Int J Earth Sci (Geol Rundsch) (2008) 97:1181-1200
DOI 10.1007/s00531-007-0222-y

ORIGINAL PAPER

Petrochemistry of the south Marmara granitoids,

northwest Anatolia, Turkey

Zekiye Karacik * Yiicel Yilmaz -
Julian A. Pearce - O. Isik. Ece

Received: 12 May 2006/ Accepted: 19 June 2007/ Published online: 26 July 2007

© Springer-Verlag 2007

Abstract Post-collision magmatic rocks are common in
the southern portion of the Marmara region (Kapidag,
Karabiga, Gonen, Yenice, Can areas) and also on the small
islands (Marmara, Avsa, Pagalimani) in the Sea of Mar-
mara. They are represented mainly by granitic plutons,
stocks and sills within Triassic basement rocks. The
granitoids have ages between Late Cretaceous and Mio-
cene, but mainly belong to two groups: Eocene in the north
and Miocene in the south. The Miocene granitoids have
associated volcanic rocks; the Eocene granitoids do not
display such associations. They are both granodioritic and
granitic in composition, and are metaluminous, calc-alka-
line, medium to high-K rocks. Their trace elements patterns
are similar to both volcanic-arc and calc-alkaline post-
collision intrusions, and the granitoids plot into the vol-
canic arc granite (VAG) and collision related granite areas
(COLG) of discrimination diagrams. The have high
87Sr/%0Sr (0.704-0.707) and low '**Nd/'"*Nd (0.5124-
0.5128). During their evolution, the magma was affected
by crustal assimilation and fractional crystallization (AFC).
Nd and Sr isotopic compositions support an origin of
derivation by combined continental crustal AFC from a
basaltic parent magma. A slab breakoff model is consistent
with the evolution of South Marmara Sea granitoids.
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Introduction

The south Marmara region has a complex geology with a
wide variety of metamorphic, magmatic and sedimentary
rocks; their ages vary from Paleozoic to Paleogene. The
general geological features of the region have been studied
by several workers (i.e., Bingdl 1976; Sengdr and Yilmaz
1981; Bingol et al. 1982; Yilmaz 1990; Harris et al. 1994;
Okay et al. 1996). However, only a few of these deal with
some minor features of the Kapidag and Karabiga grani-
toids (Aksoy, 1995; Kopriibagt and Aldanmaz 2004).

The geology of the south Marmara region is critical to
assessing the magmatic history of Western Anatolia. The
objective of the present study is centered on the field as-
pects, petrography, geochemistry, time and space rela-
tionships, and petrogenesis of the South Marmara
granitoids. We present new major and ICP-MS trace ele-
ment data, together with Sr and Nd isotopic ratios and K/Ar
ages for a representative suite of granitoids.

Regional geology

The northwestern part of the Turkey is delimited by the
Intra-Pontide suture in the north and Izmir-Ankara suture in
the south (Fig. 1). This paleotectonic unit, known as the
Sakarya continent, is located in the southern part of the
Marmara Sea (Sengér and Yilmaz 1981; Yilmaz 1990).
Three main rock groups may be distinguished in the Sakarya
continent: (1) Paleozoic—Mesozoic metamorphic basement
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Fig. 1 The distribution of volcanic rocks and granitic plutons of
northwestern Anatolia (Modified after Gen¢ 1998; Delaloye and
Bingol 2000). Eocene plutons: / Karabiga pluton, 2 Marmara sill, 3
Kapidag pluton, 4 Fistikli pluton, 5 Orhaneli pluton, 6 Topuk pluton,
7 Tepeldag pluton, 8 Goyniikbelen pluton, 9 Sarikavak pluton, 710
Kaymaz pluton, /7 Sivrihisar pluton. Miocene plutons: / Kestanbol, 2
Evciler, 3 Eybek, 4 Kozak, 5 Ilica, 6 Cataldag, 7 Egrigoz plutons.

rocks; (2) a Cretaceous—Miocene magmatic province; and
(3) Neogene sedimentary rocks (Figs. 1, 2). The metamor-
phic basement rocks are commonly known as the ‘Karakaya
Complex’ (Bing6l 1976), which comprises various types of
volcano-sedimentary units and tectonic blocks that have
undergone low-grade and high-pressure regional metamor-
phism during the latest Triassic (Bingol 1976; Yilmaz et al.
1995; Geng and Yilmaz 1997; Okay et al. 1990).
Widespread magmatic activity took place in north-
western Turkey during and following north-dipping sub-
duction within the Neo-Tethys Ocean beneath the Sakarya
continent (Sengér and Yilmaz 1981). The products of
subduction-related magmatic activities are of late Creta-
ceous age and produced intermediate to basic volcanic
rocks, intercalated with marine sediments. Subduction was
followed by collision between the Sakarya continent and
the Anatolide-Tauride platform to the south during the
latest Cretaceous (Sengor and Yilmaz 1981; Yilmaz et al
1995). Collision-related convergence and consequent uplift
continued from Paleocene to Early Miocene (Harris et al.
1994; Yilmaz et al. 1995; Okay et al. 2001). Latest Early
Eocene is given as the time of onset of post-collisional
extension (Yilmaz et al. 1995; Gen¢ and Yilmaz 1997).
This led to a new phase of volcanism marked by inter-
mediate to felsic volcanism and emplacement of Eocene
granites into shallow crustal levels in the eastern part of the
region. To the west, volcanic rocks are absent, possibly
because of deeper erosion, which affected the entire region
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Inset displays major tectonic entities and suture zones of Turkey.
Abbreviations are: IPS Intra Pontides Suture, AES Ankara-Erzincan
Suture, IAS Izmir-Ankara Suture, ITS Inner Tauride Suture, BSZ
Bitlis-Zagros Suture, RPF Rhodope-Pontide Fragment, SC Sakarya
continent, TAP Tauride-Anatolide Platform, KB Kirsehir Block, AP
Arabian Platform

down to the metamorphic basement during the late Eocene
Oligocene period. The post-collisional granitoids intruding
the basement rocks of the Sakarya continent are the Ke-
stanbol, Evciler, Eybek, Kozak, Ilica, Cataldag plutons
(Fig. 1) (Bingol et al. 1982; Altunkaynak and Yilmaz
1998; Geng 1998; Karacik and Yilmaz 1998; Delaloye and
Bingol 2000; Yilmaz et al. 2001).

South Marmara granitoids (SMG)

Magmatic rocks, comprising granitic to granodioritic plu-
tons and stocks, form a magmatic belt trending in an E-W
direction. These plutons may be grouped as the South
Marmara Granitoids (SMG). They may also be subdivided
into as older (mainly Eocene) and younger (mainly Mio-
cene) granitic bodies (Fig. 2). These two groups are
aligned along two sub-parallel belts (Fig. 2), Eocene
granites in the north and Miocene granites in the south. The
Eocene granitoids comprise the Kapidag and Karabiga
plutons, the Sevketiye stock and the Marmara sill. The
Miocene granitoids are the Ilica pluton, the Sarioluk, Ye-
nice and Kizildam stocks. The latter are closely associated
with intermediate to felsic volcanic rocks.

Published K/Ar radiometric age determinations for the
South Marmara granitoids from the Miocene belt are listed
in Table 1. In this study, 25 additional intrusive, and 6
additional extrusive, rocks were dated by the K—Ar method
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Fig. 2 Simplified geological map of the south Marmara region

Table 1 Previous geochronological data from the south Marmara
granitoids

Name of Method Age Authors
intrusion (K-Ar) (Ma)
Kapidag pluton Biotite 39.9+0.8 Delaloye and
(North) Bingdl (2000)
Hornblende 42.2+1.0
Biotite 38.3+0.8
Kapidag pluton  Biotite 38.2+0.8 Delaloye and
(South) Bingol (2000)
Biotite 36.1+0.8
Karabiga Biotite 45.3+0.9 Delaloye and
Bingol (2000)
Sevketiye Muscovite 71.9+1.8 Delaloye and
Bingol (2000)
Ilica-Saml Orthoclase 23.1£1.2 Bingol et al. (1982)
Hornblende 20.3+1.1 Bingol et al. (1982)
Biotite 23.5+1.5 Ataman (1974)

on whole rocks and on some hornblende and biotite sepa-
rates. The results are listed in Table 2. The ages of the
young granitoids vary between 18.4+1.1 and 23.9+0.6 Ma.
The ages of the lavas varies between 18.4+0.7 and
27.3+£0.8 Ma.

