are superimposed by younger east-west-trending
larger (~5-15 km wide and 100—150 km long) grabens (i.e., the
Edremit, Biiyiik Menderes, and Gokova grabens) that indicate
strong north-south extension by the late Miocene (Yilmaz,
2002; Bozkurt, 2003).

Magmatic rocks in western Anatolia occur in three distinct
associations: granitoid suites, intermediate to calc-alkaline vol-
canic sequences, and mafic volcanic units. Plutonic rocks com-
prise mainly granodiorites and monzonites with subordinate
leucogranites and syenites, and the majority of these intrusions
range in age from 30 to 16 Ma (Bingol et al., 1982; Yilmaz,
1989, 1990; Altunkaynak and Yilmaz, 1998, 1999; Geng, 1998;
Karacik and Yilmaz, 1998). Some older plutons (i.e., the
Orhaneli and Topuk granodiorites, ca. 54—48 Ma) also occur and
represent the very early phases of postcollisional magmatism in
the region (Harris et al., 1994; Altunkaynak, 2004). These plu-
tonic rocks are commonly accompanied by hypabyssal intru-
sions and locally intrude into their own extrusive carapace,
indicating that they were emplaced at shallow crustal depths.

SUMMARY OF CENOZOIC VOLCANISM
IN WESTERN ANATOLIA

The Cenozoic geology of western Anatolia is characterized
by widespread volcanism that started in the late Eocene—early
Oligocene and has continued up to the latest Quaternary
(Savascin and Dora, 1979; Fytikas et al., 1984; Bingdl et al.,
1994; Harris et al., 1994; Savascin and Erler, 1994). Extensive
calc-alkaline volcanism occurred between 37 Ma and 16 Ma
following the latest collisional event in the region that resulted
in the development of significantly shortened and thickened
continental crust. Eocene volcanic rocks and granitic plutons
occur in an east-west-trending narrow zone along the southern
edge of the Marmara Sea (in the northwestern part of the Biga
Peninsula, on the Kapidag and Armutlu Peninsulas, and between
Lakes Kus and Iznik, Fig. 2; Bingdl et al., 1994; Harris et al.,
1994; Ercan et al., 1995; Geng and Yilmaz, 1997). Granitic plu-
tons range in age from 53 Ma to 34.3 Ma and are intrusive into
the basement rocks of the Sakarya continent. Principal expo-
sures include the Topuk and Orhaneli (53-48 Ma), Armutlu
(48.2-34.3 Ma), Lapseki (43.3 Ma), and Kapidag (42.2—
36.1 Ma) plutons. These plutons are in general subalkaline in
character and are composed of medium- to high-K monzogranite,
granodiorite, and granite. Volcanic equivalents of these intrusive
rocks consist of basaltic to andesitic lavas (the Kizderbent and
Baliklicesme volcanics around Lake Iznik and the northwestern
Biga Peninsula, respectively) and pyroclastic rocks. These sub-
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alkaline extrusive rocks range in composition from medium- to
high-K series to shoshonites.

The next pulse of postcollisional volcanism is represented
by intermediate to felsic volcanic rocks dated at 31-16 Ma, in-
cluding andesite, trachyandesite, dacite, latite, and rhyolite,
that are intercalated with pyroclastic and lacustrine deposits
(Yilmaz, 1989; Bingol et al., 1994; Altunkaynak and Yilmaz,
1998; Geng 1998; Karacik and Yilmaz, 1998; Savas¢in and
Oyman, 1998; Aldanmaz et al., 2000). These volcanic rocks are
calc-alkaline in character and include plagioclase, hornblende,
and/or orthopyroxene as their most common phenocrysts. This
Oligo-Miocene volcanic activity was also spatially associated
with mostly NNE- and partly northwest-trending transtensional
fault systems (Altunkaynak, 1996; Altunkaynak and Yilmaz,
1998; Savascin and Oyman, 1998; Yilmaz et al., 2000, 2001;
Altunkaynak, 2004). Similar calc-alkaline and shoshonitic
rocks dated 21.5-17 Ma also occur on the island of Lesbos
to the west of the Gulf of Edremit (Fig. 2; Pe-Piper and Piper,
1992).

The major change from north-south compression to north-
south extension in the region during the middle Miocene was ac-
companied by a gradual transition from calc-alkaline to alkaline
basaltic volcanism (Aldanmaz et al., 2000; Yilmaz et al., 2001;
Akay and Erdogan, 2004; Altunkaynak, 2004; Altunkaynak
et al., 2004). Lavas of this stage are represented by mildly alka-
line basalts (Yilmaz, 1989; Yilmaz et al., 2001; Altunkaynak
et al., 2004) and are commonly seen to occur along NNE- and
NNW-trending oblique transtensional fault systems (Altunkay-
nak and Yilmaz, 1998; Yilmaz et al., 2000; Altunkaynak, 2004).
A transitional sequence consisting of andesitic rocks inter-
spersed with and/or grading into dark, mildly alkaline basaltic
lavas locally occurs between the calc-alkaline and mafic vol-
canic associations. The alkaline mafic volcanism in the region
appears to have started in the late Miocene with shoshonitic to
alkaline compositions and to have become more potassic and
then sodic with time, as inferred from limited geochemical
and geochronological data (Yilmaz, 1989; Savas¢in and Oyman,
1998; Aldanmaz et al., 2000).

The final magmatic phase in western Anatolia is repre-
sented by rift-related volcanism characterized by strongly alka-
line basaltic lavas of late Miocene to latest Quaternary age.
Olivine-phyric and/or aphyric basalts and basanites with
potassic-ultrapotassic compositions form the youngest episodes
of volcanism (8.4 Ma to 0.13 £ 0.005 Ma; Richardson-Bunbury,
1996; Aldanmaz et al., 2000; Alici et al., 2002) and seem to be
spatially associated with graben-bounding east-west-oriented
normal fault systems and/or with the intersections of east-west-
and northeast-trending grabens and fault systems.

GEOCHEMISTRY
Major- and Trace-Element Data

We identify three major groups of postcollisional volcanic
rocks: a subalkaline group (SAG), a mildly alkaline group (MAG),
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Figure 3. Total alkali versus SiO, classifica-
tion diagram of the alkaline group (AG),
mildly alkaline group (MAG), and subalka-
line group (SAG), from Le Bas et al. (1986).
A —andesite; B—basalt; BA—basaltic ande-
= K site; BS—basanite; BTA —basaltic trachy
andesite; D —dacite; F—foidite; PC—picro-
basalt; PH—phonolite; PHTP—phono-
tephrite; R—rhyolite; T—trachyte; TA—
R trachy andesite; TB —trachy basalt; TD —
trachy dacite; TP —tephrite; TPPH—tephri
phonolite. IB—alkali-subalkali subdivision,
from Irvine and Baragar (1971), and K-
alkali-subalkali subdivision from Kuno
(1966).
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and an alkaline group (AG) (Fig. 3; Tables 1, 2, 3, and 4), based
on their major- and trace-element compositions.

