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Abstract The Menderes Massif experienced polyphase
deformation, but distinguishing Pan-African events
from Alpine tectono-metamorphic evolution, and dis-
criminating Eocene-Oligocene shortening from recent
extension remain controversial. To address this, mona-
zite in garnet-bearing rocks from the massif’s Gordes,
Central, and Cine sections were dated in thin section (in
situ) using the Th—Pb ion microprobe method. Cambro—
Ordovician monazite inclusions in Cine and Central
Menderes Massif garnets are ~450 m.y. older than
matrix grains. Monazites in reaction with allanite from
the Kuzey Detachment, which bounds the northern edge
of the Central Menderes Massif, are 17+5 Ma and
4.5+1.0 Ma. The Pliocene result shows that dating of
monazite can record the time of extension. The Kuzey
Detachment might have exhumed rocks a lateral dis-
tance of ~53 km at a rapid rate of ~12 mm/year
assuming the present ~20° ramp dip, Pliocene monazite
crystallization at ~450°C, and a geothermal gradient of
~25°C/km. Assuming an angle of 60°, the rate decreases
to ~5 mm/year, with the detachment surface at ~21 km
depth in the Pliocene. Two Gordes Massif monazites
show a similar allanite-monazite reaction relationship
and are 29.6+1.1 Ma and 27.94+1.0 Ma, suggesting
that the Cenozoic extension in the Gordes Massif, and
possibly the entire Menderes Massif, might have begun
in the Late Oligocene.
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Introduction

The Aegean extensional region (Fig. 1) experienced a
series of continental collisions from Late Cretaceous to
Eocene time, as evidenced by the Izmir-Ankara Neo-
Tethyan suture zone (e.g., Sengor and Yilmaz 1981;
Stampfli 2000). The collision zone may have trended
southwestward, possibly close to the present position of
the Hellenic arc (e.g., Doglioni et al. 1999). Post-colli-
sional extension in the region, although controversial in
its timing and nature, caused the exhumation of several
Alpine metamorphic belts, termed the Menderes, Crete,
Cyladic, Rhodope and Kazdag Massifs (Fig. 1). The
largest of these, the Menderes Massif, accommodated
significant extension and covers an area of >40,000 km?
between the Izmir-Ankara Neo-Tethyan suture in the
north and the Lycian Nappes to the south (Figs. 1, 2, 3).
Extension in the Aegean region might have been
caused by: (1) tectonic escape and lateral extrusion, in
which the Anatolian plate moves westward along the
North and East Anatolian Faults (Fig. 1) in response to
the collision of the Arabia and Eurasia (Sengor and
Yilmaz 1981; Sengor et al. 1985; Cemen et al. 1999), (2)
back-arc spreading due to the subduction along the
Hellenic Arc (Fig. 1) (LePichon and Angelier 1979,
1981; Meulenkamp et al. 1988), or (3) orogenic collapse
of thermally weakened lithosphere that experienced
Paleogene contraction (Dewey 1988; Seyitoglu and Scott
1996). These hypotheses can be tested using geochro-
nology, making the Menderes Massif a key locale in
identifying the fundamental plate tectonic processes that
facilitate extension in the continental lithosphere.
Central to our understanding of the development of
the Menderes Massif, its exhumation history, and its
relationship to broader tectonic events, is timing the
transition from Alpine contraction to the extension now
experienced by the region. Previous attempts to obtain
the metamorphic history of the region include U-Pb and
207pp /2P single zircon isotope dilution (Reischmann
et al. 1991; Hetzel and Reischmann 1996; Hetzel et al.