The Older granitic bodies (OGB)

Among this group, the Kapidag granite is the largest plu-
ton, exposed on the Kapidag Peninsula and Avsa Island
(Fig. 2). There are also several small intrusive bodies along
the coast of Marmara Sea. The Kapidag pluton intruded the
Karakaya complex and generated a contact metamorphic
aureole. The pluton comprises three different rock groups:
the main body, the aplogranite rim and the locally observed
foliated granite.

The main body of the pluton comprises granite and
granodiorite which are light gray and massive rocks in the
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rTe?)lr);ieitalt(i/\j:riitgrissif(?r:s and Sample Location Rock N Method %K %40Arair Age Ma

lavas from the south Marmara numbers composition

region 7ZK88 Avsa island Granite Biotite 7.30 5.1 40.9+1.1
7ZK52 Sarioluk Granite Hornblende 0.43 71.4 22.6+0.8
ZK84 Bugdayli/Gonen Dacite Biotite 7.59 31.5 21.0+0.6
ZK37 Isikli/Biga Rhyolite Whole rock 3.36 56.7 27.3+0.8
IE1 Yenikoy Granite Whole rock 2.83 31 20.1+1.0
1IE2A Davutlar Granite Biotite 7.00 74 21.6+0.6
1IE2B Davutlar Granite Whole rock 243 28 19.1+1.1
1E2C Davutlar Granite Whole rock 243 27 18.4+1.1
1E3 Ilica (South) Dyke Whole rock 2.62 25 19.7+1.1
IE4A Ilica (East) Granite Biotite 7.01 84 21.7+0.5
1E4B Tlica (East) Granite Whole rock 2.47 11 18.9+1.8
TE4C Tlica (East) Granite Whole rock 1.49 14 18.4+2.2
1IESA Ilica (West) Granite Biotite 7.05 91 22.8+0.5
1IESB Ilica (West) Granite Whole rock 2.44 23 19.5+1.2
IE6A Kizildam Andesite Whole rock 2.95 51 18.4+0.7
IE6B Kizildam Granite Biotite 5.41 77 23.9+0.6
IE6C Kizildam Granite Whole rock 3.25 46 20.7+0.8
IE7A Kizildam Granite Biotite 6.47 69 23.2+0.8
1IE7B Kizildam Granite Whole rock 3.15 48 22.3+0.8
IE7C Kizildam Granite Whole rock 3.15 50 21.2+0.8
IE9A Kizildam Granite Biotite 6.55 86 23.4+0.6
1E9B Kizildam Granite Biotite 5.99 79 23.5+0.7
1IE9C Kizildam Granite Whole rock 2.63 25 21.2+1.0
IE10A Yenice (North) Granite Biotite 6.97 88 21.4+0.6
1IE10B Yenice (North) Granite Whole rock 3.22 18 18.8+1.3
1IE10C Yenice (North) Granite Whole rock 2.05 33 21.9+1.1
IE10D Yenice (North) Granite Whole rock 3.44 20 20.2+1.2
1IE13A Danisment (East) Granite Biotite 7.28 67 23.2+1.1
1IE13B Danigment (East) Granite Whole rock 9.13 76 22.1+0.6
IET47A Turplu Andesite Whole rock 2.67 31 19.1+1.0
IET47B Turplu Andesite Whole rock 2.65 47 19.7+1.1

field. The granite is fine- to medium-grained with a granular
texture, and includes sub-rounded, dioritic mafic micro-
granular enclaves as well as xenoliths derived from the
Karakaya complex. The enclaves commonly vary from 5 to
30 cm in diameter but may, exceptionally, reach 2 m. They
are fine-grained and have cuspate margins indicating that
they have been produced by magma mingling. A 200 m-
wide aplogranite marks the contact between the Kapidag
granitoid and the basement rocks of the Karakaya forma-
tion. There are also numerous aplitic dikes in this region.
The aplites are 20-40 cm thick and aligned in the NW-SE
and NE-SW directions. The border zone also contains
pegmatite dykes and porphyric veins which are dioritic in
composition. One of the diorite veins is also exposed around
the Edincik region, intruding the Karakaya complex. The
foliated granite, located in the north of the main body, is
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approximately 300 m wide. The foliation is sub-parallel to
the contact, and to the foliation of the underlying country
rocks. The foliated granite passes gradually to non-foliated
granite toward the interior of the granite body. Mafic mi-
crogranitoid enclaves are highly elongated in the foliated
zone, with elongation decreasing toward the interior of the
granite. The strong alignments of mafic enclaves combined
with a parallel mineral alignment in the host probably
formed during the emplacement of the Kapidag pluton. The
increasing elongations of mafic enclaves toward the contact
may then be explained by the expansion of the pluton during
the late stage of the emplacement.

In the central part of Marmara Island, the magmatic
rocks form a giant sill of predominantly dioritic composi-
tion. The Marmara Island Diorite Sill, (MIDS) extends for
more than 25 km along strike and is less than 3.5 km in
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width. It is a belt of broadly dioritic, sheet-like plutons
striking the SW-NE and dipping steeply NW. The MIDS
has steeply NW-N inclined foliation that runs parallel to
the primary fabric of the country rocks. The harmonious
contact relationships of the basement rocks with aureole
fabric of the sill indicate that MIDS underwent the same
deformation as the country rocks.

The NE-SW trending Karabiga pluton is located in the
western part of the Kapidag pluton, which covers an area of
170 km?. It is main lithology is white to pink granite which
has a holocrystalline granophyric and porphyritic texture
with K-feldspar megacrysts reaching 3 cm in length. The
pluton is cut by porphyritic dacitic dykes up to 3 m wide.
These dikes contain > 30% of alkali feldspar and quartz
phenocrysts and abundant mafic micro-granular enclaves.
The grain size decreases rapidly toward the contact, indi-
cating rapid cooling. The Sevketiye stock is also granitic in
composition and is highly altered.

The older granitic bodies range in composition from
diorite to granite with major components of quartz and
plagioclase (oligoclase-andesine). They are accompanied
by minor hornblende, K-feldspar (orthoclase-perthite) and
variable amounts of biotite. Epidote, chlorite, sericite and
clay minerals are secondary in origin. Accessory minerals
include apatite, sphene, zircon and opaque phases. The
granitoids have a holocrystalline, hipidiomorphic granular
and/or porphyritic texture. Typically granophyric and gra-
phic textures of the aplogranite indicate that the magma
reached shallow-levels in the crust. The foliated granite
displays foliated textures which vary in intensity from
weakly developed to gneissic.

There are metamorphic aureoles along the contact be-
tween the Karakaya complex and the South Marmara
Granitoids, particularly around the Kapidag and Karabiga
plutons. The common mineral paragenesis from the
immediate contact zone outwards are: quartz + diopsite +
epidote + plagioglase; quartz + diopsite + epidote + wol-
lastonite; garnet + diopsite + wollastonite; and calcite +
epidote + diopsite. These mineral parageneses indicate that
hornblende hornfels—pyroxene hornfels metamorphic con-
ditions were reached at the immediate contact, corre-
sponding to a depth below 6 km.

The Younger granitic bodies (YGB)

The YGB is located in the southern part of the study area and
is represented by a large pluton and a number of smaller
intrusions together with accompanying volcanic rocks
(Fig. 2). The small intrusions are the Sarioluk, Yenice,
Kizildam, Danisment, and Yenikdy stocks. The Sarioluk
stock is the largest and covers an area of 30 km?”. The Yenice
stock is the smallest with a diameter of 7 km?. The Tlica-
Samli pluton covers approximately 200 km?. All the intru-

sive rocks are granodioritic and monzonitic in composition.
The pluton and stocks are cut by number of aplitic dykes.
There is aplogranitic border zone around some stocks. The
stocks contain several sub-rounded to sub-angular, dioritic
microgranular enclaves and micro granite enclaves.