Subalkaline Group. Rocks of the SAG are further sub-
divided into two groups based on their known ages: an Eocene
subalkaline group (ESAG) and an Oligocene—early Miocene
subalkaline group (OMSAG). The ESAG consists mainly of
basalt, basaltic andesite, andesite, trachy-andesite, and dacite.
The TiO, contents of these rocks range from 0.58 to 2.13 wt%,
and their Al,O, abundances are medium to high (15-18 wt%).
The majority of ESAG lavas classify mainly as medium- to
high-K calc-alkaline in a K,O versus Na,O diagram, although
some of them belong to shoshonitic series (Fig. 4). In general,
ESAG rocks have low to moderate MgO contents (0.70-6.23
wt%) (Fig. 5). In the MgO variation diagrams, their SiO, and
A1203 values increase, whereas their CaO and Fe,O, values
decrease with decreasing MgO. These rocks have the lowest
trace-element contents compared to other groups (OMSAG,
MAG, and AG) but show similar trends of trace-element distri-
bution patterns (e.g., Ni, Sr, Rb, and La) against MgO. The Rb
and La values decrease with increasing MgO, and the Sr con-
centrations (176-434 ppm) are relatively constant over a range
of MgO (wt%) from 6 to 1; however, the combined array that
includes all groups (ESAG, OMSAG, MAG, and AG) shows a
decrease in Sr content with decreasing MgO (Fig. 5).

70 75 80

In a mid-ocean ridge basalt (MORB)-normalized trace-
element variation diagram (Fig. 6), the ESAG rocks display
enrichment in large-ion lithophile elements (LILE) (K, Rb, Ba,
Th, Sr) over light rare earth elements (LREE) and middle rare
earth elements (MREE), as reflected by the Ba/La (6-19.57),
K/La (104-1235), Th/La (0.17-1), and Rb/La (0.25-4.05) ratios,
and depletion in high field strength elements (HFSE) (Zr, Nb,
Ti, and P) with respect to neighboring LILE and fractionation
among LILE (Rb, Ba, and K). Trace-element variations and
interelement ratios collectively suggest that magmas of the
ESAG show similar patterns to those of subduction-related arc
magmas (Fig. 6; Pearce, 1982; Thorpe et al., 1982; Cox and
Hawkesworth, 1985; Pearce et al., 1990; Davidson et al., 1991;
Saunders et al., 1991; Walker et al., 1991; Hawkesworth et al.,
1993; Pearce and Peate, 1995). However, their trace-element
abundances, such as Ba (50-313 ppm), Th (2-13 ppm), and La
(2-25 ppm), show that the ESAG lavas were moderately en-
riched in incompatible elements, indicating that their melts were
moderately evolved (Frey et al., 1978; Gill, 1981; Pearce, 1982).

The OMSAG is seen to be composed mainly of dacite,
andesite, basaltic andesite, and basalt in the total alkalis versus
silica diagram (Le Bas et al., 1986; Fig. 3), with a silica content
ranging from 48 to 63 wt%. These subalkaline lavas are TiO,-
depleted (<1 wt%), with medium to high Al,O, abundances
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Timing and nature of postcollisional volcanism in western Anatolia
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Figure 4. K, O versus Na,O diagram of the Eocene subalkaline group
(ESAG) and Oligocene—early Miocene subalkaline group (OMSAG)
lavas using the classification scheme of Peccerillo and Taylor (1976).

(15-19 wt%), and are either shoshonitic or high-K calc-alkaline
on a K,O versus Na,O plot (Fig. 4), with only four samples
falling in the ultrapotassic field. In the AFM diagram (not shown
here), they display a calc-alkaline trend. Their MgO contents
range from 1 to 10 wt%. Variations between the MgO and
major-element contents such as SiO,, CaO, Fe,O,, and Al,O,
of the Oligocene —early Miocene and ESAG rocks are similar,
although ESAG lavas appear to have lower MgO contents
(0.70-6.23 wt%) (Fig. 5).

The calc-alkaline nature of the OMSAG rocks is also evi-
dent from their trace-element concentrations and interelement
relationships. These rocks are strongly depleted in highly com-
patible (Ni = 3-167 ppm, Cr = 4.5-400 ppm) to moderately
compatible (TiO, = 0.5-1 wt%) elements with respect to the
MORB, but moderately to strongly enriched in highly incom-
patible elements (Ba = 132-2000 ppm, Th = 11-52 ppm, La =
30-92 ppm), yielding high Th/Yb (5-24) and Zr/Y (4—11) ratios.
These features collectively indicate derivation from moderately
to strongly evolved melts (cf. Frey et al., 1978).

In MORB-normalized multielement diagrams (Fig. 6), the
OMSAG lavas display enrichment trends in the most incompat-
ible elements (Ba, Rb, Th, K, La, and Ce) and negative anom-
alies in Nb, Ta, P, and Ti. They are strongly enriched in LILE
and LREE compared to the ESAG lavas and to island arc calc-
alkaline basalts. Their chondrite-normalized REE patterns (Fig.
7) show enrichment in LREE, flat HREE (La/Sm, = 3.31-6.60,
Gd/Yb, =1.4-3.5,and La/Yb_ = 8-29), and minor negative Eu
anomalies. All these geochemical characteristics indicate that
the OMSAG rocks have similar multielement patterns to those
of the ESAG, defining a subduction zone-related magmatic sig-
nature for their origin (McDonough, 1990; McCulloch and
Gamble, 1991; Thirwall et al., 1994; Pearce and Peate, 1995).
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Mildly Alkaline Group. The MAG is represented by basalt,
trachy basalt, basaltic trachy andesite, trachy andesite, and tra-
chyte (Fig. 3). The SiO, contents of these rocks range from 46
to 60 wt%, and they are commonly mildly silica-undersaturated.
The maximum MgO and Ni contents of the mafic rocks (8 wt%
and 100-150 ppm, respectively), combined with their Mg #
(<60) [MgO/(MgO x 0.8 + FeO total)], imply that none of these
lavas represents primary mantle-derived magma. This group
is also characterized by moderate to high Al,O, values, with
TiO, contents ranging from ~1 wt% to 2 wt%, and by relatively
high K,,O values for lower SiO,, contents.

