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Abstract
In northwest Turkey Eocene calc-alkaline intrusions with isotopic ages of 53 Ma to 35 Ma form a WNW-ESE trending belt, ~400 km
long and ~60 km wide. In the east, the plutons intrude blueschists representing a subducted passive continental margin sequence with Late
Cretaceous (~80 Ma) metamorphic ages. In the vicinity of one of these granitoids a low pressure - high temperature metamorphism has
resulted in complete transformation of the blueschist metapelites into andalusite micaschists. The andalusite + cordierite + biotite + musco-
vite + quartz + K-feldspar + plagioclase paragenesis in the micaschists indicates a pressure of 2 + 1 kbar and a temperature of 575 + 50° C
during the metamorphism. Rb-Sr muscovite and biotite ages of a micaschist sample are 46 + 3 and 39 + 1 Ma, respectively, similar to the
45.0 £ 0.2 Ma U-Pb zircon and Rb-Sr biotite ages from the neighbouring pluton. Development of folds and a new foliation in the andalusite
micaschists suggest regional rather than contact metamorphism. The Eocene granitic magmatism and associated LP/HT metamorphism in

northwest Turkey have probably formed above a NE directed subduction zone located along the Vardar suture.
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1. Introduction

The Alpide orogeny in Turkey is the result of the con-
vergence and progressive collision of the Pontide and the
Anatolide-Tauride blocks starting in the mid Cretaceous [e.g., 1,
2]. During the convergence and collision, the Anatolide-Tauride
Block, which formed the passive margin, underwent regional
metamorphism and associated penetrative deformation. The
regional metamorphism in the Anatolide-Tauride Block shows
a general southward younging from mid-Cretaceous in the
Tavsanli Zone [3] to Eocene in the Menderes Massif [4-6]
(Fig. 1). This is accompanied by the southward progression
of contractional deformation from mid-Cretaceous penetrative
ductile deformation on the northern margin of the Anatolide-
Tauride Block to Miocene thrusting in the Lycian Taurus [7].
Here, we report an anomaly in this picture, an Eocene magmatic
and low pressure - high temperature (LP/HT) metamorphic
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event, on the northern margin of the Anatolide-Tauride Block,
which locally overprints the Cretaceous HP/LT metamorphic
rocks. We discuss two possible causes of this Eocene thermal
anomaly: oceanic subduction and slab break-off.

2. Tectonic setting

In northwest Turkey the northern margin of the Anatolide-
Tauride Block is defined by the Izmir-Ankara suture, which forms
a profound stratigraphic, metamorphic, and magmatic boundary.
To the north of the zmir-Ankara suture lies the Sakarya Zone of
the Pontides, and to the south the Tavsanl Zone of the Anatolide-
Tauride Block (Fig. 1). The tectonostratigraphic units in these
zones are shown in figure 2, and are briefly outlined below.
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Figure 1: Tectonic map of the northeastern Aegean region. Modified from [65].

2.1. Sakarya Zone

The basement of the Sakarya Zone is made up of high-
grade Hercynian metamorphic rocks, which crop out in the
Uludag [8] and Kazdag [9, 10] mountain ranges (Fig. 2 and
3). They are tectonically overlain by Triassic orogenic series
called as the Karakaya Complex [11]. The Karakaya Complex
consists of a lower metamorphic series of intercalated Triassic
metabasite, marble and phyllite metamorphosed in green-
schist and blueschist facies [11, 12]. This Triassic series,
named the Niliifer Formation, is in turn overlain by strongly
deformed Permo-Triassic clastic and volcanic rocks of the
Upper Karakaya Complex [11, 13]. The Niliifer Formation
and the Upper Karakaya Complex are interpreted as the
subduction-accretion units of the Palaeo-Tethys, accreted to
the northern margin of Laurasia in the latest Triassic [14-16].
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These Cimmerian units are unconformably overlain by the
Lower to Middle Jurassic continental to shallow marine clastic
rocks and Upper Jurassic-Lower Cretaceous neritic limestones
[17] (Fig. 2). Eocene granitoids intrude the Niltifer Formation
in the Kapidag peninsula north of Bandirma (Fig. 3).

2.2. The Tavsanlt Zone

The lowermost units exposed south of the suture is a coherent
blueschist sequence of probable Palacozoic-Mesozoic depositional
age, and Late Cretaceous (~ 80 Ma) metamorphic age [3, 18].
The blueschist sequence consist of probable Palaecozoic metacla-
stic rocks at the base overlain by Mesozoic marble, metabasite,
metachert. Itis tectonically overlain by a Cretaceous accretionary
complex of basalt, radiolarian chert, pelagic shale and pelagic
limestone (Fig. 2). The accretionary complex has a melange like
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Figure 2: Tectonostratigraphic columns for the Sakarya and Tavsanli zones in northwest Turkey. Compiled from [2, 18].

incoherent internal structure with large number of faults and
shear zones juxtaposing different lithologies. Slices and blocks
of radiolarian chert in similar accretionary complexes farther
east give ages ranging from Triassic to Cretaceous [21]. The
accretionary complex shows an incipient HP/LT metamorphism
with local growth of lawsonite, aragonite and sodic pyroxene in
the basic volcanic rocks [18].

The accretionary complex and the coherent blueschist sequence
are in turn tectonically overlain by large slabs of ophiolite. The
ophiolites in northwest Turkey consist mainly of peridotite
(more than 90 % of the ophiolite outcrops) with minor gabbro,
and are cut by diabase dykes [e.g., 19, 20, 22]. Upper parts of
an ophiolite sequence are not recognized. Several post-tectonic
granitoid plutons of Eocene age intrude the blueschist sequence,
the overlying accretionary complex and the ophiolite [23].