The Gonen volcanic association includes pyroclastic
deposits and lava flows, the latter have andesite, dacite and
latite compositions. They have plagioclase, hornblende,
biotite and sanidine phenocrysts. The latites have sanidine
megacrysts. The lavas have dioritic and micro-dioritic
xenoliths.

The lavas alternate with flow breccias and lahars
throughout the sequence. The volcanic sequence com-
monly begins at the base with pyroclastic rocks, which
consist of fall and flow deposits. The fall deposits are
white, displaying well-developed bedding. Their rock
fragments are medium-to coarse-grained andesite, latite,
perlite, rhyolite and ignimbrite clasts.

Geochemical characteristics

The geochemical classification diagrams in Fig. 3 easily
distinguish the older and younger magmatic rocks and
highlight the following geochemical features (Table 3).

e The SiO, contents of the OGB range from approxi-
mately 53 wt% (Marmara sill) to 85 wt% (Karabiga
pluton). The stocks of YGB have >64 wt% SiO,.

e The OGB are commonly low to medium K, whereas the
YGB and volcanics plot in the high-K areas. Only the
high silica granitoids of the OGB plot in the high-K
field. The K,O (0.26-5.35 wt%) contents of the SMG
increase from north to south of the study area and
correlate positively with the silica (Fig. 3a).

e All the samples are subalkaline in the total alkalis
versus SiO, diagram of Cox et al. (1979) (Fig. 3b),
with most of the OGB samples plotting within the
diorite and granite fields (Fig. 3c). Two samples of the
Kapidag pluton, both foliated granitoids, plot as
diorites, and only one Marmara Island sill sample plots
as gabbro. The YGB plots close to the boundary
between the granite and granodiorite fields.

e On the A/CNK versus A/NK plot (Fig. 3c), the SMG
samples are metaluminous with A/CNK < 1.1. The
aluminum saturation index (ASI) increases with
increasing SiO, from 0.81 to 1.10.

Variation diagrams, with silica as horizontal axis, for
selected major and trace elements are given in Figs. 4 and
5. There is considerable overlap between the various
granitoids for most major elements. Although individual,
young plutonic bodies form clusters with little variation in
SiO,, the Gonen volcanics form linear trends for CaO,
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Al/Na+K+Ca (from Maniar and Piccoli 1989) showing peraluminus
character of SMG

TiO,, total iron (as Fe,03) and Al,O5. The South Marmara
Granitoids, including both older and younger granitic
bodies and volcanics, exhibit similar trends of decreasing
Fe,03, MgO, TiO,, CaO and, Al,O3, and increasing K,O
with increasing silica. However, the CaO values of the
OGB tend to be higher than the YGB at similar SiO,. There
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are also different trends on SiO, versus Na,O diagrams,
where most of the OGB have higher Na,O than the YGB
(Table 3).

The trace element variations in Fig. 5 indicate that few
elements (only Th and Rb of those shown) behave
incompatibly throughout the trend from intermediate to
felsic composition. For the others, the negative correlation
between Y and SiO, for the OGB samples may be ex-
plained by fractionation of hornblende. Depletion in Sr
with increasing silica for the OGB (other than the south
Kapidag samples) may be explained by plagioclase and K-
feldspar fractionation.

Older and younger plutonic bodies form distinct trends
on the Th, Ba, Rb and Sr plots. Rb and Th increase
markedly with increasing SiO, throughout the OGB, but
only slightly for the YGB. The south Kapidag samples
have higher values than the others in the Sr versus SiO,
diagram (Fig. 5b). The Ba values of the south Kapidag and
YGB samples are also higher than the others. Assuming
that SiO, increases during AFC, the major and trace
element variability of SMG may be explained by removal
of plagioclase, and K-feldspar, together with titanite, apa-
tite and hornblende, modified by crustal additions. The
YGB and the Gonen volcanics differ from the OGB in their
generally higher LIL element concentrations (K,O, Rb, Ba
and Th) and shallower AFC trends. These data thus indi-
cate that Eocene and Miocene magmas have different
histories of magmatic evolution.

Multi-element Patterns

South Marmara granitoids display somewhat similar REE
patterns, with high LREE-enrichment and flat HREE
(Fig. 6). Young granitoids and the Gonen volcanic rocks
display greater LREE enrichment, and lower MREE and
HREE contents compared with the older granitoids. The
Marmara sill gives a flat pattern, and has the lowest LREE
values. Most of the samples analyzed display slight Eu
anomalies (northern part of the Kapidag and Sarioluk) or
no Eu anomalies (southern part of the Kapidag, Marmara
and Avsa islands). In the former, the Eu anomaly is largest
in the highest-silica and lowest-Sr members of the series, as
found in the Karabiga pluton. This is consistent with
extensive crystallization of plagioclase and alkali feldspar
(Fig. 6).

Specifically, the Eu anomalies, expressed as (Eu/Eu*)y
ratios, vary between 1.1-0.9 (for the Marmara sill) and
0.4-0.9 (for the Karabiga pluton). The (La/Yb)y ratios
average 12 for the Eosen granites, 6 for Marmara sill and
17 for Miocene granitoids.

The MORB-normalized trace element patterns of the
SMG are shown in Fig. 7. The enrichment of the large ion
lithophile elements (LILE: Sr, K, Rb, Ba, Th and U) and



Int J Earth Sci (Geol Rundsch) (2008) 97:1181-1200 1187
Fig. 4 Selected major element AQ 10 7 (b)
variation diagrams for the south (a) 91" o
Marmara granitoids 5 9 o
10 71 °
2.
25 ; &) 6
i’“ 5 i %
2.0 L ] A 3
15 » 41 ®
R MRS = $e
1.0 E = [m} ¥ 4
o 1o O Aa
0s5{ O 1@ q
= o ¢
e ; = b )
50 55 &0 65 T0 75 BO 50 55 -] 65 70 ri B0
1.0 ¢ 9
(c) (d)
a8
L [ ]
08+ T
. L
¢ 0
06+ m .
L] ;’.’ 5 &'
..i’ * *
¥ 4 O
04 7 )
& ~g )
[ a1 a; *
PSS LRSS = *%s .
w2{ L, % (j:l O Aa 4
o(‘\l A ] N Lﬂlj A
= * goe
slo I 's's' . 60 ss 70 75 80 050 55 80 85 70 7 80
“T(e) 047 (f)
L]
19 4 =
17 ® *
% . ’
15
AD g&’ O °
13 0 ) @
R P QD’D
1+ ¢ o %
X R s ©
TE Em ® 4%
) Cg ]} "i A
< o o*
) i i i 00 ;
50 55 60 65 70 75 s 50 55 60 85 7 75 8
50 7
(9) oo
45 &
[ ] e ® .
4.0 1 v Y
*® ot A [] Gonen volcanics
35 ﬁ O Ihca pluton, Yenice and
B O Sarioluk stocks
30 1
= B Sevketiye stock
28 A Karabiga pluton
=] North ,
20 D & :) s::th Kapidag pluton
151 8 ® Marmara sill
1.0 5\.
051 @
=z
" 56 60 &5 70 75 80

Si0,wt %

@ Springer



1188 Int J Earth Sci (Geol Rundsch) (2008) 97:1181-1200
Fig. 5 Selected trace element 100 (a) 10000 (b)
variation diagrams for the south
Marmara granitoids
. 1000 o @

£ E .

g &

> &

100

1000

100

E £
g g
= a
= [
10
¢ 1
5% 55 6 65 T 75 8 50 5 60 65 70 75 80
10000
(e)
1000 )
+ Y [ Génen volcanics
L] 4.9 A, @) lica pluton, Yenice and
r€ L ] L] A Sarioluk stocks
1 ¢
8 o * MW Sevketiye stock
a8 A Karabiga pluton
& North o
10 & South Kapidag pluton
® Marmara sill
1
50 55 60 65 70 75 80
SiO,wt %

depletion of high field strength elements (HFSE; Ta, Nb
and Ti), and Th enrichment relative to La may attributed to
a subduction-related magma pattern. However, the high La
(33-56), Th (20-34), Ce (57-97), and Pb (12-19) contents
of the South Marmara Granitoids, with the exception of the
Marmara sill, are more characteristic of post-collisional
granitoids than pure subduction-related granitoids (Harris
et al. 1986; Pearce et al. 1990), whereas trace element ra-
tios of the Marmara sill more closely resemble subduction-
related magma patterns. Incorporation of continental crust
may also contribute to the variability in subduction-like
signatures. For example, the average Rb/Nb for the Mar-
mara sill is about 7 which is indicative of a lesser contri-
bution by subduction components or crustal material; the
Rb/Nb averages of most other plutons have intermediate
values between 9 and 10, and Karabiga Rb/Nb ratio is
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about 12.6, favoring incorporation of a higher crustal or
subduction contribution.