1998; Loos and Reischmann 1999), K-Ar and *°Ar/*’Ar
biotite, muscovite, and amphibole (Seyitoglu and Scott
1992; Hetzel et al. 1995a, 1996; Gessner et al. 2001; Lips
et al. 2001), Rb—Sr whole rock and mica (Satir and
Friedrichsen 1986; Bozkurt and Satir 1999) and apatite
and zircon fission track geochronology (Gessner et al.
2001). However, the age for initiation of Cenozoic
extension in the Menderes Massif remains controversial.
In this paper, we present an alternative method to
obtain the metamorphic history of the Menderes Massif:
in situ ion microprobe monazite geochronology. Mon-
azite, a rare earth phosphate mineral, is present in gar-
net-bearing rocks in the Menderes Massif. The mineral
contains large amounts of Th and radiogenic Pb (e.g.,
Overstreet 1967), has a high (>700°C) closure temper-
ature (e.g., Cherniak et al. 2004), and inclusions in
garnet are shiclded from Pb loss (e.g., Montel et al.
2000). The technique used here to date monazite (Catlos
et al. 2002) preserves the grain and rock fabric, allowing
for a clearer interpretation of the age. As part of a
reconnaissance sampling survey, eight rocks were col-
lected from the Menderes Massif. Samples 01-131 and
01-141 are from the Cine Massif; samples 01-88 and
01-127 are from the Central Menderes Metamorphic
Core Complex; and samples 59-19-124b, 30, 01-26, and
01-13 are from the Gordes Massif (Fig. 2; Table 1).

Fig. 1 Generalized map of the Aegean Region showing the
location of Alpine Metamorphic belts and major structural
elements
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Overall, 34 mineral grains were dated in situ. Of
these, nine are inclusions in garnet. To help decipher the
meaning of the monazite ages, X-ray element maps of
garnets were collected using an electron microprobe and
qualitatively evaluated. Monazite ages have provided
information about the contractional history of regions
(e.g., Harrison et al. 1997), but this paper presents the
first data that monazite dated in garnet-bearing assem-
blages can provide information about an extensional
history as well.

General geologic background

The Menderes Massif is divided into northern (Gordes),
central, and southern (Cine) sections bounded by east-
trending grabens, the Alasehir (Gediz) to the north and
the Buyuk Menderes to the south (Figs. 2, 3) (see Bo-
zkurt and Oberhaensli 2001). Rocks of the Menderes
Massif consist of a lower unit, the “core rocks” of
Cambro—Ordovician age (Sengor et al. 1984; Satir and
Friedrichsen 1986; Loos and Reischmann 1999), and an
upper unit of Paleozoic schist and Mesozoic—Cenozoic
marble considered “‘cover rocks” (e.g., Sengor and Yil-
maz 1981). Recently, several workers disputed this tra-
ditional “‘core-cover” interpretation (e.g., Ring et al.
1999; Gessner et al. 2001; Isik and Tekeli 2001).

For example, Fig. 3 shows a cross section through the
Menderes Massif after Gessner et al. (2001). The
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Fig. 2 Geologic map of the
Menderes Massif (Gessner et al.
2001) with sample locations
indicated. The Massif is divided
into Gordes central, and Cine
sections based on the presence
of E-W trending grabens, the
Alasehir Graben, Kucuk
Menderes Graben, and Buyuk
Menderes Graben. The Gordes
region is characterized by
roughly N-S trending grabens;
we have only labeled the
Gordes Graben. KD Kuzey
Detachment, GD Guney
Detachment, SSZ Selimiye
Shear Zone. Cross-section lines
from A-D correspond to
Gessner et al. (2001)

Proterozoic—Cambrian basement assigned to the Cine
nappe and an upper metasedimentary succession of

Central
Menderes

Massif

Cine §
Massif :

il lithologic contact
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by hatch or arrow)

intercalated marble and calcschist termed the Selimiye

nappe. The Bayindir nappe might have experienced only
one major Alpine tectonometamorphic event, whereas

Fig. 3 Cross-section across

the Menderes Massif (after
Gessner et al. 2001). See Fig. 2
for lines of section
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Table 1 Mineral assemblages

and locations of the rocks Sample Latitude Longitude Assemblage
analyzed N E grt bio ms chl plg ilm zr mnz qtz aln xno apt
Cine Massif
01-131 374143 2819 35 t a é @ a a a2 @ *
01-141 374305 2804 41 t * ! N a @ oA t
Central Menderes Massif
Lo 01-88 382445 282910 @ & ' @ g a a8 @ a a
grt garnet, bio biotite, ms 01-127 37 5338 28 06 23 A A a a a A a 1y a
muscovite, chl chlorite, plg Gordes Massif
plagioclase, ilm ilmenite, zr 59-19-124b 39 03 20 28 47 25 a A a a a a a a a
zircon, mnz monazite, qiz 01-26 38 46 40 29 24 35 a a a a a a a a a a
quartz, aln allanite, xno 30 384023 28 14 10 a a a a a a  a a a a
xenotime, apt apatite 01-13 385515 290530 * ¢ ° aooea @ @