3. Geology of the Eocene plutonism
and metamorphism south of Bursa

The area studied lies south of Bursa on the southeastern
extension of the Uludag mountain range. Tectonically it is
located immediately south of the Izmir-Ankara suture and
largely within the Tavsanli Zone (Fig. 3 and 4). The lowest
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exposed unit in the area is a grey, finely banded, hard, medium
grained schist sequence, termed greyschists, which crops out
between the towns of Orhaneli and Keles and farther east. The
greyschists, over 800 m in thickness, show a strong ductile
deformation with the generation of penetrative foliation,
lineation and isoclinal folding. The foliation, although highly
scattered in strike and dip, is on average subhorizontal. Isoclinal
folds in the schists range in amplitude from a few milimetres
to several hundred metres. Their axis are subparallel to the
mineral streching lineation defined by sodic amphibole and
chloritoid with a general east-west trend. Rare metabasite
layers are found in the upper parts of the greyschist sequence.
The greyschists are overlain by a white marble sequence, with
a minimum thickness of 400 m. Near the marble contact, the
greyschists are interfolded with small marble and calc-schist
lenses. Calcite in the marbles locally shows a strong mineral
lineation subparallel to those in the underlying greyschists.
The interfolded contacts between marble and schist, the
coherence of structures between the two units, marble lenses
in schists near the marble contact suggest that the marble has
undergone the same deformation and metamorphism as the
underlying schist sequence.

The greyschists and the marbles are tectonically overlain
by ophiolite, which consists of steeply dipping bands of harz-
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Figure 3: Tectonic map of northwest Turkey, showing the distribution of the Eocene plutons and Eocene sedimentary and volcanic rocks. For location see
Fig. 1. Compiled and simplified from [66, 67].

burgite, dunite, clinopyroxenite and gabbro, several kilometres mineral assemblage and consist of plagioclase + quartz +
in thickness [19]. Like, elsewhere in western Turkey, the biotite + K-feldspar + hornblende with ilmenite and sphene
upper extrusive part of the ophiolite sequence is not found. as common accessories. Geochemically the Orhaneli and
The shallow to medium dip of the basal tectonic contact of Topuk plutons have a uniform metaaluminous, calc-alkaline
the ophiolite, and local gravity surveys indicate a maximum compositions compatible with a subduction zone origin [23].
vertical thickness of about 1.5 km for the ophiolite [19]. The Their trace element geochemistry indicate derivation either
ophiolite is intruded by east-west trending diabase dykes. from mantle-derived magmas by fractional crystallisation
In the Orhaneli-Keles area post-tectonic calc-alkaline in shallow magma chambers, or from anatexis of crustal
granitoid plutons intrude the blueschist sequence as well lithologies of intermediate composition at pressures less than
as the overlying ophiolite. The Ar-Ar and Rb-Sr biotite and 10 kbar [23]. Even in the latter case, mantle derived magmas
hornblende ages of these plutons are given in table 1. The are necessary to induce crustal melting.
plutons range in age from 53 Ma down to 45 Ma (Early to The Orhaneli pluton has intruded into the blueschist sequence
Mid Eocene) giving a duration of 9 My for the calc-alkaline with the generation of a well-marked hornfels contact meta-
plutonism [23-25]. No extrusive or hypabysal magmatic rocks morphic aureole, about 700 m wide. The quartz + biotite + K-
of Eocene age are reported from the Tavsanli Zone. The Eocene feldspar + plagioclase + cordierite + andalusite assemblage in
plutons are generally homogeneous in texture, grain size and the inner contact aureole indicates a pressure of 3 + 1 kbar [23].

The Topuk granitoid intrudes the
schist-marble sequence as well as the
overlying ophiolite, thus sealing this
Orhaneli Topuk Tepeldag Giirgenyayla Sivrihisar  mjjor tectonic contact. Andalusite

Table I: Isotopic ages of the Eocene granitoids from the Tavsanli Zone.

and sillimanite are described from
Ar-Ar biotite 52.6 +0.4! the contact metamorphic aureole
of the Topuk pluton [19] showing

524+ 1.4 that the Topuk pluton has intruded

Ar-Ar hornblende 47.8 +0.4! 53.0 £3.05 at a similar depth as the Orhaneli
Rb-Sr biotite 48.52 44.7 +0.43 45.0* granitoid. The Topuk pluton has also
50.02 450° intruded very clos.e and [.)arall.el to

the suture fault, while staying within

U-Pb zircon 44.99 £0.23° the lithologies of the Tavsanli Zone

! Harris ef al. (1994), > Ataman (1972), 3 this study, * Ataman (1973), 5 Sherlock et al. (1999), !* from the contact aureole.  (Fig. 3 and 4). The suture fault north
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Figure 4. Geological map and cross-sections of the Orhaneli-Keles region with the specimen localities. Based on our mapping and on [19, 68]. For location see figure 3.
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Table II: Estimated modal amounts of the metapelitic samples from the Uludag region.
5681A | 5685 5686 | 5510C | 5513 | 5496A [ 5523 5980 | 4961 4966 5262