The differences between the alkaline and calc-alkaline
mafic rocks are not significant, and both have similar values of
Al,O,, TiO,, Fe,0;, and CaO for a given SiO, content (not
shown here), although mildly alkaline rocks extend to lower
SiO, contents (46 wt% as opposed to 51 wt% in calc-alkaline
lavas). All of these elements decrease as the SiO, content in-
creases in both lineages, with the exception of Al,O,, which
increases along with SiO,. The only noteworthy difference be-
tween the samples following an alkaline trend and those with
calc-alkaline characteristics is that the former have slightly
higher Na,O and significantly higher K,O values ata given SiO,
content (not shown here).

MAG lavas and SAG lavas (ESAG and OMSAG) show
similar trends in MgO covariation diagrams (Fig. 5), and the
MAG rocks form arrays between the AG and the OMSAG, in-
dicating their transitional character (Fig. 5). The Ni and MgO
abundances (up 10 wt%) in the most primitive MAG samples
are rather high, and most basaltic samples of the MAG and AG
with >4 wt% MgO follow the olivine-clinopyroxene fractiona-
tion trajectory defined by Hart and Davis (1978; Fig. 5).

When compared to the normalized multielement diagrams
of the SAG lavas (ESAG and OMSAG), the MAG lavas have
rather uniform compositions and display less marked enrich-
ment trends in Ba, Th, and K and weaker negative P and Nb
anomalies (Fig. 8). The Ti anomaly is also less apparent in the
MAG rocks, and their Ba/Nb ratios (11-94) are also slightly
lower. The REE patterns of the mildly alkaline lavas exhibit en-
richment in LREE, but their (La/Yb), ratios, which range be-
tween 9 and 17 (Fig. 7), are lower than those of the SAG lavas.

Alkaline Group. The AG lavas plot in the tephrite, basan-
ite, phonotephrite, and foidite fields in the SiO, versus
Na,O+K,O diagram (Fig. 3; Le Bas et al., 1986). These mafic
lavas are TiO,-rich (1.6-3.5 wt%), and their SiO, contents range
from 41 to 48 wt%, which is significantly lower than those of
the SAG and MAG. The AG and MAG rocks show similar cor-
relations in MgO variation diagrams. They have rather uniform
compositions, with high MgO and low SiO, contents.

The multielement patterns (Fig. 6) of rocks in this group are
typical of ocean island basalts (OIB), with maximum enrich-
ment in Nb. The chondrite-normalized REE patterns (Fig. 7)
show that the AG lavas are highly enriched in LREE and that
their (La/Yb), ratios vary from 9 to 20, which is within the same
range as in the SAG lavas with more basic compositions.
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Figure 5. Selected major- and trace-element versus MgO variation diagrams for the Eocene subalkaline group (ESAG), Oligocene—early Miocene
subalkaline group (OMSAG), mildly alkaline group (MAG), and alkaline group (AG) lavas.
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The Zr/Nb versus La/Nb diagram clearly shows the geo-
chemical distinction between the AG and the SAG and MAG
(Fig. 8B). The MAG overlaps with the SAG, but its rocks have
rather low La/Nb and Zr/Nb ratios compared to those of the
SAG. The AG displays uniform compositions represented by the
lowest La/Nb ratios compared to the other two groups.

Isotope Data
Figure 9, a €, (i) versus ¥7Sr/%Sr (i) diagram, shows the

initial isotopic compositions of the three groups. Unfortunately,
we have isotope data from only one ESAG sample. The SAG
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Figure 9. eNd , , and #7Sr/%¢Sr diagram for the Oligocene—early Mio-
cene subalkaline group (OMSAG), mildly alkaline group (MAG), and
alkaline group (AG) lavas.

has the highest 87Sr/36Sr (i) (0.7087 to 0.7071) and the lowest
€xq (D) (6.5 to =3.5) values. By contrast, the strongly AG has
the lowest ¥7Sr/%¢Sr (i) (0.7033 to 0.7030) and the highest £,
(i) (+6.5 to +2.5) values. The MAG has 87Sr/%6Sr (i) values of
0.7075 t0 0.7062 and g, (i) values of —3.6 to —1.6, falling be-
tween the SAG and strongly alkaline groups. These data indi-
cate a transitional character of the MAG lavas that is supported
by their major- and trace-element characteristics as well.

PETROGENESIS OF CENOZOIC VOLCANISM
IN WESTERN ANATOLIA

Subalkaline Group

The least evolved ESAG and OMSAG lavas have similar
geochemical features (major- and trace-element characteristics
and interelement ratios), suggesting a common source for their
parental magmas (Figs. 3-6). The compositions of the SAG
(ESAG and OMSAG) lavas display a broad range, from mod-
erately to highly evolved compositions, as evidenced by their
MgO content (11-1 wt%). The majority of the SAG falls into
either a shoshonitic or a high-K calc-alkaline field, with only
four samples falling in the ultrapotassic field in a K,O versus
Na,O diagram (Fig. 4), as defined by Peccerillo and Taylor
(1976). The whole igneous province appears to have a potassic
character (with K,0/Na,O ratios mostly between 0.5 and 2) that
is consistent with the postcollisional nature of Cenozoic mag-
matism in western Anatolia.

The major- and trace-element trends in Figure 5 probably
reflect the effects of both partial melting and fractionation
processes. Some trace-element trends, such as the positive cor-
relation between Ni and MgO, are probably fractionation re-
lated. Incompatible-element distributions show the negative
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correlations with MgO expected from crystal fractionation. For
example, the Rb and La values decrease with increasing MgO,
and Sr shows a negative correlation with MgO within all indi-
vidual groups (Fig. 5); however, the combined array shows a
general decrease with decreasing MgO values, suggesting that
there were apparent variations in the source and degree of melt-
ing trough time.

The presence of residual garnet in the source region is evi-
dent from the Gd/YDb (n) (1.5-3.2) and La/Yb (n) (10-50) ratios.
Thirlwall et al. (1994) used the rare earth element (e.g., La/Yb)
and HFSE (Nb/Zr) ratios to monitor the degree of partial melt-
ing in the generation of arc lavas. The La/YDb ratios are high
and variable, and they increase with both La and Yb abundances
(Figs. 10 and 11A). The low HREE abundances reflect the pres-
ence of residual garnet in the source region. Partial melting
models show that steep trends in which La /Yb ratios vary from
10 to 50 can be produced only in the presence of residual gar-
net. Subsequent fractionation increases the La abundance,
whereas the La/Yb ratio remains constant such that the flat
trends generated by fractionation can be easily distinguished
from steep partial melting trajectories. Figure 10 shows that
the effects of partial melting were more important than frac-
tional crystallization in controlling the compositional variations
within the SAG lavas.