The Kapidag granitoids can usefully be divided into
high Ba-Sr granitoids and low Ba—Sr granitoids. The for-
mer are marked also by low Y (6-24 ppm), high LREEs
and HREEs, low Nb and no Eu anomaly, as seen in the
spider diagrams. Consequently, they have slightly high St/
Y (34-61) and La/Yb (13-26) ratios. High Ba—Sr grani-
toids are known in many granitoids in Late Cretaceous and
Tertiary orogenic belts worldwide (Tarney and Jones
1994).

Tectonic setting indicators

The Nb-Y and Rb-(Nb+Y) tectonic setting discrimination
diagrams of Pearce et al. (1984) (Fig. 8a, b) provide a
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Table 3 Whole-rock major and trace element data for the representative samples from South Marmara region

KK82 KK80 K57 KK51 KK42 KK10 GK71 GK65 GK77 GK61 GK63

North of Kapidag South of Kapidag
Si0, 62.32 62.10 67.55 70.89 72.48 73.71 77.86 69.59 69.20 68.73 70.81
TiO, 0.71 0.71 0.48 0.33 0.29 0.22 0.07 0.31 0.29 0.36 0.27
Al O; 16.23 16.16 15.38 14.47 14.24 13.19 11.21 15.41 14.97 15.25 14.62
Fe,05 6.37 6.52 4.38 2.86 2.83 2.31 0.60 2.71 2.69 291 2.38
MgO 2.48 2.41 1.17 0.83 0.73 0.57 0.16 0.67 0.62 0.73 0.53
MnO 0.13 0.12 0.12 0.08 0.10 0.08 0.01 0.10 0.10 0.09 0.10
CaO 6.73 6.44 4.10 3.40 3.21 2.50 0.76 3.73 3.83 4.55 3.54
K,O 1.44 1.70 2.72 2.64 222 342 5.35 3.00 2.80 2.13 2.35
Na,O 3.44 3.48 3.93 4.17 3.98 3.54 1.81 4.70 4.65 4.53 4.69
P,05 0.16 0.15 0.16 0.09 0.10 0.09 0.04 0.12 0.12 0.15 0.11
LOI 0.42 0.46 0.51 0.53 0.47 0.47 0.80 0.37 0.40 0.40 0.21
Total 100.44 100.26 100.50 100.29 100.64 100.08 98.65 100.76 99.68 99.83 99.59
Sc 14 14 6 5 5 4 4 5 5 4 4
v 136 134 26 30 27 17 7 32 33 33 25
Cr 15 16 9 18 12 14 9 10 9 11 13
Co 16 17 12 5 5 3 1 4 4 3
Ni 9 19 4 14 1 7 18 34
Cu 8 15 21 5 5 5 5 5 6 4
Zn 150 1247 84 50 107 36 6 109 121 71 57
Ga 32 34 38 32 33 33 31 92 86 88 78
Rb 60 65 129 104 127 136 218 90 105 68 111
Sr 301 305 251 254 195 158 369 1004 1095 1184 1046
Y 23 23 21 11 19 16 6 21 25 23 18
Zr 132 136 160 154 145 121 51 179 182 201 174
Nb 8 9 13 9 14 11 8 14 17 16 17
Cs 3 3 6 4 10 7 3 2 2 2 6
Ba 336 373 441 365 375 404 345 1458 1283 1358 1171
La 9.76 18.86 34.98 29.25 28.44 23.92 12.26 38.57 50.24 46.76 39.87
Ce 21.12 36.37 65.42 47.80 52.14 43.78 17.11 70.40 89.79 84.42 71.17
Pr 2.84 4.19 7.05 4.70 5.54 4.68 2.14 7.64 9.56 9.21 7.58
Nd 13.08 17.03 26.65 16.43 20.72 17.49 7.13 28.85 35.39 3491 27.97
Sm 332 3.64 4.96 2.78 4.09 3.45 1.07 5.23 6.20 6.34 497
Eu 1.08 1.14 1.17 0.82 0.86 0.76 0.33 1.57 1.76 1.87 1.47
Gd 3.40 3.60 4.28 241 3.62 3.02 0.85 4.43 5.20 5.31 4.10
Tb 0.53 0.54 0.57 0.31 0.50 0.42 0.11 0.56 0.67 0.66 0.52
Dy 3.61 3.57 3.45 1.85 3.07 2.55 0.66 3.35 3.95 3.83 2.99
Ho 0.75 0.73 0.66 0.35 0.58 0.48 0.15 0.63 0.76 0.71 0.55
Er 2.15 2.09 1.79 0.95 1.59 1.33 0.51 1.78 2.12 1.91 1.51
Tm 0.34 0.34 0.27 0.15 0.25 0.21 0.11 0.28 0.34 0.29 0.24
Yb 2.20 2.14 1.67 0.90 1.59 1.34 0.90 1.75 2.12 1.75 1.50
Lu 0.33 0.32 0.24 0.13 0.24 0.20 0.18 0.25 0.31 0.25 0.22
Hf 0.37 0.34 0.67 0.77 1.23 0.98 1.94 0.50 0.60 0.49 0.70
Ta 0.52 0.56 0.97 0.76 1.33 1.05 0.74 0.84 1.05 1.01 0.96
Pb 17.38 65.19 24.84 22.41 29.10 34.96 19.38 37.00 42.63 30.14 38.81
Th 1.67 6.22 12.25 10.82 14.08 11.80 30.85 12.65 18.85 11.62 13.60
U 1.05 2.07 2.36 1.69 3.98 2.38 5.19 3.60 6.49 2.16 7.23
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Table 3 continued