Quartz 43 48 46 35 63 33 31 49 35 40 32
White mica 15 18 19 37 12 19 15 2 3 4 3
Jadeite 20 21 23 - - - - - - - -
Chloritoid 5 - - 6 7 - - - - - -
Na-amphibole - - - - - - - - - -
Lawsonite - - 2 - - - - - - - -
Garnet - - - - - - - - - - -
Plagioclase - 6 5 4 9 19 17 17 13 11 11
Chlorite 10 6 5 15 8 21 - - - - -
Biotite - - - - - 6 35 21 18 19 32
Andalusite - - - - - - 1 - 11 18 12
Cordierite - - - - - - - - - -
K-feldspar - - - - - - - 6 6 4
Graphite 1 - - 2 1 1 - tr. 3
Opaque - 1 tr. 1, tr., Lovitm | oyeitm 2im 3im 2iim 3im
Others ru ru ap tour tour tour

tr.< 0.5; py, pyrite; ilm, ilmenite; ru, rutile; ap, apatit; tour, tourmaline.

of the Goyniikbelen is defined by a steeply-dipping melange
belt, a few hundred metres wide, made up of tectonic lenses of
serpentinite, basalt, chert, shale, metabasite and marble, which
are cut by the undeformed Topuk granitoid. The contact relations,
as well as the east-west elongate elliptical shape of the Topuk
granitoid, indicate that by the Mid Eocene the suture fault was
active and controlled the emplacement of the Topuk pluton.
The Tepeldag pluton is the least studied of the three Eocene
plutons south of Bursa. It is a hornblende-biotite bearing
granodiorite to monzodiorite petrographically similar to the
Orhaneli and Topuk plutons. The Tepeldag pluton consists of
two bodies about 15 km long, which are connected at a few
kilometres depth (Fig. 4). In contrast to the other plutons, the
northern Tepeldag pluton shows locally a steeply dipping and
ENE-WSW striking magmatic foliation, mainly defined by

Figure 5: Photomicrographs, plane polarized light. a. Greyschist (S681A)
with jadeite (jd), chloritoid (ctd), glaucophane (gl), quartz (qtz) and
chlorite (chl), b. Greyschist (5510C) with chlorite + albite + sericite
pseudomorphs (ps) after glaucophane, chloritoid (ctd), phengite (ph) and
quartz (qtz), c. Andalusite micaschist (5262) with pinitised cordierite (cord),
andalusite (and), biotite (bi), graphite and quartz (qtz), d. A bend anda-
lusite porphyroblast (and) in the micaschist (sample 5259), e. A strongly
poikilitic andalusite porphyroblast (and) with spiral shaped graphite and
biotite inclusion trails (sample 5264), f. Andalusite stringers attached and
in optical continuity with the andalusite porphyroblast (and) but growing
into the foliation plane (sample 5262). Microstructures shown in Figs.

5d, e and f indicate the regional rather than contact metamorphic
character of the andalusite micaschists.
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the hornblende crystals, and flattened xenoliths. In the north,
the subvertical suture fault juxtaposes the Uludag gneiss and
marble with the Tepeldag granitoid. Near the suture fault a
tectonic foliation, defined by the recrystallisation of quartz
into ribbons, has developed in the granitoid.

The Uludag Group made up of gneiss and marble, and the
Niliifer formation of metabasite, phyllite and recrystallized lime-
stone crop out north of the suture fault (Fig. 4). There are also narrow
slivers made up of Triassic greywacke within the suture zone.

4. Petrology and P-T conditions

Greyschists between the towns of Orhaneli and Keles are
characterized by the presence of high pressure metamorphic
minerals jadeite, lawsonite and sodic amphibole (Fig. 4) [26].
The common mineral assemblage in the greyschists in this region
is quartz + white mica =+ jadeite + chloritoid + glaucophane +
lawsonite + chlorite. The rare metabasites in the upper parts
of the greyschist sequence have the paragenesis glaucophane
+ lawsonite + phengite + chlorite + sodic pyroxene + garnet
These rocks are described in detail in Okay and Kelley [27] and
Okay [26]. Representative modal analysis of some of the high
pressure greyschists, not included in Okay [26], are given in
table II. The jadeite + chloritoid paragenesis, common between
Orhaneli and Keles (Fig. 5a), indicates metamorphic pressures of
above 20 kbar, irrespective of the composition of the chloritoid.

1/10/06 20:14:06
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Figure 6: Pressure-
temperature diagram
showing the equilibria
relevant for the estimation
of the P-T conditions of
the andalusite-cordierite
schists from the Keles
region. All reactions except
(3) were calculated using
THERMOCALC of Powell
and Holland [28] and the
thermodynamic data set of
Holland and Powell [29].
.- The experimentally deter-
mined reaction (3) is after
Seifert [69]. The P-T condi-
tions of the Eocene meta-
morphism in the Uludag
area lie within the shaded
region. Abbreviations: alm,
almandine; and, andalusite;
biot, biotite; chl,chlorite;
crd, Mg-cordierite; ferd,

500 Temperature goQ

Mineral equilibria in the greyschists in the Orhaneli-Keles area
constrain tightly the peak P-T conditions during the metamor-
phism as 24 + 3 kbar and 430 = 30°C [26].