In MORB-normalized multielement diagrams (Fig. 6), the
SAG (ESAG and OMSAG) lavas display enrichment trends in
the most incompatible elements (Ba, Rb, Th, K, La, and Ce) and
negative anomalies in Nb, Ta, P, and Ti. These are characteris-
tics of magmas evolved at convergent margins, such as Andean-
type calc-alkaline lavas (Thorpe et al., 1982; Davidson et al.,
1991; Pearce and Peate, 1995). The fractionations of LILE/
LREE, LILE/HFSE, and REE/HFSE (e.g., La/Nb, La/Yb, Zr/Nb,
etc.) have been attributed to subduction-related metasomatism
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Figure 10. (La/Yb), versus La (ppm) diagram for the mildly alkaline
group (MAG) and subalkaline group (SAG) lavas illustrating the ef-
fects of partial melting and fractionation.

339
A
0.5
||oAG AMAG = OMSAG ¢ ESAG
8
0.4 00 0©
. o
0.3 | d partial ©
_ 031 ncreased partia
N melting ® 8%
Z
0.2 ° o
- . w o
0.1 Fractional crystallization
b A AA
0.0 T T
0 50 100 150
Nb (ppm)
B
100
0 AG A MAG mSAG
CRUST
0.703 0.708 0.713 0.718
¥Sr/*Sr

Figure 11. (A) Nb/Zr versus Nb (ppm) diagram for the Eocene sub-
alkaline group (ESAG), Oligocene—early Miocene subalkaline group
(OMSAG), mildly alkaline group (MAG), and alkaline group (AG)
lavas illustrating the effects of partial melting and fractionation. (B)
La/Yb versus 37Sr/80Sr diagram for the subalkaline group (SAG),
mildly alkaline group (MAG), and alkaline group (AG) lavas illustrat-
ing the lithospheric mantle array and ocean island basalt (OIB) field.

(Maury et al., 1992; Schiano et al., 1995). Therefore, it can be
deduced that the melt source involved in the genesis of these
lavas was a subduction-modified mantle. However, the initiation
and establishment of the north-dipping subduction zone at the
Hellenic trench postdates much of this phase of the Cenozoic
volcanism in the region; hence, these magmas could not have
been derived from an active subduction zone at that time. There-
fore, the subduction signature inferred from the geochemistry of
the calc-alkaline and mildly alkaline groups was possibly in-
herited from the Late Cretaceous subduction event in the region
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(Geng and Yilmaz, 1997; Seyitoglu et al., 1997; Aldanmaz et al.,
2000; Yilmaz et al., 2000). This interpretation implies that the
mantle beneath western Anatolia in the Eocene—early Miocene
period was heterogeneous and variously enriched by volatiles
associated with previous subduction events in the region. The
geochemical characteristics outlined earlier might also have
been inherited, at least partly, from crustal contamination. The
involvement of a melt source containing residual garnet in the
formation of the SAG lavas is required to explain their strong
HREE depletion (La/Yb up to 50; Fig. 10).

High Pb contents (up to 20 ppm) may also indicate some
crustal contamination (Pearce and Peate, 1995). In fact, the
87Sr/86Sr (0.709-0.707 for OMSAG, 0.7059 for ESAG) isotope
ratios plotted against Rb/Sr (Fig. 12) characterize mantle-
derived magmas that appear to have been contaminated by con-
tinental crust, as previously suggested (Yilmaz, 1989; Giilec,
1991; Seyitoglu et al., 1997; Aldanmaz et al., 2000; Yilmaz et al.,
2000). However, the Th/Yb (4-24) and Ti/Eu (2280 and 4600)
ratios and absolute incompatible-element abundances (e.g., K,
Rb, Nb, and Ba) for the least silicic sample of the OMSAG lavas
are unlikely to be explained solely by crustal contamination.
Therefore, it is clear that both mantle enrichment and crustal
contamination are required to explain the evolution of OMSAG
magmas.

The large variability of magmatic rock types in the SAG
(high-K, medium-K, shoshonitic series, and even ultrapotassic
rocks) is likely to have resulted from various geochemical
processes, such as heterogeneous source enrichment by an in-
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Figure 12. 37Sr/30Sr versus Rb/Sr diagram for the Eocene subalkaline
group (ESAG), Oligocene—early Miocene subalkaline group (OMSAG),
mildly alkaline group (MAG), and alkaline group (AG) lavas illustrat-
ing the effects of crustal contamination and fractional crystallization
during the evolution of the main volcanic groups in western Anatolia.
UC—upper crust.
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homogeneous volatile supply, various rates of melting of the
subduction-modified mantle, and various degrees of crustal con-
tamination and differentiation.

The high abundances of Sr and the lack of significant Eu
anomalies indicate that the melt source in the mantle was
plagioclase-free or that plagioclase was not a fractionating
phase during melting. The low Nb/La ratios and radiogenic Sr
and unradiogenic Nd values indicate that this mantle source was
different from a convecting mantle asthenosphere. The 87Sr/3°Sr
ratios are relatively restricted over a range of La/Yb ratios, again
suggesting that different degrees of partial melting played a
major role in trace-element variability within the SAG (Figs. 10
and 11A and B). The SAG and MAG lavas extend along the pro-
jected lithospheric mantle array, whereas the AG lavas plot en-
tirely in the OIB field (Fig. 11B).

As illustrated in the éNd versus 87Sr/3°Sr diagram (Fig. 9),
our three magmatic groups (OMSAG, MAG, and AG) display
different isotopic signatures. SAG and MAG lavas exhibit a rel-
atively broad and evolved range of 37Sr/36Sr ratios at more re-
stricted eNd values, indicating that the source of SAG lavas must
have been enriched and isolated from mantle convection for a
long period of time to develop these distinct isotopic values.

The Sr and Nd isotope data; the Ce, Pb, La, and Th contents;
and the Nb/Zr ratios of the subalkaline rocks, together with some
interelement ratios, collectively suggest that their magmas were
derived by different degrees of partial melting of an enriched
subcontinental litospheric mantle source (cf. Yilmaz and Polat,
1998) and that these magmas were subsequently contaminated
by their interaction with the orogenic crust on their ascent to the
surface, acquiring a hybrid character.