“Mineral is found in the sample

b) and (2) the south-dipping (5-15°S) Guney detach-
ment (e.g., Emre and Sozbilir 1997) (Figs. 2, 3). These
structures cut upper levels of the nappe pile for an
along-strike distance of 80 km and dip beneath the
Alasehir and Buyuk Menderes Grabens, respectively
(Fig. 3). Gessner et al. (2001) and Hetzel et al. (1995b)
report an overall dome-shaped foliation pattern and
north-northeast-trending stretching lineation in the
Central Menderes Metamorphic Core Complex. They
interpret the asymmetry of shear bands and quartz
c-axis fabrics on either side of the structural dome to
record top-to-the-north-northeast shear along the Ku-
zey detachment and top-to-the-north and to-the-south-
southwest shear senses along the Guney detachment.
The two opposite-dipping detachments with opposite
senses of shear led to the proposal of a bivergent-
rolling hinge model for the evolution of the Central
Menderes Metamorphic Core Complex (Gessner et al.
2001).

lon microprobe monazite geochronology
Background

Monazite, (Ce,La,Th)PO,, occurs in pelites and grani-
toids as an accessory phase. Because of its capability to
incorporate U and Th (e.g., Overstreet 1967) while
avoiding significant amounts of Pb during crystalliza-
tion, the mineral was an early candidate as a U-Th-Pb
geochronometer (see Harrison et al. 2002). Despite its
propensity for incorporating significant amounts of
radioactive elements, monazite sustains little radiation
damage (e.g., Meldrum et al. 1998) and has even been
considered as a repository for nuclear waste (e.g., Ewing
and LuMin 2002). According to Cherniak et al. (2004),
monazite is impervious to Pb loss at high crustal
temperatures (>700°C) and the ages reported here
would not be affected by daughter product loss due to
diffusion.

Monazite formation in pelites appears to vary as a
function of bulk-rock composition and pressure—tem-
perature (P-T) conditions (see Wing et al. 2003; Kohn
and Malloy 2004). Precursor minerals in prograde

metamorphic rocks are allanite, apatite, rare earth ele-
ment (REE)- and Th-oxides (e.g., Smith and Barreiro
1990; Kingsbury et al. 1993). Along the retrograde path,
monazite can replace allanite (Pan 1997; Finger et al.
1998) or pre-existing monazite (e.g., Ayers et al. 1999;
Townsend et al. 2000).

Monazite inclusions in garnet are protected from
daughter product loss (e.g., Foster et al. 2000; Montel
et al. 2000; Catlos et al. 2001), whereas matrix grains can
be exposed to retrograde fluids or subsequent reactions.
These processes that take place after the grain crystal-
lized affect its age and can be identified by statistical
analyses. Samples with ages inconsistent with a single
population have a mean square weighted deviation
(MSWD) greater than 1. Catlos et al. (2002) outline the
sources of uncertainty that can lead to this scenario,
which include the growth of monazite along the retro-
grade path or during subsequent metamorphic episodes.
Zoned monazite grains may have different age domains
or individual single-grains can grow at different times
within the sample.

Dating monazite using an in situ method is clearly
warranted for rocks that experienced a complicated
metamorphic history, as the monazite grain itself and
its textural context is preserved. In addition, the P-T
conditions estimated using the compositions of garnet
and matrix minerals are commonly used with monazite
age data to ascertain the evolution of metamorphic
terranes (DeWolf et al. 1993; Harrison et al. 1997
Foster et al. 2000; Terry et al. 2000; Catlos et al. 2001).
In this paper, we use the garnet-zoning patterns to help
to qualitatively decipher the thermobarometric history
of the sample.