Eastwards the high pressure minerals in the greyschists
first disappear, then low pressure and high temperature min-
erals, such as biotite, andalusite and cordierite start to grow.
The distance between the pristine blueschists with jadeite
and chloritoid and the andalusite micaschists is about 15
km (Fig. 4). North of Keles, high pressure minerals, such
as glaucophane and jadeite, are preserved only as pseudo-
morphs (Fig. 5b). In this region, the mineral assemblage in
the greyschists is quartz + white mica + chlorite + chloritoid
+ albite. Well preserved chlorite + albite + sericite pseudo-
morphs after glaucophane (Fig. 5) indicate that in this area
metamorphic overprint of the blueschists involved no strain.
Biotite in the greyschists appears within one kilometre of
the Tepeldag pluton. However, complete recrystallisation
of the greyschists occurs in the schist band, two kilometre
wide, between the two tongs of the Tepeldag granitoid (Fig.
4). In this area the foliation in the schists, which is generally
subhorizontal, is folded into a tight synform between the
two granitoid bodies, and the greyschists are completely
recrystallized into medium to coarse grained, finely banded,
microfolded dark grey to black, andalusite-bearing gneissic
schists. The common mineral assemblage in the andalusite
micaschists is quartz + biotite + muscovite + andalusite +
cordierite + K-feldspar + graphite + ilmenite. In these micas-
chists quartz bands, a few millimetre thick, alternate with
bands composed of biotite, feldspar, cordierite, andalusite
and muscovite (Fig. 5S¢ and d). The milimetre-scale banding
overprints at a high angle the earlier foliation developed
under the blueschist facies conditions. Cordierite is gener-
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Fe-cordierite; m, musco-
vite; phl, phlogopite; q,
quartz; san, sanidine.

700 °C

ally strongly pinitised and forms rounded grains, up to 2 mm
across. Andalusite occurs as poikilitic porphyroblasts, up to 5
mm across, wrapped by biotite and muscovite. The formation
of andalusite preceedes and overlaps the development of the
new foliation. The early formed andalusite porphyroblasts
are commonly bend (Fig. 5d) or strongly rotated (Fig. Se),
as shown by the spiral shaped graphitic inclusion trails.
Andalusite continued to grow during the development of
the new foliation, as indicated by the andalusite stringers
emanating from the andalusite porphyroblasts and growing
into the new fabric defined by the foliation (Fig. 5f).

Three andalusite-bearing gneissic schists are analysed with an
SX-50 Cameca electron microprobe in the Bureau de Recherches
Géologiques et Miniéres in Orléans, France. Operating conditions
were 15 kV accelerating voltage, 12 nA beam current and 1 ym
beam size. The estimated modes of the analysed specimens are
given in table II, and representative mineral compositions in table
III. The mineral assemblage in the schists is quartz + biotite +
andalusite + cordierite + K-feldspar + plagioclase + muscovite +
opaque. The plagioclase is oligoclase with anorthite contents of
14 to 24 %; the albite component in the K-feldsparis 9 to 13 %.
The Fe/(Fe+Mg) ratios in biotite, muscovite and cordierite are
0.56-0.66, 0.45-0.53 and 0.46-0.47, respectively.

In the andalusite micaschist the metamorphic pressures
are constrained by the reaction:
Biotite + andalusite + quartz = cordierite + K-feldspar + H,O (V

This reaction is shown in figure 6 for the mineral com-
positions in table III calculated using the THERMOCALC
programme of Powell and Holland [28] and the thermody-
namic data set of Holland and Powell [29]. The activities
were determined using the AX program of T.J.B. Holland
(wwww.esc.cam.ac.uk/astaff/holland).
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Table III: Representative mineral compositions from the andalusite micaschists.
4961 4966 5262
cord | and | biot | plag | K-felds | musc | and | K-felds | plag | biot | musc| and | biot | plag | musc | ilm
SiO2 | 48,02 | 37,98 | 35,79 | 60,30 | 64,77 46,43 37,58 64,90 64,44 | 35,88 | 46,12 | 37,14 | 35,88 | 63,50 | 46,65 | 3,63
TiO2 | 0,00 0,00 2,76 | 0,00 0,00 0,42 0,02 0,00 0,03 2,62 | 0,50 0,05 2,98 0,02 0,25 | 51,31
AI203 | 2842 | 63,73 | 21,41 | 24,73 | 19,33 36,83 | 63,68 19,10 22,66 | 20,35 | 36,64 | 62,69 | 20,33 | 23,46 | 36,87 | 0,00
FeO | 10,22 | 0,21 21,86 | 0,21 0,19 0,82 0,26 0,19 0,09 |20,27 | 0,82 0,21 19,95 | 0,02 0,97 | 41,55
MgO | 6,40 0,01 6,24 | 0,00 0,00 0,50 0,00 0,00 0,00 7,60 | 0,49 0,02 7,60 0,00 0,57 | 0,07
MnO | 0,54 0,05 0,21 0,09 0,00 0,00 0,03 0,02 0,09 0,05 | 0,05 0,00 0,28 0,00 0,03 | 2,54
CaO 0,01 0,02 0,00 | 6,14 0,00 0,00 0,03 0,00 3,33 0,01 | 0,00 0,02 0,01 4,47 0,00 | 0,03
Na20 | 0,24 0,01 0,19 | 7.82 1,20 0,59 0,02 0,96 9,57 0,20 | 0,65 0,03 0,19 8,66 0,51 | 0,00
K20 0,01 0,03 8,71 0,13 14,92 10,49 0,00 14,58 0,32 946 | 10,32 | 0,02 9,36 0,22 | 10,59 | 0,00
Total | 93,86 | 102,04 | 97,17 | 99,42 | 100,41 | 96,08 | 101,62 99,75 | 100,53 | 96,44 | 95,59 | 100,18 | 96,58 | 100,35 | 96,44 | 99,13
cations on the basis of
18oxy | Soxy | lloxy | 8oxy 8oxy 1loxy | Soxy 8oxy 8oxy | lloxy | Iloxy | Soxy | Iloxy | 8oxy | 1loxy | 3oxy
Si 5,24 2,01 2,68 | 2,70 2,97 3,05 2,00 2,98 2,83 2,70 | 3,05 2,00 2,69 2,79 3,06 | 0,18
Al 3,65 3,98 1,89 1,30 1,04 2,85 3,99 1,04 1,17 1,80 | 2,85 3,98 1,80 1,22 2,85 | 0,00
Ti 0,00 0,00 0,16 | 0,00 0,00 0,02 0,00 0,00 0,00 0,15 | 0,02 0,00 0,17 0,00 0,01 | 191
Fe2+ | 0,93 0,01 1,37 | 0,01 0,01 0,05 0,01 0,01 0,00 1,28 | 0,05 0,00 1,25 0,00 0,05 | 1,72
Mg 1,04 0,00 0,70 | 0,00 0,00 0,05 0,00 0,00 0,00 0,85 | 0,05 0,00 0,85 0,00 0,06 | 0,01
Mn 0,05 0,00 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 | 0,00 0,00 0,02 0,00 0,00 | 0,11
Ca 0,00 0,00 0,00 | 0,29 0,00 0,00 0,00 0,00 0,16 0,00 | 0,00 0,00 0,00 0,21 0,00 | 0,00
Na 0,05 0,00 0,03 0,68 0,11 0,08 0,00 0,09 0,82 0,03 | 0,08 0,00 0,03 0,74 0,07 | 0,00
K 0,00 0,00 0,83 | 0,01 0,87 0,88 0,00 0,86 0,02 091 | 0,87 0,00 0,90 0,01 0,89 | 0,00
Total | 10,96 | 6,00 7,65 | 4,99 5,00 6,98 6,01 4,97 5,00 7,72 | 697 6,00 7,70 4,97 6,98 | 391
0Xy, OXygens