A-K85 A-K88 A-K86 MKI102 M-K97 M-13 M-12 M-93 K107 KI24 K123 K132 KI10 Kl111
Avsaisland Marmaraisland Karabiga
Si0, 6530 71.03 6492 5287 64.63 60.47 67.69 6836 8500 7446 7636 7476 7343 6549
TiO, 0.54 0.28 0.58 0.85 0.50 0.56 0.29 0.33 0.01 0.20 0.19 0.13 0.23 0.49
AlLO; 1497 1419 1510 19.54 16.28 1846 1740 16.07 1334 1296 1238 11.64 13.04 14.24
Fe,05 451 2.50 4.74 7.64 5.00 5.39 2.68 3.13 1.52 1.85 1.81 1.13 1.93 4.19
MgO 2.14 0.90 2.19 341 1.66 2.00 0.97 1.14 0.26 0.43 0.35 0.15 0.51 1.87
MnO 0.10 0.08 0.10 0.14 0.15 0.13 0.07 0.1 0.08 0.07 0.07 0.03 0.08 0.11
CaO 5.08 3.16 5.39 8.78 6.28 6.96 4.64 43 0.60 1.98 1.85 1.22 2.37 3.87
K,O 2.95 3.52 2.90 0.26 1.38 0.78 0.80 1.66 0.01 3.71 3.66 4.74 3.84 3.08
Na,O 3.53 3.88 3.51 4.32 4.27 4.00 4.35 4.01 0.03 3.85 3.75 3.38 3.90 3.43
P»0s 0.17 0.09 0.17 0.22 0.14 0.15 0.09 0.09 0.06 0.06 0.06 0.04 0.07 0.17
LOI 0.64 0.41 0.62 1.49 0.58 1.00 0.90 0.70 0.29 0.27 0.25 0.25 0.48 2.82
Total 99.93 100.02 10022  99.52  100.88 99.90 99.88  99.89 101.20 99.84 100.72 9749  99.88  99.76
Sc 11 4 11 16 9 8 4 4 2 2 3 3 4 8
v 102 39 107 180 105 36 18 42 12 20 20 8 24 84
Cr 23 12 17 37 11 - - - 9 11 11 9 14 20
Co 12 5 12 19 11 12 5 6 2 2 2 3 10
Ni 7 13 47 39 9 3 1 19 4 3 1 12
Cu 9 7 12 26 16 11 6 25 4 5 7 5 17
Zn 52 132 53 66 163 47 43 48 25 69 28 293 28 63
Ga 40 38 42 20 32 20 15 15 22 25 23 20 39 42
Rb 108 122 102 6 37 25 27 46 183 153 156 168 139 110
Sr 429 229 417 434 375 417 402 292 88 134 133 88 181 364
Y 19 13 19 32 25 23 11 15 18 16 17 17 15 18
Zr 144 113 99 163 112 115 95 95 3 129 144 79 106 162
Nb 11 11 10 2 3 2 2 2 14 11 13 15 10 12
Cs 3 3 3 0 1 1 1 1 5 3 3 4 3 2
Ba 550 521 585 60 320 195 223 393 217 287 237 188 559 610
La 32.65 18.73  30.16 5.66 14.54 39.00 760 2560 29.01 27.84 3101 3239 2949 2831
Ce 5630 3148 5470  14.51 28.14 77.60 16.10 4630 4842 4338 50.79 5333  46.09  52.56
Pr 5.87 3.22 5.85 2.39 3.42 8.10 1.98 4.64 4.67 4.16 4.86 5.32 441 5.70
Nd 21.93 11.59  22.05 12.89 14.57 29.90 880 1750 1545 1376 1596 17.67 14.67 21.74
Sm 4.14 222 421 3.93 3.34 4.30 1.60 2.70 2.71 2.34 2.70 3.11 2.45 4.17
Eu 1.18 0.71 1.21 1.28 1.11 1.22 0.56 0.72 0.40 0.51 0.50 0.37 0.69 1.15
Gd 3.73 2.08 3.74 427 3.38 3.75 1.62 2.32 2.50 2.24 2.40 2.64 227 3.67
Tb 0.49 0.29 0.50 0.71 0.53 0.63 0.28 0.41 0.37 0.32 0.34 0.37 0.32 0.49
Dy 3.01 1.92 3.05 497 3.63 3.35 1.50 2.24 2.47 2.18 227 2.28 2.09 3.02
Ho 0.59 0.40 0.60 1.05 0.78 0.73 0.33 0.76 0.54 0.47 0.48 0.47 0.45 0.59
Er 1.66 1.21 1.69 3.03 2.30 2.30 1.05 1.49 1.72 1.50 1.53 1.47 1.37 1.65
Tm 0.26 0.21 0.27 0.49 0.39 0.34 0.17 0.25 0.32 0.27 0.28 0.27 0.25 0.27
Yb 1.70 1.44 1.70 3.10 2.59 2.44 1.30 1.60 2.27 1.92 1.98 1.98 1.69 1.71
Lu 0.26 0.23 0.26 0.46 0.41 0.35 0.21 0.25 0.38 0.32 0.33 0.33 0.27 0.26
Hf 0.86 0.83 0.81 0.52 0.50 3.35 2.80 2.70 2.09 0.96 1.13 1.54 0.97 1.50
Ta 0.81 1.23 0.76 0.08 0.22 0.10 0.10 0.20 1.61 1.08 1.35 1.80 0.88 0.88
Pb 20.84  39.11  21.54 6.68 18.61 1.30 1.20 1.90 2928 2239 21.05 40.19 2325 22.09
Th 1070 1717  17.98 0.50 3.99 10.10 2.00 6.60 2798 1723 2237 29.06 15.85 1433
U 3.12 5.78 3.51 0.35 0.99 1.00 0.80 1.10 4.59 3.32 3.30 2.68 3.60 2.93
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Table 3 continued

S-65 S-66 SO-52 SO-54 I-4 I-5 K-6 K-7 K-8 Y-10 Y-11

Sevketiye Sarioluk Il1ca Kizildam Yenice
Si0, 62.85 63.32 64.13 63.73 63.32 62.717 63.31 62.64 61.74 63.9 63.4
TiO, 0.6 0.51 0.57 0.58 0.53 0.54 0.59 0.63 0.62 0.6 0.56
AlLO5 15.66 16 15.72 15.75 15.76 16.23 15.33 15.84 15.95 15.38 15.60
Fe,05 5.26 5.47 4.58 4.58 4.87 5.04 4.83 5.07 5.64 4.63 4.92
MgO 2.53 2.09 2.25 2.19 2.39 2.4 2.4 241 2.35 2.1 2.27
MnO 0.1 0.18 0.09 0.08 0.1 0.09 0.09 0.09 0.11 0.09 0.08
CaO 4.75 53 4.48 4.65 492 5.09 4.53 4.56 4.37 4.38 4.36
K>O 3.57 2.53 3.64 3.53 2.81 2.72 3.46 3.51 3.52 3.62 3.56
Na,O 331 3.15 3.32 3.39 3.36 3.39 3.11 3.31 331 3.37 3.39
P»0s 0.22 0.11 0.2 0.19 0.13 0.16 0.17 0.19 0.16 0.2 0.21
LOI 0.9 1.2 0.8 1.1 1.5 1.3 1.9 1.7 1.9 1.4 1.3
Total 99.89 99.94 99.91 99.9 99.69 99.73 99.72 99.95 99.67 99.67 99.65
Sc 10 9 9 9 11 10 12 11 11 10 11
v 108 112 98 93 112 112 104 108 109 107 118
Cr - - - - - - - - - - -
Co 13 12 11 11 120 33 43 32 40 47 142
Ni <20 <20 <20 <20 4 3 6 7 7 6 7
Cu 242 155.6 25.7 15.0 5 14 6 16 33 6 8
Zn 41 108 37 34 34 26 18 26 37 30 27
Ga 20 18 19 19 19 18 17 18 18 18 19
Rb 150 87 155 143 117 115 158 154 163 166 169
Sr 610 383 632 632 513 506 557 602 612 604 657
Y 25 20 24 26 23 20 25 25 27 28 25
Zr 167 107 175 213 136 133 176 174 161 166 185
Nb 14 8 15 15 12 11 16 15 16 18 16
Cs 8 2 8 6 5 5 17 6 9 5 6
Ba 1118 666 1106 1095 1102 1322 1057 1191 1077 1054 1171
La 54.30 25.20 53.40 56.40 47.80 32.90 55.10 55.70 61.20 66.40 74.50
Ce 97.60 42.10 97.70 100.70 77.90 58.00 97.10 100.00 110.00 113.50 118.30
Pr 10.75 4.46 10.69 11.59 7.71 6.04 10.33 10.18 11.55 11.67 11.41
Nd 40.90 16.90 41.60 43.40 27.60 22.70 40.20 39.30 44.70 44.50 42.80
Sm 7.10 3.40 7.70 7.50 4.80 4.40 6.80 6.90 8.10 7.70 7.40
Eu 1.44 0.89 1.42 1.39 1.17 1.07 1.34 1.41 1.56 1.57 1.47
Gd 5.13 3.09 4.77 5.46 4.20 3.90 5.11 5.20 6.25 6.01 5.66
Tb 0.72 0.47 0.72 0.69 0.63 0.55 0.76 0.75 0.82 0.85 0.79
Dy 3.64 2.62 3.63 4.19 3.56 3.16 4.00 4.02 4.62 4.73 4.28
Ho 0.70 0.57 0.72 0.77 0.74 0.66 0.81 0.80 0.89 0.89 0.80
Er 2.13 1.82 2.31 2.24 2.12 2.06 2.39 2.39 2.57 2.63 2.39
Tm 0.37 0.29 0.33 0.40 0.32 0.29 0.34 0.34 0.39 0.40 0.36
Yb 2.08 2.04 2.58 2.46 222 2.02 2.37 227 2.62 2.79 2.36
Lu 0.39 0.32 0.38 0.40 0.34 0.32 0.39 0.38 0.39 0.42 0.39
Hf 4.50 3.10 4.30 5.80 4.10 4.20 5.50 5.10 4.60 5.00 5.60
Ta 1.30 0.80 1.60 1.50 1.50 1.20 1.70 1.40 1.80 1.90 1.90
Pb 27.2 50.6 259 17.4 14.50 4.90 16.30 21.70 30.80 7.80 9.80
Th 34.90 14.20 31.70 33.40 29.00 25.10 40.00 40.10 37.80 35.70 31.20
U 11.90 4.70 10.60 11.00 5.80 7.40 13.50 10.80 11.80 9.60 9.80
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Table 3 continued