Methods

Harrison et al. (1995) describe the method for monazite
geochronology using an ion microprobe, which is briefly
summarized here. An ion microprobe oxygen beam with
a ~30-pum diameter is used to sputter isotopes of Th and
Pb from monazite. An aperture window is used constrict
the beam to a square shape. This is an important part of
in situ analyses, as it eliminates the contamination from
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Table 2 Monazite age data from Cine Massif sample 01-141

Grain-spot® Location® Th-Pb age (+ lo) (Ma) ThO5 /Th*¢ %2"Pb*d (+ lo) 208Pb*/Th™¢ (£ o)

11-1 i 571 (9) 2.395 (0.010) 74.2 (0.6) 2.867E-02 (4.544E-04)
9-1 i 488 (9) 2.379 (0.008) 78.3 (0.8) 2.446E-02 (4.497E-04)
10-1 i 437 (28) 2.696 (0.017) 37.8 (1.4) 2.186E-02 (1.398E-03)
12-1 m 447 (6.1) 2.264 (0.011) 18.5 (2.5) 2.214E-03 (3.007E-04)
3-1 m 47.1 (6.3) 1.779 (0.030) 21.5 (2.4) 2.334E-03 (3.127E-04)
2-1 m 42.8 (3.6) 1.991 (0.010) 35.5(2.8) 2.122E-03 (1.796E-04)
1-1 m 33.1 (0.7) 2.643 (0.006) 62.6 (1.2) 1.637E-03 (3.698E-05)

01-141 calibration: y= (0.078 +£0.002)x + 1.196+0.045, *=0.988, ThO; /Th™ =2.729+0.014

“Nomenclature indicates the grain and spot, respectively, of the
analyzed monazite. See Fig. 5 for BSE images of the grains

®Monazite inclusion in garnet is designated as “i”, whereas “m”

indicates a matrix grain

“Measured ratio in sample. Ideally, the ThOS /Th™ lies within the
range defined by the standard monazite

dpercent radiogenically derived 2°’Pb

common Pb contained in surrounding grains. Most of
the monazite grains dated in this paper are ~20-40 um,
and no attempt was made to date specific chemical zones
within the monazite itself. The mineral’s composition
may vary because of several factors, including crystal
orientation, the transfer of clements from the break-
down of REE rich phases under changing P-T condi-
tions, competitive crystallization among other REE
phases in the rock, or replacement or recrystallization of
an original grain during metamorphism (e.g., Cressey
et al. 1999; Pyle and Spear 1999; Zhu and O‘Nions 1999;
Townsend et al. 2000).

The age standard used for the ion microprobe
analyses was monazite 554, itself dated by isotope
dilution (Force 1997). Several spots were analyzed on
monazite 554, which created a line in ThO,/Th versus
208pb/Th space (see Harrison et al. 1995; Catlos et al.
2002 for examples). The precision of the ages is limited

Table 3 Monazite age data from Central Menderes Massif samples

Corrected sample ratio assuming 2°’Pb/***Pb=39.5+0.1 (Stacey
and Kramers 1975)

{Calibration information: sample name, best fit of the calibration to
the equation of a line (slope*x + intercept) with + 1o uncertainty,
correlation (+%), and range of ThO5 /Th™ (+ lg) measured using
monazite 554. Ideally, the unknown ThO; /Th™ lies within the
ThO5 /Th™ range defined by the standard

by the reproduction of this calibration curve, which in
this study had regression (r?) values of 0.988 or 0.994,
depending on analysis session (Tables 2, 3, 4). Some of
the most uncertain results had ThO,/Th values that
did not lie within the range defined by the calibration
curve (e.g., grain 3-1 in sample 01-141) (Table 2). In
general, uncertainty is £2% for Th—Pb ages (see also
Harrison et al. 1995; Stern and Sanborn 1998; Harri-
son et al. 1999; Stern and Berman 2000). The
uncertainty of all monazite and zircon ages reported
here is lo.

For one Gordes Massif sample (01-13) monazite was
not found, so we dated zircon in situ using the ion
microprobe. To conduct these analyses, an oxygen beam
with a ~30-mum diameter is used to sputter isotopes of
Pb only from the sample. No standards or calibration
were used as we report only the 2°’Pb/?°°Pb ages
(Table 5).

Grain-spot® Location® Th-Pb age (£ lo) (Ma) ThO5 /Th*® (+10) %2"Pb*d (+ lo) 208Pb*/Th*® (+ 16)
01-88

1-1 i 512 (9) 2.594 (0.022) 98.0 (0.6) 2.564E-02 (4.696E-04)
5-1 i 483 (5) 2.746 (0.016) 99.3 (0.1) 2.420E-02 (2.368E-04)
9-1 m 17 (5) 2.399 (0.012) 8.3 (2.5) 8.353E-04 (2.459E-04)
3-1 m 4.5 (1.0) 2.437 (0.008) 21.8 (4.4) 2.241E-04 (4.801E-05)
01-88 calibration: y=(0.078 £0.002)x +1.196+0.045, *=0.988, ThO5 /Th* =2.729+0.014'