An important pressure sensitive reaction in low pressure
metamorphism is:
muscovite + cordierite — andalusite + biotite + quartz + H,0O @

Pattison ef al. [30] studied this reaction in detail and cal-
culated a P-T grid calibrated for the Mg/(Mg+Fe) in biotite in
equlibrium with muscovite, cordierite, andalusite and quartz.
Using this grid the X, value in the studied samples indicates
a pressure of 1.5 kbar at 575°C.

Chlorite is singularly absent in the andalusite micaschists.
An important reaction, which limits the high temperature
stability of chlorite in metapelites in low pressure metamor-
phism is (Fig. 6):

Chlorite + muscovite + quartz = cordierite + biotite + H,O®

The stable coexistence of muscovite, quartz, andalusite
and K-feldspar indicate that the P-T conditions are close to
the reaction:

Muscovite + quartz = andalusite + K-feldspar + H,0®

Py is generally regarded as being equal to the lithostatic
pressure during metamorphism. However, in low pressure meta-
morphism (depths less than 10 km) Py,,, can be less than lithostatic
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pressure because of fracture permeability of rocks at this depth
[e.g.,31]. ForaX;,,=0.5, reactions (1) and (4) are only slightly
displaced to lower temperatures and higher pressures (Fig. 6).

The presence of andalusite, and reactions (1), (2), (3) and
(4) constrain metamorphic pressures to 2 + 1 kbar and tempera-
tures to 575 + 50°C (Fig. 6) for the Eocene metamorphism in
the Uludag region. Absence of garnet is also compatible with
metamorphism at very low pressures. Almandine garnet breaks
down to cordierite at pressures of below 2 kbar in the andalusite
stability field. Although addition of Mg will increase the stability
of cordierite relative to garnet, in contact metamorphic aureoles
garnet is apparently absent at pressures of less than 2 kbar and
present at pressures above [32, p.159].

4.1. Contact or regional metamorphism?

The spatial association of the andalusite micaschists
and the Tepeldag granitoid, similar ages for the LP/HT
metamorphism and granitoid emplacement (see below), and
cordierite + andalusite paragenesis in the contact aureoles
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of other granitoids in northwest
Turkey may suggest that the anda-
lusite micaschists south of Bursa
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0.00715 —

Granodiorite sample 5981

are a product of contact rather than
regional metamorphism. However,
Eocene LP/HT metamorphism is

clearly associated with progressive 0.00705 ==

deformation involving the genera- =

tion of new foliation and rotation
of the andalusite porphyroblasts
(Fig. 5d, e and f). Such deforma-
tion is not observed in the hornfels
contact aureoles of the Orhaneli
and Topuk granitoids. The Tepeldag
granitoid cuts the foliation in the
andalusite micaschists, however, 1
there is no evidence of contact meta-
morphism at the contact, indicating
that the schists were already hot and
deforming prior to the intrusion; the —
temperature was probably increased

0.00695 —

ZUEPbIZSBU

0.00685 —

0.00675 —

0.00665

Concordia age = 44.99 £ 0.23 Ma
MSWD =0.42
Data point error ellipses are 2

by the advection of heat into the
upper crust by magmas. Intimate
mixing of the contact and regional
effects of the intrusions are also
reported from several other regions
[e.g., 33-35]. There is no differ-
ence between the P-T conditions
of contact metamorphism and that
of low pressure regional metamorphism [32, 36], and the
two may only be separated by the absence or presence of an
accompanying progressive ductile deformation.