7ZK-02-05 ZK-02-09 ZK-02-12 ZK-02-16 ZK-02-17 ZK-02-23 ZK-02-37 ZK-02-70 ZK-02-81 ZK-02-84
Gonenvolcanics

SiO, 66.84 65.7 65.56 70.46 65.35 74.22 76.23 61.81 64.94 68.95
TiO, 0.45 0.51 0.49 0.23 0.49 0.24 0.14 0.62 0.55 0.42
Al O3 14.72 15.13 154 13.62 15.3 14.05 13.07 16.79 16.14 14.52
Fe, 05 3.89 391 3.71 1.92 3.73 0.4 0.56 4.88 4.26 32
MgO 0.99 1.07 1.21 0.53 1.11 0.18 0.15 1.54 1.02 1.02
MnO 0.03 0.08 0.07 0.05 0.07 - - 0.15 0.11 0.04
CaO 2.86 3.29 3.41 1.87 3.17 1.51 0.25 5.48 4.09 2.34
K,0 3.93 3.9 3.6 4.65 3.77 4.7 4.01 2.35 3.51 4.28
Na,O 3.2 3.31 3.16 2.92 3.21 3.38 2.06 4.03 3.66 3.23
P,0Os 0.18 0.2 0.19 0.07 0.2 0.09 0.03 0.28 0.19 0.17
LOI 2.7 2.7 3 3.5 34 1 34 1.8 1.3 1.6
Total 99.91 99.92 99.93 99.96 99.92 99.92 99.98 99.84 99.9 99.91
Sc 6 8 7 3 7 2 2 5 8 5

\Y% 56 70 86 25 59 13 7 71 79 51

Cr - - - - - - - - - -
Co 6 10 10 3 10 1 2 7 13 6

Ni <20 20 <20 <20 <20 <20 76 <20 23 <20
Cu 14.7 153 9.1 2.6 11.0 2.1 0.5 39 13.2 6.8
Zn 42 42 44 17 33 4 4 53 47 38
Ga 17 19 19 17 19 19 14 23 19 18
Rb 183 180 170 239 179 200 150 76 144 175

Sr 477 533 561 329 552 474 58 1033 568 454

Y 17 21 19 18 18 16 15 31 20 16

Zr 171 182 178 154 173 166 97 201 181 173
Nb 17 18 17 16 17 19 23 15 15 18
Cs 8 8 7 13 7 8 9 3 6 6
Ba 1035 1060 1066 1204 1053 1253 630 1051 1121 1177
La 53.30 55.80 54.20 61.90 54.50 68.20 34.20 57.70 50.40 52.80
Ce 82.70 95.60 93.10 97.90 93.60 107.50 54.90 102.80 83.50 77.60
Pr 8.73 9.47 8.77 8.74 9.11 10.40 5.28 12.10 8.83 8.52
Nd 30.90 32.50 32.20 30.90 33.10 34.80 19.10 46.50 31.50 28.00
Sm 5.20 6.10 6.00 4.30 5.40 5.20 3.60 7.40 5.70 4.50
Eu 1.00 1.33 1.13 0.85 1.08 1.06 0.48 1.98 1.18 0.90
Gd 3.56 4.58 3.78 2.98 3.54 3.29 2.13 6.61 4.05 3.52
Tb 0.51 0.53 0.54 0.44 0.50 0.40 0.35 0.82 0.56 0.52
Dy 2.55 3.33 2.76 2.46 2.93 2.41 2.25 4.56 3.02 2.52
Ho 0.49 0.64 0.58 0.46 0.58 0.44 0.37 0.89 0.70 0.48
Er 1.36 1.87 1.56 1.47 1.49 1.32 1.17 2.73 1.87 1.38
Tm 0.25 0.29 0.29 0.25 0.22 0.23 0.24 0.44 0.32 0.24
Yb 1.66 1.87 1.76 2.08 1.95 1.47 1.66 3.15 1.89 1.42
Lu 0.27 0.34 0.26 0.32 0.28 0.27 0.25 0.44 0.29 0.25
Hf 5.00 4.30 4.30 4.60 4.50 4.40 3.20 5.20 4.60 5.30
Ta 1.60 1.70 1.40 1.40 1.40 1.60 1.90 1.00 1.30 1.70
Pb 1.9 7.1 9.7 1.9 9.7 134 43 5.7 9.1 5.7
Th 33.70 38.70 32.70 51.00 33.40 40.50 34.60 17.40 25.10 33.60
U 5.40 7.60 8.30 13.90 7.30 12.90 6.80 4.70 7.60 8.50
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Fig. 6 Chondrite-normalized REE abundance patterns (normalizing ratios are from Sun and McDonough (1989)) for representative samples

from the SMG

means to compare the SMG in a tectonic context. The
SMG plot within the syn-collisional granite (syn-
COLG) + volcanic arc granite (VAG) field on the Nb-Y
diagram. In the Rb—(Y+Nb) diagram, the samples plot in
the upper part of the VAG field; however, most also plot
in the same field as post-collisional granitoids. In order
to determine these two tectonic settings trace-element
discrimination diagrams are further used. To distinguish
VAG from post-COLG, the Rb-Hf-Ta ternary diagram
may be used (Harris et al. 1986) (Fig. 9). The SMG data
plot in three different fields on this diagram. Most of the
Eocene granitoids plot within syn-collisional field; the

Miocene granitoids plot within late- and post-collision
granites. Three samples of Marmara sill plot in the
volcanic arc field, with only one sample in the syn-
collisional field. A few samples plot close to the
boundary separating the volcanic arc field from late- and
post-collision field.

Isotope geochemistry
Sr and Nd isotope ratios determined in this study are listed

in Table 4, represented in Figs. 10 and 11. The ¥’Sr/*®Sr
ratios ranges from 0.704 to 0.707 and '**Nd/"**Nd ratios
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Fig. 7 N-type MORB- 1000

normalized trace element
patterns in representative
samples from the SMG. N-
MORB values are taken from 100 |
Sun and McDonough (1989),
ordered by Pearce (1983)
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Fig. 8 a Nb versus Y and b Rb versus Y + Nb discrimination
diagrams for SMG

range from 0.51242 to 0.5129 for the SMG. Initial ratios
were calculated using ages of 40 Ma for the Kapidag,
Karabiga plutons, and 25 Ma for the Sarioluk granites and
Génen volcanics. The initial ¥’Sr/*®Sr and '“*Nd/'*‘Nd
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Fig. 9 Rb-Hf-Ta triangular plot for SMG (Harris et al. 1986)

ratios of the south Marmara granitoids and Génen volca-
nics are plotted against SiO, to assess the importance of
AFC and source enrichment processes. Aegean Miocene
volcanic samples (Ayvacik, Bergama and Bigadi¢ volca-
nics) have also been plotted on these diagrams for the
comparison purpose (Fig. 10a, b). They plot clearly above
the SMG samples. Increasing ®’Sr/*°Sr; and decreasing
"SNd/"*Nd; ratios with increasing SiO, imply an AFC
process for the generation of both Old and Young series
granitoids (Taylor 1980; De Paolo 1981; Thirlwall and
Jones 1983; Hawkesworth 1982; Giilen 1990; Giile¢ 1991).
The ratio of the rates of mass assimilation to mass crys-
tallization (r) values gradually increases from Marmara
samples (r=0.1-0.2) to Aegean Miocene volcanic
samples (r = 0.4-0.6) in Fig. 10a, b.