01-127

8-1 m 563 (7) 3.266 (0.014) 99.7 (0.03) 2.826E-02 (3.545E-04)
8-2 m 496 (4) 3.563 (0.013) 99.7 (0.03) 2.483E-02 (2.192E-04)
8-3 m 414 (6) 3.225 (0.019) 99.7 (0.04) 2.067E-02 (3.175E-04)
7-1 m 536 (5) 3.694 (0.019) 99.6 (0.04) 2.689E-02 (2.786E-04)
4-1 m 503 (7) 3.983 (0.019) 99.5 (0.07) 2.517E-02 (3.564E-04)
01-127 calibration: y=(0.115+0.007)x + 1.240 =0.143, 1> =0.994, ThO, /Th" =3.606 +0.015

“Nomenclature indicates the grain and spot of the analyzed mon-
azite. See Fig. 8 for BSE images of grains from sample 01-88
Monazite inclusion in garnet is designated as “i”’, whereas
indicates a matrix grain

“Measured ratio in sample. Ideally, the ThO; /Th™ lies within the
range defined by the standard monazite

YPercent radiogenically derived *°’Pb

[TSNE1)

m

°Corrected sample ratio assuming 2°’Pb/?**Pb=39.5+0.1 (Stacey
and Kramers 1975)

fCalibration information: sample name, best fit of the calibration to
the equation of a line (slope*x + intercept) with + 1o uncertainty,
correlation (%), and range of ThO5 /Th* g:t lo) measured using
monazite 554. Ideally, the unknown ThO, /Th™ lies within the
ThO, /Th™ range defined by the standard



Table 4 Monazite age data from Gordes Massif samples
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Grain-spot® Location® Th-Pb age (+ lo) (Ma) ThO5 /Th*¢ (+ 10) %2"Pb*d (+ 1o) 208Pb*/Th™¢ (£ o)
59-19-124b
4-1 i 39.7 (0.9) 3.339 (0.020) 95.1 (1.0) 1.966E-03 (4.488E-05)
5-1 i 37.9 (1.1) 3.047 (0.023) 96.5 (0.6) 1.877E-03 (5.406E-05)
3-1 i 36.1 (0.8) 3.447 (0.034) 95.7 (0.7) 1.788E-03 (4.033E-05)
1-1 m 32.8 (0.5) 3.864 (0.020) 96.8 (0.5) 1.625E-03 (2.286E-05)
01-26
1.1 i 36.0 (0.6) 4.130 (0.011) 96.8 (0.5) 1.784E-03 (3.170E-05)
32 m 41.4 (1.3) 3.007 (0.013) 92.4 (0.9) 2.050E-03 (6.568E-05)
21 m 38.4 (0.8) 3.499 (0.048) 92.3 (1.0) 1.903E-03 (4.086E-05)
31 m 33.6 (0.7) 3.873 (0.023) 90.9 (1.2) 1.664E-03 (3.356E-05)
51 m 33.6 (0.8) 3.364 (0.007) 95.8 (0.6) 1.662E-03 (3.879E-05)
51 m 33.0 (0.5) 2.487 (0.006) 91.5 (0.9) 1.444E-03 (1.685E0-5)
41 m 29.6 (1.1) 3.416 (0.021) 74.5 (2.4) 1.463E-03 (5.458E-05)
62 m 29.2 (0.3) 2.913 (0.006) 91.8 (0.7) 1.444E-03 (1.685E-05)
61 m 28.2 (0.4) 2.814 (0.009) 86.9 (0.9) 1.398E-03 (1.806E-05)
30
51 m 52.9 (5.7) 2.395 (0.016) 88.2 (1.4) 2.619E-03 (2.823E-04)
41 m 43.2 (3.6) 2.558 (0.019) 91.0 (1.1) 2.140E-03 (1.767E-04)
21 m 42.7 (0.9) 3.453 (0.010) 93.4 (0.7) 2.116E-03 (4.318E-05)
31 m 41.4 (1.7) 3.007 (0.010) 94.2 (0.7) 2.050E-03 (8.273E-05)
11 m 40.1 (0.9) 3.400 (0.011) 96.0 (0.8) 1.985E-03 (4.534E-05)
63 m 35.1 (0.3) 2.424 (0.005) 93.5 (0.4) 1.739E-03 (1.702E-05)
52 m 27.9 (1.0) 4.824 (0.058) 75.9 (1.7) 1.380E-03 (4.880E-05)
2 m 26.9 (0.6) 4.420 (0.015) 86.4 (0.9) 1.330E-03 (3.114E-05)