Lavas of the OMSAG are strongly enriched in LILE and
LREE compared to those of the ESAG and island-arc basalts
(Fig. 6). These chemical features suggest either a greater sub-
duction component in the melt source region of these lavas or a
greater extent of crustal assimilation during the evolution of
their magmas. The lower Pb contents and Th/Yb ratios (1-17
ppm and 3.84, respectively) of the ESAG and the higher Pb con-
tents and Th/Yb ratios (12.2-20 ppm and 5-24, respectively) of
the OMSAG lavas indicate higher degrees of crustal contami-
nation of the OMSAG magmas in comparison to the ESAG
lavas.

The Sr and Nd isotopic ratios of the OMSAG lavas reflect
high degrees of crustal contamination. The SAG lavas, which
erupted during the Eocene and the early—middle Miocene, have
decreasing Sr isotope initial ratios at approximately constant
143Nd/'#4Nd isotopic compositions (0.5123-0.5127; Fig. 13).
The ESAG and OMSAG lavas plot in a field between the MORB
and crustal (Aegean sea sediments and Aegean granitoids)
fields, indicating a hybrid composition (Fig. 13). We do not have
enough isotope data from the ESAG lavas (only one sample),
but the Nd and Sr isotope values of the OMSAG lavas have
significantly higher 87Sr/3°Sr (0.707-0.7087) and lower '43Nd/
144Nd (0.5122-0.5127) initial ratios, suggesting increasing de-
grees of crustal contamination or assimilation and fractional
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crystallization and a decreasing amount of subduction signature
from the late Eocene to the early Miocene; these conclusions
may also be supported by the 87Sr/3Sr versus age relationships
shown in Figure 14. The subalkaline magmatism was predomi-
nant between 37 and 16 Ma. There is an increase in the 37Sr/30Sr
ratio from 37 Ma to 22 Ma in this diagram, although the lack of
data from the interval of 26-22 Ma makes it difficult to evalu-
ate the degree of crustal contamination during this period. It is
obvious that the 37Sr/30Sr ratios of the Eocene and Oligocene
lavas are significantly lower than those of the early Miocene (ca.
22-16 Ma) lavas. These different Sr isotope values can be ex-
plained either by different melt sources for the lavas aged 37-26
Ma (Eocene and Oligocene) and those aged 22—16 Ma (early to
middle Miocene) or by increasing amounts of crustal contami-
nation from 37 to 22 Ma. However, our observation that the
Oligocene lavas display similar geological and geochemical
features to those of the early to middle Miocene lavas suggests
their generation from a common melt source. Therefore, in-
creasing amounts of crustal contamination are likely to have
caused these different isotopic compositions. When we evaluate
the geological information together with our limited isotopic
data and interelement ratios, we can deduce that the stronger
enrichment in LILE and LREE of OMSAG may indicate in-
creasing amounts of crustal contamination and a decreasing
subduction signature rather than a greater subduction compo-
nent in the source region.

Mildly Alkaline Group

Major- and trace-element characteristics, interelement ratios,
and isotope systematics indicate that the MAG lavas were de-
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Figure 13. '*3Nd/'**Nd versus 87Sr/36Sr diagram for the Eocene sub-
alkaline group (ESAG), Oligocene—early Miocene subalkaline group
(OMSAG), mildly alkaline group (MAG), and alkaline group (AG)
lavas. MORB —mid-ocean ridge basalt.
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Figure 14. (A) 37Sr/36Sr versus age diagram for the Eocene sub-
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lavas. (B) La/Nb (ppm) versus age (Ma) diagram for the ESAG,
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rived from slightly to moderately evolved magmas and that they
show transitional geochemical characteristics between the SAG
and AG rocks. In the Al,O, versus MgO diagram (Fig. 5), they
display a broad negative correlation, suggesting that despite the
presence of plagioclase phenocrysts in more evolved samples,
plagioclase fractionation was not a significant petrogenetic
process. Ni (up to 250 ppm) and MgO (up to 10 wt%) in the
most primitive MAG samples are high relative to the ESAG and
OMSAG lavas and display positive trends consistent with a
melting curve indicating olivine and clinopyroxene fraction-
ation (Fig. 5) during their evolution (Hart and Davis, 1978). The
lack of plagioclase fractionation is further supported by the lack
of negative Eu anomalies and the consistently high Sr contents
of the rocks (Fig. 5).
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Intermediate to felsic products of the MAG show MORB-
normalized multielement patterns (e.g., enrichment in Rb, Th,
and K and negative anomalies in Ba, Sr, P, and Ti), suggesting
their possible derivation from basaltic magmas through crystal
fractionation (Fig. 6). The trace-element patterns of this group
are consistent with the derivation of their magmas from an
incompatible-element-enriched source, as evidenced by nega-
tive Ta and Nb anomalies, enriched LREE, and low Rb/Sr ratios.
These features of the MAG lavas are similar to those of rocks
that form at convergent margin settings rather than to alkali
basalts that form within plate or other continental extensional
settings.

MORB-normalized trace-element patterns and chondrite-
normalized REE patterns also indicate that there are some sim-
ilarities between the SAG and MAG rocks, as discussed in the
previous section. Both the SAG and MAG basalts are enriched
in LILE, LREE, and HFSE relative to MORB, and both have
high LILE/HFSE ratios (e.g., Ba/Nb). Based on these lines of
evidence, we deduce that melting of a subduction-modified
lithospheric mantle was still involved in the evolution of MAG
magmas. However, the MAG lavas have significantly lower La
/Nb (1.7-4), Zr/ Nb (9—15; Fig. 8), and 37Sr/30Sr (0.704-0.7077)
ratios (Fig. 9) and higher '*3Nd/'##Nd (0.5124-0.5127; Fig. 12)
ratios in comparison to the SAG lavas; hence, they display in-
termediate values between the SAG and AG lavas. Their (La/Yb) |
ratios are lower than those of the SAG lavas, ranging between
9 and 17 (Fig. 7), which is transitional between asthenospheric
and lithospheric mantle melts. These features indicate that both
lithospheric and asthenospheric mantle components contributed
to the MAG source region.