The basement below the Western Anatolia, as crop out
in numerous inliers such as Kazdag, Uludag and Karakaya
complexes are represented by high-grade metapelitic and
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g o d e e metabasic metamorphic rocks (Yilmaz 1990, 1997; Geng
Zl 5 q w3 ¥ and Yilmaz 1995; Okay and Satir 2000) but we do not have
o isotope values for these bodies. Therefore, we use, for the
-TZ:’ 22 Qg e n e Fig. 10, the values derived from central Europe crust
N reror composition (Voshage et al. 1990). The most primitive
= sample (Kula basalts) is chosen as the parental magma for
= these rocks.
:—; § % g g E }‘3 g (% The high Sr isotope ratio of the Kapidag and Karabiga
g,Z i R R plutons indicates that there are two components; (1) the
Tleceeceee e subduction component and (2) crustal component. Young
e granitoids, represented by the Sarioluk stock and the Gonen
% g 5 ﬁﬁ § § E E ‘({r: volcanics plot in the same field as the Miocene volcanic
:;Z Amamnnnn n samples.
R D The variations in the *’St/*Sr and '**Nd/'**Nd ratios of
= the SMG are compared with Bulk Earth and the mantle
i TRgezan @ array in Fig. 11. The Marmara sill samples plot closest to
g c=282zs= 2 § the mantle array which is compatible with the positive exg
Tl|s S Sss s ssS S values of the rocks (Table 4); implies that magma derived
e from an isotopically depleted source. Low ®’Sr/*°Sr and
) high '**Nd/'**Nd and low Nb, Ba and Rb content indicate a
Zle = dfgd3 mantle source also for the Marmara sill.
= The higher ¥’Sr/*°Sr and the lower '**Nd/"**Nd isotope
& ratios of the South Marmara Granitoids may be interpreted
E % ~ = A in terms of crust—-magma interaction, as seen clearly as the
g i aeo o e E e samples plot along the arrow. To clarify this view, the
“% 5 -6 e o mixing hyperbole constructed between the depleted mantle
LS Coo‘ % g g 5 g § g derived magma as exemplified by the Kula basalts which
:g SIS SSSSS S are known to be the most primitive basalts for the western
g Glawo - oo oq Anatolia (TM-9-67) (Giile¢ 1991) and upper continental
§ %E § § % g g g g g crust (Goldstein et al. 1984) are drawn using a model,
=G PR R o i developed by Langmuir et al. (1978) (Fig. 11). On the
g 5 basis of these calculations the crustal component in the
Eo i |23 2828 ES magma is approximately 10-15% for Marmara sill, 40%
5 ﬁ 28I ASTKA for the Kapidag and Karabiga granitoids and 50-60% for
§ U R the Young series stocks and lavas. The ratio falls into the
E g range given in the neighboring regions for Aegean Mio-
;g; MEEREEE: S cene volcanics (Aldanmaz et. al. (2000); Giileg (1991).
5] —
2
é g 2 § E . % 2 3 (% Discussion
E) s Higher ®'Sr/*®Sr ratio indicates that younger granites have
|5 experienced greater crustal input than older granites. In the
'*3 S22 8x%ZRE latter, the crustal components may be estimated to be about
S|P |REIERI B 50% p.c. (Fig. 11). When all the isotope data are collec-
§ S| @wow £ 8 5 tively evaluated it may be concluded that the crustal con-
215232 EEST § 5 tribution is greater in the Miocene than in the Eocene. The
= SIS 2=22883 older granites have lower Sr and higher Nd isotope ratios
E 3 but the Marmara sill has significantly lower Sr isotope
& | E ratios than the others, which indicates that they may have
< |5 « o been derived from a depleted mantle source. A narrow and
= E‘ E S i i. i E ; i similar range of Nd-Sr isotope compositions of both the
EIGINNNNNRNRNNRN young series stocks and Gonen volcanics is consistent with
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a comagmatic origin for the different magma batches,
which show significant assimilation of crustal materials
during magma ascent and intrusion at upper crustal levels.
The correlations between isotope ratios and silica are
clearly compatible with an AFC model. Crustal contribu-
tions are 10-20% for the Marmara sill, which are the most
primitive magmas in the region, increasing towards the
south. The crustal contribution averages ~40% for the
Kapidag and Karabiga plutons and 50-60% for young
stocks and Gonen volcanic rocks.

The obvious explanation for increased crustal input in
the Miocene compared to the Eocene is an increase in
crustal thickening and in the crustal geotherm. Geological
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Fig. 11 ¥7St/*Sr with "**Nd/'**Nd in the magmatic rocks of south
Marmara region. The numbers on the hyperbole represents ratios of
the crustal materials in the magma. Aegean Miocene volcanics are
taken from Aldanmaz et al. (2000) and Giile¢ (1991)
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evidence for the increase in crustal thicknesses from late
Eocene to Early Miocene is discussed extensively for
Western Anatolia by Sengor et al. (1984) and Yilmaz
(1989). The data for these may be summarized as follows;
a gradual transition from marine deposits to continental
deposits is evident from Eocene to Oligocene—Early Mio-
cene in northwestern Anatolia and Thrace. No marine
deposits were formed during the Oligocene period in the
northwestern Anatolia. The late Eocene-Oligocene and
Early Miocene volcanoclastic succession were also formed
under subaerial conditions. The region experienced an in-
tense phase of subaerial erosion during the late Eocene—
Oligocene period (Saroglu et al. 1992; Emre et al. 1997;
Yilmaz et al. 2000). The transition of the marine sediments
to the continental deposits is associated with the N-S trust
tectonic and the consequent crustal thickening.

The evolutions of felsic magmatism in some continental
margins have been explained by the combined effects of
fractional crystallization from mantle derived basalt by
crustal assimilation, magma replenishment, and mixing.
Base-level mixing of subcrustal and deep crustal magmas
in zones of melting, assimilation, storage, and homogeni-
zation (MASH) at the mantle—crust transition is also widely
occurred (Hildreth and Moorbath 1988; Grove et al. 1997).
These models generally require a substantial crustal com-
ponent, estimated at ~50% of crustal and mantle compo-
nents for the huge Sierra Nevada and Peninsular Ranges
calc-alkaline batholiths of California (De Paolo 1981);
likewise Grove et al. (1997) estimated 55-60% or more for
rhyolites at Medicine Lake, California. The crustal con-
tribution obtained here, of nearly 50% for the South Mar-
mara Granitoids, is as similar as active continental margins.

The major, trace and rare earth element patterns of the
granitoids also support the isotopic results. K contents of
the granites increase from the old series to the young series.
This is particularly evident for LREE, Rb, Ba, Pb, and Th.
They collectively support crustal contribution in the SMG.
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The Eocene and Miocene plutons have major and trace
element characteristics that are comparable in many re-
spects to typical volcanic arc and/or collision granites.
However, the tectonic evolution of the region, as dis-
cussed in the light of the regional geological data, indi-
cates that the subduction of the northern branch of the
Neo-Tethys Ocean had long been completed before the
Eocene by the collision of the Sakarya zone along the
[zmir-Ankara-Erzincan  suture (Yilmaz et al. 1995).
Therefore the magmas must have been originated, not
above an active subduction zone but from lithospheric
mantle lying beneath the North Western Anatolian crust
that was enriched during the earlier subduction event. The
differences between the Eocene and the Miocene series do
not imply major changes in the geodynamic environment.
The trend from low-K, calc-alkaline, and low Sr isotopic
ratios to high-K, calc-alkaline, and high Sr isotopic ratios
from the Eocene to the Miocene is compatible with a
progressive increase in the contribution of crust over time.
Another explanation may be that difference in the degree
of metasomatism of the source may have caused a similar
picture. To differentiate between the two explanations
requires a further study.