6
Calibration: y=(0.078 £0.002)x + 1.196 + 0.045, > =0.988, ThO; /Th* =2.729+0.014

“Nomenclature indicates the grain and spot, respectively, of the
analyzed monazite. See Figs. 9 and 10, for BSE images of these
samples

®Monazite inclusion in garnet is designated as
indicates a matrix grain

“Measured ratio in sample. Ideally, the ThO, /Th™ lies within the
range defined by the standard monazite

YPercent radiogenically derived *’Pb

[P 1)

, Whereas “m

17311
1

Applications

An ideal application of monazite geochronology is to the
understanding compressional orogens with a simple one-
stage metamorphic history. For example, Fig. 4 shows
schematic P-T diagrams for allanite (Catlos et al. 2002),
loosely based on the epidote stability field (e.g., Liou
1973) and observations of the relationship of allanite
and monazite in metamorphic rocks (e.g., Overstreet
1967). Because allanite has the potential to accept more
elements than epidote, Catlos et al. (2002) speculate that
allanite is able to exist over a wider range of pressure
and temperature conditions. Along the prograde P-T
path in Fig. 4a, monazite grows via allanite breakdown;
whereas, along the retrograde path, monazite is affected

Table 5 Matrix zircon age data from Gordes Massif sample 01-13

Grain_spot® Age® (Ma) (+ 10) %2%Pb*° (+ 10)
51 558 (62) 96.8 (0.1)
41 499 (134) 98.5 (0.3)
31 493 (79) 99.5 (0.2)
21 481 (78) 99.5 (0.2)

“Nomenclature indicates the grain and spot, respectively, of the
analyzed zircon

b207pp_208pp jon microprobe zircon ages

“Percent radiogenically derived *°°Pb

Corrected sample ratio assuming 2°’Pb/?**Pb=39.5+0.1 (Stacey
and Kramers 1975)

[Calibration information for all Gordes Massif samples, best fit of
the calibration to the equation of a line (slope*x + intercept) with
+ louncertainty, correlation (+%), and range of ThO5 /Th™ (+ lo)
measured using monazite 554. Ideally, the unknown ThO; /Th™
lies within the ThO5 /Th* range defined by the standard

by subsequent fluid-mediated reactions (e.g., Ayers et al.
1999). Townsend et al. (2000) suggests that these retro-
grade reactions can occur at temperature as low as
450°C.

In Fig. 4b, we propose another mechanism in which
monazite can appear, in which a rock crosses from the
allanite to monazite stability field during decompression.
The composition of the allanite exerts a major control
on the boundaries of its stability field. Therefore, a rock
following this P-T path may have monazite ages
inconsistent with a single population, as the conditions
in which monazite would precipitate depends on the
composition of the allanite reactant. This P-T path
scenario suggests that in situ monazite dating method
could be applied to understand the timing of extension,
including slip along the Kuzey and Guney detachments
in the Menderes Massif.

Results
Cine Massif

In the Cine Massif (Fig. 2), *°’Pb/?’°Pb single zircons
and Rb-Sr whole rock data yield Cambro—Ordovician
or older ages (Satir and Friedrichsen 1986; Hetzel and
Reischmann 1996; Loos and Reischmann 1999). A
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ductile shear zone, termed the Selimiye Shear Zone
forms the southern margin of the Cine Massif. Activity
along the shear zone is syn- or pre-Eocene, based on
Rb-Sr muscovite and biotite and *“°Ar/*’Ar muscovite
ages (Satir and Friedrichsen 1986; Hetzel and Reisch-
mann 1996; Lips et al. 2001).