The available petrological and geochemical data collec-
tively indicate that, in general, the MAG lavas have transitional
compositions and that they form a petrogenetic and temporal
link between the SAG and AG lavas. Figure 14 shows the late
Cenozoic magmatic evolution of western Anatolia over time. It
appears that the mildly alkaline lavas started at ca. 16 Ma, close
to the end of the subalkaline magmatism. The 37Sr/3°Sr ratio de-
creases from subalkaline to mildly alkaline to strongly alkaline-
type magmatism through time. This decrease is less pronounced
passing from subalkaline to mildly alkaline magmatism, but
makes a rather sharp jump from mildly alkaline to alkaline mag-
matism. The La/Nb versus age diagram in Figure 14B also
shows similar temporal relationships in the La/Nb ratio over
time. The compositional shift to lower 87Sr/6Sr, lower La/Nb
and Zr/Nb (Fig. 8B), and higher Nb/Sr, Nb/Ba, and '*3Nd/!**Nd
indicates the influence of incoming asthenospheric melts.

The observed relationships between La/Nb and age, eNd
and 87Sr/3°Sr, and Zr/Nb and La/Nb (Figs. 8B, 9, and 14A and
B) show that there is an apparent decrease in the La/Nb, Zr/Nb,
and 87Sr/86Sr ratios from the SAG to the AG lavas. This de-
crease is less pronounced passing from the SAG to the MAG
lavas but rather sharp from the MAG to the AG lavas. Gradual
passing from the SAG to the MAG lavas followed by a sharp
jump to the AG lavas (Figs. 8B, 9, and 14) was likely caused by

S. Altunkaynak and Y. Dilek

the melting of a subduction-modified lithospheric mantle and
its subsequent modification by percolating asthenospheric mag-
mas or related fluids that further affected the compositions of
subsequent liquids produced by partial melting. As a result, the
subduction-related geochemical signature of the SAG was di-
minished, whereas the MAG acquired lower La/Nb, Zr/Nb, and
87Sr/36Sr ratios and higher '*3Nd/!'*4Nd ratios with time.

Alkaline Group

The AG is represented by strongly alkaline lavas display-
ing sodic alkaline features. The K,0O/Na,O ratios range between
0.3 and 0.7, and the Mg #s are highly variable (51-70), with
some samples having nearly primitive values (Mg # ~70-73).
Some alkaline rocks appear to be differentiated, as evidenced
by their low Mg # (<60) and Ni and Cr contents. The MgO co-
variation diagrams, especially the Ni-MgO and Al,O0,-MgO
covariations, presumably reflect the olivine and clinoproxene
fractionation crystallization (Fig. 5).

The AG lavas are characterized by low 37St/%6Sr (0.70302—
0.70349) and high '*3Nd/'#4Nd (0.51277-0.51294) ratios and
have OIB-like trace-element patterns characterized by enrich-
ment in both LILE and HFSE (Fig. 6). They plot in the OIB field
in the La/Yb versus 87Sr/%6Sr diagram, indicating an OIB-like
asthenospheric component in their melt source. However, the
enrichment levels of HFSE (Nb and Ta) and some trace-element
ratios, such as those for Rb/Nb and K/Nb, are higher than those
of typical OIB; this indicates melt contribution(s) from a litho-
spheric mantle source. Based on their high LILE abundances
and high MREE/HREE ratios, Aldanmaz et al. (2000) and Alict
et al. (2002) suggested that the AG lavas were generated from a
garnet-bearing lherzolitic mantle source.

SPATTAL AND TEMPORAL RELATIONS
BETWEEN TECTONICS AND MAGMATISM:
GEODYNAMIC MODEL

Collision Tectonics, Slab Break-Off,
and Crustal Thickening

Emplacement of the Cretaceous ophiolites onto the Tauride
platform along the Izmir-Ankara-Erzincan suture zone and
partial subduction of the platform edge that led to its high-P,
low-T metamorphism (Sherlock et al., 1999; Okay, 2002; Ring
and Layer, 2003; Ring et al., 2003) in the Late Cretaceous
mark the initial stages of collision tectonics in western Anatolia
(Figs. 15 and 16). The terminal closure of the Neo-Tethyan sea-
way resulted in the collision of the Sakarya continent with the
Tauride platform during the Eocene, which in turn caused
regional deformation, metamorphism, and crustal thickening.
This Barrovian-type, collision-driven regional metamorphism
was responsible for the development of high-grade rocks in
the Kazdag and Menderes metamorphic massifs. Resistance of
the buoyant Tauride platform crust to subduction and its arrest
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Figure 15. Spatial and temporal relations between major postcollisional tectonic events and magmatic episodes during the late
Mesozoic and Cenozoic evolution of western Anatolia. See text for discussion. SCLM —subcontinental lithospheric mantle. The

geological timescale used is from Harland et al. (1989).

of the north-dipping subduction zone resulted in isostatic uplift
of its partially subducted passive margin, exhumation of high-P
rocks, and rapid denudation of upper-crustal rocks, leading to
widespread flysch formation during the early to the middle
Eocene (Ring et al., 2003, and references therein).

With continued continental collision, the leading edge of
the subducted Neo-Tethyan slab possibly broke off from the rest
of the continental lithosphere, resulting in the development of
an asthenospheric window (Fig. 16). Slab detachment and
break-off is a natural response to the gravitational settling of
subducted lithosphere in continental collision zones as a result
of a decrease in the subduction rate caused by the positive buoy-

ancy of partially subducted continental lithosphere (Davies and
von Blanckenburg, 1995; Wortel and Spakman, 2000; Gerya
et al., 2004; Seghedi et al., 2004). As the downgoing oceanic
plate breaks off, the asthenosphere rises rapidly and juxtaposes
itself against the thickened mantle lithosphere in the collision
zone (Fig. 16, ca. 54-48 Ma). The heating up of this overriding
lithosphere by conduction results in melting of the metasoma-
tized and hydrated layers, producing potassic, calc-alkaline
magmas. Crustal melting at shallow depths that is induced by
asthenospheric upwelling causes granitic or rhyolitic magma-
tism. Middle to late Eocene emplacement of widespread grani-
toid plutons in northwestern Anatolia, mainly through the
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Izmir-Ankara-Erzincan suture zone and the Sakarya continent
(Orhaneli, Topuk, Goyntikbelen, etc.), was a direct result of heat
flux through this window and associated thermal perturbation
that caused melting of the metasomatized continental litho-
spheric mantle. Similar models have been put forward to explain
the spatial and temporal relations between slab detachment
processes and magmatism in Anatolia and other orogenic belts
(Davies and von Blanckenburg, 1995; Aite and Gélard, 1997;
De Boorder et al., 1998; Maury et al., 2000; Coulon et al., 2002;
Keskin, 2003; Sengor et al, 2003; Kopriibasi and Aldanmaz,
2004). Major- and trace-element compositions of I-type grani-
toid rocks (54-35 Ma) in northwestern Anatolia indicate their
origin by melting of a subduction-modified mantle source that
had been enriched in mobile incompatible elements (Altunkay-
nak, 2004; Kopriibasi and Aldanmaz, 2004), and this interpreta-
tion is consistent with postcollisional magmatism driven by slab
break-off in other orogenic belts (Schliestedt et al., 1987; Hans-
mann and Oberli, 1991; Davies and von Blanckenburg, 1995;
Nemcok et al., 1998).