The high Ba—Sr granitoids closely resemble other con-
tinental collisional zones where removal by delamination
of the lower part of thickened lithospheric mantle is re-
garded widely as the cause of post-collisional magmatism.
The raising geotherms may have triggered partial melting
to form potassium-rich magmas, some of which later dif-
ferentiated into the high Ba-Sr granitoids (Tarney and
Jones 1994; Fowler et al. 2001).

Perturbation of subduction-metasomatized lithosphere
either by delamination of the thermal boundary layer or by
slab detachment may have generated the hot, primary
magmas, which were emplaced into thick continental crust
as small magma batches. A similar mechanism was also
proposed for the generation of the collision-related mag-
matics for eastern, western, and central Anatolian regions
(Pearce et al. 1990; Keskin et al. 1998; Aldanmaz et al.
2000; Keskin 2003; Hbeyli et al. 2004).

Recently, “slab breakoff” model was used to to explain
why syn-collisional magmatism preceded the subduction in
many collisional magmatic belts, such as late Caledonian
magmatism in Ireland (Atherton and Ghani 2002) and
Neogene magmatism of the Mediterranean Maghreb mar-
gin (Maury et al. 2000). The western part of the Alpine—
Himalayan orogenic belt; Alpine Tertiary magmatism
(Davies and von Blanckenburg 1995) and in the eastern
edge of the belt; the Greater Himalayan sequence mag-
matism (Kohn and Parkinson 2002) are also explained by
the slab breakoff model.

Generation of a linear belt of Eocene granitoids with
hybrid geochemical features and high-K Miocene mag-

matism may also be explained by the slab breakoff model,
because this region is also located along the Alpine—
Himalayan orogenic belt. According to this model the
linear heat pulse above the broken slab produced small
volume melts that emplaced as separated plutons in south
Marmara region.

Conclusions

The South Marmara region contains two granitoid belts: an
older belt of Eocene age (OGB) and a younger belt of
Miocene age (YGB). The OGB is located in the north,
trends E-W trending belts, is the more primitive, and is
mainly represented by intrusive bodies. The YGB is rep-
resented by volcano—plutonic complexes and is located in
the south.

The main characteristic features of the two series may
be summarized as follows. The OGB were formed from
several magma pulses covering a wide compositional
spectrum from medium-K diorites to granites and formed
within a wide time interval (36—45 Ma). The YGB consists
of high-K quartz monzonite, granodiorite, and associated
lavas which have a narrow compositional range and formed
within a narrower time interval (19-23 Ma).

The OGB were emplaced into basement rocks and
produced contact metamorphism reaching the hornblende-
pyroxene hornfels facies. These data together with the lack
of associated volcanic rocks suggest that they were em-
placed in deeper levels in the crust possibly at a depth
below 5 km. The contact migmatites formed around the
northern rim of the OGB Kapidag pluton further support
this assumption.

The OGB, on the other hand, which display close
interaction and transition to high-grade metamorphic rocks
as they collectively form composite magmatic bodies
indicate that they were emplaced at much deeper levels in
the crust compared to the YGB. The overlying rocks of
OGB must have been removed either by erosional or tec-
tonic removal or by both, which allowed the granites to
croup out stripping of the cover rocks must have occurred
between the Early Miocene and the Late Miocene period,
because the granite is stratigraphically overlain by the
extensive outcrops of lacustrine limestone of the late
Miocene age. The absence of the overlying rocks in the
region of OGB suggests that this region was elevated at a
rate higher than the region where YGB crop out, and
possibly tilted towards the south. Consequently the north-
ern part of the region has undergone much severe tectonic
and/or erosional removal of the cover units.

The geochemistry of the SMG and the geodynamic
features of the region indicate that the SMG originated as a
result of the continental collision and that the mantle lith-
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osphere underlying this region was geochemically modified
by earlier subduction. During the ascent and storage the
mantle-derived magmas experienced crustal assimilation
and contamination. AFC models show that crustal contri-
bution increases from north to south.

Acknowledgments We acknowledge the Scientific and Technical
Research Council of Turkey (TUBITAK: project code YDABCAG-
101Y007) for supporting the field study and geochemical analyses.
Z. Karacik also thanks O.F. Giirer for help during the fieldwork.
Dr. Judith Bunbury and anonymous reviewer provided very con-
structive comments on the manuscript.

Appendix: Analytical techniques

Major and trace elements were determined at Cardiff
University. Samples were ignited at 900°C in a muffle
furnace to determine loss on ignition. 0.1 g of ignited
powder were fused with 0.4 g of Li-metaborate, and the
resulting melts were dissolved and taken up in 100 ml of
2% HNOj;. Sample solutions were analyzed by inductively
coupled plasma-optical emission spectrometry (ICP-OES)
using a JY Horiba Ultima 2 ICP-OES system. Calibration
was performed using international reference materials BIR-
1, W2, MRG-1, JA2, and JG3. Instrumental precision
varied between 0.2 and 8.5% depending on the elemental
concentration present. Accuracy was determined by
repeat analysis of separate (user-prepared) solutions of
W2 and JA2 and of the international granite standard
GSP-1. Results were consistently within 5% of the ac-
cepted values.

For isotope analyses, Rb, Sr, and light rare-earth ele-
ments 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. Nd was separated from
other rare-earth elements on quartz columns using 1.7 ml
Teflon powder coated with HDEHP, di(2-ethylhexyl)
orthophosphoric acid, as cation exchange medium. All
isotopic measurements were made by Thermal Ionization
Mass Spectrometry, on a Finnigan MAT 262 mass spec-
trometer at Tiibingen University. Sr was loaded with a Ta-
HF activator on pre-conditioned W filaments and was
measured in single-filament mode. Nd was loaded as
phosphate on pre-conditioned Re filaments, and measure-
ments were performed in a Re double filament configura-
tion. The %’Sr/*°Sr isotope ratios were normalized to
86Sr/%8Sr = 0.1194 and the '"*Nd/"**Nd isotope ratios to
1ONd/'"**Nd = 0.7219. Analyses of 21 separate loads of
Ames metal, (Geological Survey of Canada; Roddick et al.
1992), during the course of this study (01-07/2003) gave a
MSNd/"**Nd of 0.512141 + 0.000020 (+ errors are 2-sigma
of the mean) and within the same period the NBS 987 Sr
standard yielded a %’Sr/*°Sr of 0.710248 + 0.000021
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(n = 29). Total procedural blanks (chemistry and loading)
were <200 pg for Sr and <50 pg for Nd.

The K/Ar age determinations has been done at Activa-
tion (geochronology and isotopic geochemistry) laborato-
ries. The K concentration was performed by ICP. The
argon analysis was performed using the isotope dilution
procedure on noble gas mass spectrometry. An aliquot of
the sample is weighted into Al container, loaded into
sample system of extraction unit, degassed at ~100°C
during 2 days to remove the surface gases. Argon is ex-
tracted from the sample in double vacuum furnace at
1,700°C. Argon concentration is determined using isotope
dilution with *®Ar spike, which is introduced to the sample
system prior to each extraction. The extracted gas is
cleaned up in two-step purification system. Then pure Ar is
introduced into customer build magnetic sector mass
spectrometer (Reinolds type) with Varian CHS5 magnet.
The ion source has an axial design (Baur-Signer source),
which provides more than 90% transmission and extremely
small isotopic mass-discrimination. Measurement Ar
isotope ratios is corrected for mass-discrimination and then
atmospheric argon is removed assuming that *°Ar is only
from the air. Concentration of “°Ar radiogenic is calculated
by using *®Ar spike concentration. After each analysis the
extraction temperature is elevated to 1,800°C for few
minutes and furnace is prepared for next analysis. K-
analysis; aliquot of the sample is weighted into graphite
crucible with lithium metaborate/tetraborate flux and fus-
sed using LECO induction furnace. The fusion bead is
dissolved with acid. Standards, blanks, and sample are
analyzed on Thermo Jarrell Ash Enviro II ICP Spectrom-
eter.
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