Metamorphic grade within the Cine Massif appears
to increase from south to north (Bozkurt 1996; Whitney
and Bozkurt 2002; Regnier et al. 2003). Based on garnet
element maps, mineral compositions, and thermoba-
rometry, Whitney and Bozkurt (2002) suggest that the
upper schists of the Cine Massif reached temperatures of
~425-550°C and experienced only one regional meta-
morphic event. Although some Cine Massif samples
contain garnets of different sizes, they interpreted the
variation to reflect a difference in the local environment
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Fig. 4 a P-T diagram of allanite (after Catlos et al. 2002).
Monazite may form along the prograde leg of the P-T path via
allanite-break down reactions. /nsets show a schematic evolution of
a fictional sample (black circle) affected during compression. The
sample is buried along the prograde path, subjected to high 7T as
thrusting stops as heat is supplied across the ramp, and affected by
retrograde reactions during exhumation. b In this scenario,
monazite forms along the retrograde leg of the P-T path via
allanite-break down reactions. Insets show a schematic evolution of
a fictional sample affected during extension. The length and shape
of the path is schematic

of nucleation and growth rates, as smaller grains ap-
peared in quartz-rich domains and larger grains are lo-
cated in mica-rich layers. Regnier et al. (2003) found
that Cine metasedimentary rocks located beneath the
Selimiye Shear Zone record conditions of ~7 kbar and
> 550°C whereas Cine rocks ~20-30 km north record
811 kbar and 600-650°C.

We collected sample 01-141 from the Cine nappe
(Fig. 2; Table 1) and obtained in situ ion microprobe
Th—Pb ages of monazite inclusions in garnet and in the
matrix (Fig. 5; Table 2). Most 01-141 garnets are frag-
mented, appear in retrograde reaction to chlorite and
contain small grains of monazite and quartz, as well as
veins of chlorite and quartz. Monazite inclusions in
garnet yielded an average age of 501+18 Ma
(MSWD =41), whereas matrix grains yielded an average
age of 42+ 5 Ma (MSWD =53). The ages indicate that
the Cine Massif sample 01-141 experienced at least a
two-stage metamorphic history.

Monazites that yielded Cambro—Ordovician ages are
found only as inclusions in garnet, whereas monazites

+ 28t36Ma

muscowte

; 33110?Ma ;.
T

Fig. 5 Backscattered (BSE) electron images of Cine Massif sample
01-141 with Th-Pb monazite ages indicated with 1o error. Other
minerals present in the rock are labeled. The lowest figure is a high
contrast BSE image of the 33.1+0.7 Ma grain. See Table 2 for
analysis details



that yield Eocene—Oligocene ages are found only in the
matrix. The monazite grain in the core of the garnet is
older than the rim monazites by 97-171 million years,
taking into account the 1o uncertainties (Fig. 5; Table 2).
This textural relationship, combined with the observa-
tion that monazite inclusions in garnet are protected
from PDb loss, suggest that 01-141 garnets might have
grown during Pan-African deformation. Matrix grains
were not shielded by the garnet from subsequent meta-
morphism or retrograde reactions and were the source
material for monazite crystallization during the Eocene—
Oligocene. This interpretation is based on the similarity
in size and shape of the monazite grains in the garnet
and in the matrix. The ages of monazite in the matrix are
similar to *°Ar/*’Ar muscovite ages from samples
collected near the Selimiye Shear Zone (43.4+1.3—
37.9+0.4 Ma; Hetzel and Reischmann 1996), suggesting
a link between movement across the shear zone and
matrix monazite crystallization in 01-141.

X-ray element maps of garnets in sample 01-131
collected from the Cine unit (Fig. 2; Table 1) also sup-
port the possibility that the Cine Massif experienced two
stages of metamorphism (Fig. 6). X-ray Mn map of
garnets in this sample show a discontinuous increase
from mid-rim to rim that defines a broad (~30 pm)
plateau. The increase appears at the same location as a
sharp Ca decrease and Mg increase and is not found

high

Fig. 6 BSE image (upper left) and X-ray element maps of Ca,
Fe, Mg, Mn, and Na (labeled) of Cine Massif garnets from sample
01-131. Matrix minerals include biotite, quartz and plagioclase

low
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near minerals characteristic of retrogression (e.g., chlo-
rite). The profile leaves open the possibilities that the
garnets grew during two stages. Alternatively, the rock
might have experienced a change in bulk composition
during rim growth along a single P-T path. In any case,
the sharp decrease in Ca combined with the presence of
albitic plagioclase in this rock is consistent with
decompression (Spear 1993).