The majority of the ESAG lavas have basaltic and basaltic
andesite compositions, and the major- and trace-element charac-
teristics of the more evolved members of this group indicate
olivine and clinopyroxene fractionation from mafic (basaltic)
magmas. Geochemical and petrological characteristics of this
group suggest that the melt source region of its magmas was the
subcontinental lithospheric mantle modified by previous sub-
duction event(s). Trace-element variations and interelement ra-
tios collectively suggest that the magmas of the ESAG show
similar patterns to those of subduction-related arc magmas (Fig.
6; Pearce, 1982; Thorpe et al., 1982; Cox and Hawkesworth,
1985; Pearce et al., 1990; Davidson et al., 1991; Walker et al.,
1991; Pearce and Peate, 1995; Geng and Yilmaz, 1997). This sub-
duction signature gradually decreases in other groups (OMSAG
and MAG) from the late Eocene to the early middle Miocene.

Continued crustal deformation in the collision zone, cessa-
tion of subduction, and replacement of the cold oceanic litho-
sphere by asthenosphere collectively led to the development of
thick continental crust and rapid uplift of the orogen, which in
turn created an “orogenic welt” with high surface elevation by
the latest Eocene—Oligocene (ca. 35-24 Ma; Figs. 15 and 16).
Regional tectonic models (McKenzie, 1972; Sengor et al., 1984;
Seyitoglu and Scott, 1996; Dilek and Whitney, 2000) suggest
that the continental crust in western Anatolia was in excess of
50 km in thickness by the late Eocene as a result of continued
north-south compression. Anatectic melting of this overthick-
ened orogenic crust generated leucogranitic intrusions (Dora

<
<

Figure 16. Sequential tectonic diagram depicting the late Mesozoic—
Cenozoic geodynamic evolution of western Anatolia. AG—alkaline
group, MAG—mildly alkaline group, and SAG—subalkaline group
magmas; ATB—Anatolide-Tauride block; IAE—Izmir-Ankara-
Erzincan; OIB —ocean island basalt. See the text for discussion.
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etal., 1987; Yilmaz, 1990). Metasomatized lithospheric mantle-
derived melts and crustal melts produced high-K shoshonitic
magmas that formed suites of plutonic, hypabyssal, and vol-
canic rocks of felsic to basic compositions (hybrid in nature)
throughout northwestern and central-west Anatolia during the
Oligo-Miocene (Bingdl et al., 1994; Altunkaynak and Yilmaz,
1998; Geng, 1998; Karacik and Yilmaz, 1998). Examples of ma-
jor igneous complexes of this magmatic episode include, from
west to east, the Kestanbol, Kozak, Ilica, Cataldag, and Bayra-
mi¢ plutons (Fig. 2). This Oligo-Miocene igneous phase with
widespread plutonism and bimodal volcanism in northwestern
and central-western Anatolia marks the last episode of magma-
tism before the onset of regional tectonic extension and the col-
lapse of the west Anatolian orogenic welt (Yilmaz, 1990;
Seyitoglu et al., 1997; Altunkaynak and Yilmaz, 1998).

Orogenic Collapse, Lithospheric Delamination,
and Extensional Magmatism

Western Anatolia and the adjacent Aegean region under-
went regional extensional deformation in the Miocene and
onward, resulting in crustal-scale tectonic denudation and ex-
humation of high-grade metamorphic rocks (Meulenkamp
et al., 1988; Jolivet et al., 1994a; Lister and Forster, 1996; Ring
et al., 2003). Recent studies have shown that unroofing of the
Kazdag and Menderes metamorphic core complexes and the
emplacement of synextensional intrusions may have occurred as
early as in the latest Oligocene and the early Miocene (Bozkurt
and Satir, 2000; Okay and Satir, 2002; Ring and Collins, 2005).
NNW- and NNE-trending graben systems and basins that were
developed during the early to the middle Miocene became the
major depocenters for clastic material derived from erosional
unloading of the core complexes. These graben systems contain
lava flows, pyroclastic rocks, and lahar deposits ranging in age
from 18 to 14 Ma (Seyitoglu and Scott, 1991; Seyitoglu et al.,
1997; Inci, 1998; Yilmaz et al., 2000, 2001; Bozkurt, 2003), in-
dicating that extensional faulting and deposition were attended
by volcanism.

Crustal thinning due to regional extensional tectonics played
an important role in the petrogenesis and chemical evolution of
magmatism in western Anatolia starting in the middle Miocene.
Magmas of the MAG derived from the subcontinental litho-
spheric mantle (SCLM) and/or the lithosphere-asthenosphere
boundary were transported to the surface along transtensional
fault systems, with little or no interaction with the crust. Both
calc-alkaline and mildly alkaline lavas (dominant) were erupted
during this transitional regime around 16—14 Ma (Altunkaynak
et al., 2004), giving the western Anatolian volcanism a bimodal
character (Fig. 16). Petrogenetic modeling of these volcanic
rocks suggests that their magmas were derived mainly from as-
thenospheric mantle with limited input from the lithospheric
mantle-derived melts that evolved through assimilation and
fractional crystallization (Gtileg, 1991; Seyitoglu et al., 1997;
Aldanmaz et al., 2000; Yilmaz et al., 2001; Altunkaynak et al.,
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2004). However, the effects of assimilation and crustal contam-
ination appear to have decreased through time, as indicated by
the increased production of basaltic rocks from the early to the
middle Miocene.

The formation and petrogenesis of the MAG lavas in west-
ern Anatolia during 16—14 Ma may be best explained by litho-
spheric delamination and/or partial convective removal of the
SCLM (Fig. 16). In the case of lithospheric delamination, the
entire SCLM is peeled off (Bird, 1979; Aldanmaz et al., 2000;
Williams et al., 2004), whereas in partial removal of the SCLM
by convective thinning only the lower part of the SCLM is re-
moved (Houseman et al., 1981; England and Houseman, 1989;
Lenardic and Kaula, 1995; Turner et al., 1996; Williams et al.,
2004). The replacement of the entire SCLM or its lower part by
the hot asthenosphere provides the necessary heat source (and
basaltic melts produced by decompressional melting of the as-
thenosphere in the case of lithospheric delamination), which in
turn results in partial melting of metasomatized regions in the
mantle. We envision that this enriched mantle-derived melt
produced mildly alkaline to alkaline lavas in western Anatolia
(Figs. 15 and 16). We interpret the inferred crustal uplift, tec-
tonic extension, and continued core complex exhumation in
western Anatolia during 16—-14 Ma to have been mainly coeval
with mildly alkaline magmatism as a result of thermal relaxation
and dissipation of the potential energy excess via normal fault-
ing in the aftermath of delamination and/or partial removal of
the SCLM. The delamination model may also explain the ap-
parent southward migration of the MAG volcanism during the
middle to the late Miocene (Fig. 15).