0.043

5. Geochronology

Rb-Sr analyses were performed on biotite and musco-
vite from a micaschist (sample 5980) and on biotite from
a sample (5981) from the Tepeldag granitoid. Additionally
U-Pb analyses were done on zircons from the Tepeldag
granitoid. The isotopic data are given in tables IV and V, and
are shown in figure 7. The locations of the dated samples
are marked on the geological map in figure 4

5.1. Methods

Mineral separation was performed by heavy liquids, mag-
netic separation and handpicking. For Rb-Sr dating, sample
splits of about 50-100 mg were dissolved in Teflon breakers
(perfluoralkoxy) with HF and HCIO,. For isotope analyses, Sr
and light rare-earth elements were isolated on quartz columns
by conventional ion exchange chromatography with a 5-ml
resin bed of Bio Rad AG 50W-X12, 200-400 mesh. Sr was
loaded with a Ta-HF activator on preconditioned W filaments
and was measured in single-filament mode. The 87Sr/%0Sr ratios
were normalized to #Sr/38Sr=0.1194. The total procedure blank
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Figure 7: U-Pb Concordia diagram with four data points from abraded zircons (e. g., [70]) from the
Tepeldag pluton (sample 5981) that define a concordant age of about 45 + 0.2 Ma ( MSWD = mean
square of weighted deviates).

for Sr and Rb is less than 0.5ng. Age determinations are based
on the #’Rb decay constant of 1.42 x 10! yr'! as recommended
by Steiger and Jaeger [37]. Isotope analyses were made on a
Finnigan MAT 262 mass spectrometer in Tiibingen. Analyses
of Sr standarts National Bureau of Standarts NBS 987 gave
87Sr/36Sr ratios 0.710259+0.000010 (2 sigma of 28 analyses).
The input error for age calculations are 1 % (2 sigma) for
the 87Rb/%Sr ratios and 0.003 % (2 sigma) for the 87Sr/%0Sr
ratios. Regression lines were calculated by the least squares
cubic method of York [38] using the ISOPLOT software of
Ludwig [39] and Wendt [40]

U-Pb isotope analyses were performed on zircons.
Zircons grains were separated from 200-63 nm sieved
rock fraction by standard separation techniques (milling,
wet shaking table, magnetic and heavy liquid separation).
Zircons were washed in 6N HCI then 7N HNO, spiked
with a 295Pb/235U tracer solution, and dissolved in HF at
210°C for 6 days in PTFE vessels in a Parr acid diges-
tion bomb, as described by Parrish [41], using the vapour
digestion method. Separation and purification of U and
Pb was carried out in Teflon columns with a 40 —ul bed of
AGI-X8 (100-200 mesh) and employing a HBr-HCI wash
and elution procedure.

Pb was loaded with a mixture of Si gel and H;PO, onto a
single Re filament and measured at about 1300°C. U was loaded
with 1IN HNO; and measured in a double Re- configuration
mode. The thermal fractionation of Pb standard NBS 981
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was measured, and the isotopic ratios

Table I'V: Rb-Sr isotopic data from the Uludag region

corrected for 0.11 % fractionation per

atomic mass unit. All measurements Sample Mineral  Rb, ppm Sr, ppm 3Rb/®6Sr 87Sr/36Sr Age, Ma
were performed with a Finnigan MAT biotite micaschist

262 multicollector mass spectrometer

operated in a static collection mode. 5980  rock ww105.3 157.1 19,415 0,720396 + 07

Corrections for the remaining initial muscovite 164.9 46.65 10,248 0,725846 + 10 46.2 2.7
common Pb after the correction for biotite 397.5 2127 54296 0,750316+09 39.1%0.7
tracer and blank were done using Tepelce sranodiorite

values from the Stacey and Kramers P g

model [42]. Total procedural blanks 5981  rock 70.5 4184  0.4876 0.706020 + 10

for Pb and U were less than 10pg. biotite 432.8 2.1 623.06 1,101214+14 44.7x0.4

More details on analytical techniques

are given in Chen et al. [43] and Chen

and Siebel [44]. The U-Pb data were evaluated with the Pbdat
program [39]. Data were also treated without assumption for
common Pb using the 3D model of Wendt [40]. Plots were
made by use of Isoplot/Ex program version 2.06 [45].

5.2. Results

The sample dated from the Tepeldag pluton is a monzo-
diorite with plagioclase (54 %), K-feldspar (22 %), quartz
(11 %), hornblende (17 %), biotite (5 %) and minor sphene,
apatite and opaque. The biotite Rb-Sr age of this sample is
44.7 + 0.4 Ma (table IV), which is indistinguishable from
its U-Pb zircon age of 45.0 + 0.23 Ma (table V, Fig. 7).
This indicates intrusion and rapid cooling of the pluton in
the Mid Eocene. The isotopic age of the Tepeldag pluton is
close to that of the Topuk granitoid (47.8 + 0.4 Ma) [23],
which shares a similar tectonic setting immediately south
of the Izmir-Ankara suture.

The dated biotite-micaschist (5981) is a fine-grained
rock with the mineral assemblage of quartz + plagioclase +
biotite + muscovite + graphite (table II). Millimetric bands
composed of biotite, plagioclase, muscovite and graphite
alternate with bands of quartz. The length of the mica grains
in the thin section is on the range 0.1-0.2 mm. The muscovite
and biotite ages from the micaschist are 46.2 + 2.7 and 39.1
+ 0.7, respectively (table IV). These ages are conformable
with those from the Tepeldag pluton, and with the field
relations and indicate that the LP/HT metamorphism is
temporally and genetically associated with the generation
and emplacement of the Eocene plutons.