Initiation of the Hellenic Subduction, Asthenospheric
Upwelling, and Alkaline Magmatism

The initiation of subduction along the Hellenic trench is in-
ferred to have occurred ca. 13 Ma (LePichon and Angelier,
1979), although some researchers think that it might have started
as early as 26 Ma (Meulenkamp et al., 1988). The Hellenic sub-
duction was most likely established by the middle Miocene,
placing western Anatolia in a back-arc tectonic setting (Pe-Piper
and Piper, 1989, this volume; Jolivet et al., 1994b; Mc Clusky
et al., 2000; Ring and Layer, 2003).

The late Miocene—Pliocene alkaline volcanism (ca. 5—-<1
Ma; Figs. 15 and 16) has OIB-type trace-element patterns whose
geochemical characteristics suggest enriched asthenosphere as
the magma source of the late Miocene alkaline volcanism. The
apparent lack of negative Ta or Nb anomalies in the trace-
element patterns of these alkaline basalts indicates that their
magmas were not affected by subduction-generated fluids or by
crustal contamination. However, volcanic rocks on the south
Aegean arc farther south near the Hellenic trench show typical
calc-alkaline characteristics (1-3 wt% K,O; enrichment in
LILE; low Nb, Ta, and Ti; and hydrous phenocrysts), suggest-
ing that their magmas were derived from hydrous melting in the
asthenopsheric wedge above the north-dipping Aegean subduc-
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tion zone (Fig. 16; Pe-Piper and Piper, this volume). It is inferred
that the slab roll-back associated with this subduction zone has
been the major driving force for extension in the arc-forearc re-
gion since 12-11 Ma (Meulenkamp et al., 1988; Jolivet et al.,
1994a; Dilek, this volume).

Trace-element and isotopic compositions of the final prod-
ucts of western Anatolian magmatism are consistent with
derivation of their magmas from both asthenospheric and litho-
spheric mantle sources. Contribution of lithospheric mantle to
asthenosphere-derived melts could be responsible for their en-
richment in incompatible elements relative to the OIB. Assimi-
lation and fractional crystallization modeling of the AG lavas,
as in the Kula volcanic rocks (Fig. 16), indicate that crustal con-
tamination was not an important process in their evolution,
whereas fractional crystallization played an important role in
their development (Aldanmaz et al., 2000; Alict et al., 2002).
This group represents the last products of magmatism in west-
ern Anatolia related to the late Miocene—Pliocene extensional
regime that was driven by lithospheric thinning, astheno-
spheric upwelling, and decompressional melting of this astheno-
spheric mantle. Major eruptive centers of this latest volcanic
phase appear to be situated near significant fault systems or at
the intersections of major lithospheric-scale fault systems (such
as in Kula), which may have acted as natural conduits for
magma transport. This fault-controlled eruption of the latest-
stage AG lavas may explain the lack of crustal contamination in
their evolution.

CONCLUSIONS

Postcollisional volcanism in western Anatolia followed
the collision of the Sakarya and Tauride continental blocks in the
early Eocene and occurred in discrete pulses through time. The
nature and spatial and temporal distribution of this volcanism
were affected by changes in mantle dynamics, regional tecton-
ics and crustal evolution, and geodynamic events in the eastern
Mediterranean region throughout the Cenozoic. We identify
three main episodes of postcollisional volcanism, with different
geochemical characteristics, that appear to have propagated
from north to south through time in western Anatolia.

The first episode of volcanism evolved during the Eocene
and the Oligo-Miocene and was subalkaline in nature, produc-
ing medium- to high-K calc-alkaline and shoshonitic rocks. Par-
tial melting of subduction-enriched subcontinental lithospheric
mantle and assimilation and fractional crystallization were im-
portant processes for the genesis and evolution of their parent
magmas, which experienced decreasing subduction influence
and increasing crustal contamination through time. Accompa-
nied by extensive plutonism, particularly in the north, the
subalkaline volcanism in western Anatolia overlapped with con-
tinued regional compression and the development of a thick oro-
genic crust and was influenced by an influx of asthenospheric
heat and melts provided by slab break-off.

The second main episode of postcollisional volcanism in
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western Anatolia occurred during 16—14 Ma, marking a transi-
tional period in both the tectonic and the magmatic evolution of
the region. Extensional tectonics had replaced the regional com-
pression by the middle Miocene, following the initial collapse
of the western Anatolian orogenic welt, and had resulted in the
development of metamorphic core complexes and horst-graben
structures. Volcanism accompanying this regional extension
produced mildly alkaline rocks that show a decreasing amount
of crustal contamination and decreasing subduction influence
through time. Although melting of a subduction-modified litho-
spheric mantle continued during this transitional period of vol-
canism, asthenospheric mantle-derived melt contributions
played a major role in the generation of the MAG magmas. We
infer that this asthenospheric melt contribution was a result of
lithospheric delamination and/or partial convective removal of
the subcontinental lithospheric mantle. The initiation of the Hel-
lenic subduction beneath the Aegean extensional province was
also in progress during this time.

The third episode of volcanism in western Anatolia started
ca. 12 Ma, following a short time gap after the transitional
episode of magmatism, and continued until prehistoric times.
The trace-element and isotopic signatures of volcanic rocks
(basalts, basanites, and tephrites) produced during this phase in-
dicate that the source region of this alkaline magmatism carried
no subduction component and that the alkaline magmas were
not affected by crustal contamination processes. The main
source of alkaline volcanism was decompressional melting of
the asthenospheric mantle flowing beneath the significantly
attenuated continental lithosphere in the Aegean extensional
province. Lithospheric-scale extensional fault systems and their
intersections provided natural conduits for the transport of un-
contaminated alkaline magmas to the surface in discrete loca-
tions. The southwestward retreat of the Hellenic trench and
associated subduction roll-back have resulted in arc volcanism
and crustal extension in the southern Aegean throughout the lat-
est Miocene and the Quaternary.
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