6. Tectonic evolution and origin
of the Eocene thermal event

The region studied straddles a major Tethyan suture and
its geology was shaped by the subduction, obduction, con-
tinental collision events in the Late Mesozoic and Tertiary,
followed by the intrusion of the Eocene plutons and the
associated LP/HT metamorphism. The earlier orogenic events
are reviewed below in order to understand the cause of the
Eocene magmatic-metamorphic episode.
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6.1. Subduction, obduction and continental collision

The northward subduction of the Neo-Tethyan oceanic
lithosphere in the Turkish meridian started in the mid-Cretaceous
and led to the development of a major accretionary complex
[1, 2]. Radiolarian cherts in the extant accretionary complexes
in western Turkey range in age from Late Triassic (Carnian) to
mid Cretaceous indicating subduction of a Triassic to Cretaceous
oceanic crust [21] . In contrast ophiolites in the western Turkey
are of mid to late Cretaceous age (~93 Ma, Cenomanian) [22].
Their tectonic position above the accretionary complex and
above the subducted continental crust suggests that they formed
in a marginal basin above the Cretaceous subduction zone, in a
similar manner envisaged for many of the Tethyan ophiolites
[e.g., 46]. A supra-subduction zone origin for the northwest
Turkey ophiolites is also compatible with their geochemistry,
which involves a subduction zone signature [22].

The age and the estimated pressure of the HP/LT metamor-
phism in the Tavsanli Zone show that by the Campanian (~80
Ma), the northern margin of the Anatolide-Tauride Block was
subducted to a depth of at least 80 km (Fig. 8). This implies that
oceanic subduction must have stopped by about the same time,
which is in agreement with the termination of arc magmatism
in the Pontides by the end of Campanian [47]. The net effect
of continental subduction was the thrusting of a large slab of
oceanic lithosphere southward over the Anatolide-Tauride
Block. Remnants of this massive thrust sheet are found widely
in the Taurides, where they usually rest on unmetamorphosed
Mesozoic carbonates [e.g., 7, 48]. In the Anatolide-Tauride Block
there is no clear break between the Campanian-Maastrichtian
continental subduction - obduction event and the subsequent
collision [47]. However, in the northern continent, on the south-
ern margin of the Sakarya Zone, the Upper Cretaceous flysch
to molasse sedimentation terminated by the Early Palaeocene
and was followed by uplift, which may be taken as the time of
the collision [2]. The sudden decrease in the convergence rate
between Africa and Europe at 67 Ma [e.g., 49, 50] is probably
related to the continental collision between the Anatolide-
Tauride Block and the Europe (Fig. 8).

Early Palaeocene collision was coeval with uplift and
widespread erosion in both the Sakarya Zone and in the
northern margin of the Anatolide-Tauride Block. The next
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Table V: U-Pb isotopic data from the Tepeldag granodiorite, sample 5981

Zircon Sample weight 2%Pb/2%*Pb U (ppm) Pb (ppm) 208Pb*/206Pp* 206pp/238U 207pp/23BU 207pp* [206ph*
description in mg*

1 short 0.08 2373 1192 8.56 0.11007 0.00702 + 05 0.04575 39 0.04727 + 24
prismatic

2 thick 0.098 839.2 745.1 5.67 0.12735 0.00699 + 04 0.04565 £ 45 0.04736 + 36
prismatic

3 thin 0.011 1924 5764 42.7 0.14468 0.00700 + 04 0.04571 44 0.04733 + 34
xenomorphic

3 short 0.011 2406 5612 424 0.14783 0.00700 + 06 0.04502 + 69 0.04664 + 58
prismatic

All errors quoted are 20 absolute uncertainties and refer to the last digit * = radiogenic ; grain size varies from 80-180xm
mg* = error in weight is estimated to be up to 10%
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sedimentary deposi-
tional cycle in north-
west Turkey started in

the latest Palaeocene
and Eocene; deposits

45.1 45.4 63.0 of this age lie uncon-
formable over a wide
44.9 453 67.7 variety of metamor-

phic and sedimen-
66.1 tary rocks (Fig. 3).

449 45 .4
Palaeocene-Eocene
sedimentary rocks
f in th
44.9 44.7 308 are not found in the

Orhaneli area but crop

out farther east in the
Tavsanli Zone, in the
Tavsanl and Eskisehir
regions (Fig. 3) [51,
52]. In these areas
Upper Palacocene-Lower Eocene shallow marine limestones
and shaly limestones lie unconformably over the accretion-
ary complex or over the ophiolite. This suggests that Early
Palaeocene uplift was rapidly replaced by subsidence in the
Late Palaeocene and Early Eocene, when the crust was reduced
to its normal thickness. The Eocene plutons were apparently
emplaced in an extending region into a continental crust of
normal crustal thickness.

6.2. Eocene magmatic-metamorphic event

Two possible causes for the post-collisional Eocene pluto-
nism and associated LP/HT metamorphism are subduction of
an oceanic lithosphere or slab breakoff. The strongest argument
for subduction related magmatism during the Eocene are K-
Ar and Rb-Sr age data from some of the other calc-alkaline
plutons on the southern shores of the Marmara Sea (Fig. 3)
[53]. The rather scattered biotite K-Ar cooling ages of these
plutons range from Mid Eocene to latest Eocene (Karabiga
45.3 £ 0.9 Ma, southern Kapidag 38.2 + 0.8 Ma and 36.1
+ 0.8 Ma, northern Kapidag 39.9 + 0.8 Ma and 38.3 £ 0.8
Ma, Fistikl1 48.2 = 1.0 Ma and 35.4 + 0.8 Ma). Rb-Sr biotite
cooling ages from these granitoids also give a similar age
range (southern Kapidag 35.0 + 0.3 Ma, northern Kapidag
48.0 £ 0.5 Ma for the southern homogeneous part and 35.0
+ 0.3 Ma for the northern gneissic part, Avsa 44.0 = 0.4 Ma,
Satir et al. in preparation). Around the intrusions calcalkaline
submarine volcanic rocks, mainly andesitic and dacitic lavas
and pyroclastic rocks, are intercalated with Eocene marine
sandstones [54]. The South Marmara plutonic belt, especially
the Fistikl1 granitoid, is slightly offset with respect to the trend
of the Tavsanli intrusions (Fig. 3). However, if one compen-
sates the poorly constrained but considerable (?50-100 km)
dextral offset along the Izmir-Ankara suture [55], the South
Marmara and Tavsanl plutons form a linear magmatic belt,
more than 400 km long and 60 km wide, extending in an
WNE-ESE direction and straddling the Izmir-Ankara suture
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(Fig. 3). The Eocene plutonic belt apparently does not extend
into Greece; the granitoids in the Rhodope Massif are of
Oligocene and younger age [56].

Oceanic subduction during the Eocene in the Eastern
Mediterranean is indicated by the renewed start of conver-
gence between Africa and Europe at 55 Ma (Fig. 8) [49, 50],
by the tomographic studies [57] and by the paleogeographic
reconstructions, which show an oceanic area, several hundred
kilometres wide, to be subducted in the Eastern Mediterranean
in the Eocene and later [e.g. 58]. The main problem with the
subduction model is the location of the subduction zone. In
modern subduction zones, the distance between the trench
and the axis of the magmatic arc is 150-200 km [e.g., 59, p.
251], much less than the 700-750 km distance between the
Eocene intrusions and the Hellenic trench. An oceanic sub-
duction zone located farther north than the present Hellenic
trench is an plausible alternative, especially as the Eocene
HP/LT metamorphism in the Cyclades requires a subduction
mechanism for its generation. The trend of the Eocene plutonic
suite indicates a WNW-ESE trending subduction zone, sub-
parallel to the Vardar suture. An Eocene oceanic subduction
of a remnant oceanic lithosphere on the eastern part of the
Vardar suture, north of the Pelagonian and Cycladic Massifs
(Fig. 1) provides an explanation for the Eocene plutonic belt
in northwest Turkey, as well as the Eocene HP/LT metamor-
phism in the Cyclades.

An alternative model for the Eocene magmatism in north-
west Turkey is slab breakoff. The rupture of the oceanic
lithosphere from the attached continental lithosphere, termed
slab breakoff [60], has been invoked to explain, among others,
the post-collisional granitoids in the Alps [61] and the late
Caledonian granitoids in Britain [62]. Evidence favouring
slab breakoff in northwest Turkey include:

a) restriction of the granitoids with well determined Ar-
Ar, Rb-Sr and U-Pb Eocene ages to the Tavsanli Zone, where
continental subduction must have been followed by the rupture
of the attached oceanic lithosphere,

b) the broadly linear pattern of the plutons aligned paral-
lel to the Izmir-Ankara suture, compatible with a heat source
limited in space and intensity,

¢) the geochemical similarity between the Tavsanli intru-
sions and the Ademello pluton in the Alps [23], regarded as a
type example for the slab breakoff magmatism [61].

The pressure of blueschist facies metamorphism indicates
that the slab breakoff occurred at a depth greater than 80 km.
The uplift and exhumation of the HP/LT metamorphic rocks
must have been aided by the slab breakoff, which removed a
major force pulling the continental lithosphere down. Sodic
amphibole detritus in the Maastrichtian sandstones in the
Sakarya Zone [63] indicates that the blueschists were at least
partly on the surface by that time. By the Late Palacocene -
Early Eocene the blueschists were on the surface in the eastern
part of the Tavsanli Zone and probably at a few kilometres
depth in the western part. Therefore, slab breakoff probably
occurred in the late Campanian or Maastrichtian (~70 Ma),
which is the main period of exhumation of the blueschists.
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This gives a period of 17 My between slab breakoff (70
Ma) and the start of Eocene plutonism (53 Ma) in northwest
Turkey, in contrast with the inferred contemporaneous nature
of slab breakoff and magmatism in the Alps [61]. However,
the strongest argument against slab breakoff are the Eocene
intrusions south of the Marmara Sea, which probably are linked
genetically to those in the Tavsanli Zone. Further geochemical
and accurate age data from the South Marmara plutons will
help to solve their relation to the Tavsanli plutons.

7. Conclusions

Abelt of Eocene intrusions, 400 km long and 60 km wide,
extends in a WNW-ESE direction in northwest Turkey, strad-
dling the izmir-Ankara suture (Fig. 3). South of Bursa the
plutons are associated with an Eocene LP/HT metamorphism
developed in the Upper Cretaceous blueschists metapelites. A
similar case of Eocene LP/HT metamorphism, possibly asso-
ciated with an Eocene pluton, is reported from the Sivrihisar
region [64, Whitney personal communication 2004]. Although
the spatial association of the Eocene plutons with the Upper
Cretaceous blueschists make slab breakoff an attractive mecha-
nism for their genesis, the inferred 17 My age gap between
slab breakoff and magmatism, and especially the extension
of the plutonic belt 100 km northwest of the Izmir-Ankara
suture (Fig. 3), makes this a less likely origin. Instead we
suggest that the Eocene plutons and LP/HT metamorphism
probably developed in a magmatic arc situated over a NNE
dipping subduction zone located along the Vardar suture. This
subduction zone was also responsible for the Eocene HP/LT
metamorphism in the Cycladic Massif.
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