The possibility of polymetamorphic garnet growth in
the Cine Massif has implications for attempts to obtain
peak P-T conditions from the region using garnet-based
thermobarometric methods (e.g., Ashworth and Evirgen
1984, 1985; Whitney and Dilek 1998a, b; Whitney and
Bozkurt 2002; Regnier et al. 2003). P-T conditions are
used to evaluate models of the evolution of the Men-
deres Massif (Okay 2001; Ring et al. 2001; Whitney and
Bozkurt 2002; Regnier et al. 2003). Sample 01-141 might
have been affected by metamorphic events separated by
~450 m.y. Therefore, obtaining P-T conditions using
compositions from this sample’s garnet and matrix
minerals would lead to a meaningless result. Microtec-
tonic studies are useful for identifying pre-, inter-, syn-,
and post-metamorphic garnet growth (e.g., Bozkurt
1996; Passchier and Trouw 1996; Regnier et al. 2003).
Monazite in situ ion microprobe geochronology is an
important addition to this technique that can be used to
provide timing constraints on the episodes of deforma-
tion that might have affected the Cine Massif.

Central Menderes Massif

Timing of slip across the north-dipping Kuzey and
south-dipping Guney detachments has implications for
understanding the exhumation history of the Central
Menderes Metamorphic Core Complex (e.g., Lips et al.
2001). Hetzel et al. (1995a, b) proposed that extension
began along the Kuzey detachment surface in early
Miocene time based on the **Ar/*’Ar amphibole age of
19.5+ 1.4 Ma from a syn-extensional granodiorite that
intruded prior to brittle deformation along the detach-
ment surface. However, the argon age spectrum and
correlation diagram of the Kuzey detachment amphi-
bole shows that the sample is affected by excess argon
(Fig. 7). Despite this recognition, the isochron age of
this amphibole is interpreted to reliably indicate the age
of early Miocene extension (Gessner et al. 2001; Lips
et al. 2001; Seyitoglu and Scott 1996). The extensional
origin of the granodiorite is also controversial (Yilmaz
et al. 2000). The granodiorite may be related to crustal
thickening during deformation along the Izmir-Ankara
suture zone. Such an interpretation would preclude an
Early Miocene initiation age of extension in western
Turkey.

Lips et al. (2001) step-heated handpicked grains of
syn-kinematic muscovite collected from the Buyuk
Menderes §raben and Kuzey Detachment (Fig. 7). Their
results of **Ar/*°Ar laser-probe experiments resulted in
large analytical errors attributed to the analysis of small
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Fig. 7 Results of step-heated
amphibole argon age spectra
(upper left) and correlation
diagram (upper right) after
(Hetzel et al. 1995a). Note that
the correlation isochron for this
sample intersects *°Ar/**Ar
values at a non-atmospheric
value. Black steps (left upper
figure) correlate to black circles

(right upper figure), and were
used to calculate the isochron
age of 19.5+1.4 Ma. Lower
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samples (<0.2 mg), therefore low argon retentivities.
Lips et al. (2001) report single fusion muscovite ages of
36+2 Ma from the Buyuk Menderes graben and
7+1 Ma from the Kuzey detachment. The Oligocene
muscovite age is attributed to recrystallization of the
deformational fabric, which was accompanied or
followed by extensional ductile faulting along the
southern margin of the Menderes Massif, whereas the
Late Miocene age is attributed to the last stage of
activity along the Kuzey detachment or to continuous
movement across the low-angle fault zone.

We collected a sample from rocks along the Kuzey
detachment (sample 01-88) (Figs. 2, 8; Table 1) and
from the Guney detachment (sample 01-127) (Fig 2;
Table 1) and obtained in situ ion microprobe Th-Pb
ages for monazite inclusions in garnet and in the matrix
(Table 3).

Garnets in 01-88 are rounded and contain inclusions
of monazite and quartz. X-ray element maps indicate
that these garnets are not zoned in Mn, Ca, Mg, or Fe.
The 01-88 garnet contains monazites that yield Cambro—
Ordovician average ages of 498+7 Ma (MSWD=11),
whereas sample 01-127 contains monazites in the matrix
that also yield Cambro-Ordovician average ages of
5026 Ma (MSWD=85) (Table 3). The monazite
inclusions in 01-88 garnets have a strikingly different
shape compared to those in the matrix, which are only
found in contact with allanite (Fig. 8). Inclusions in
garnet are small and rounded, whereas matrix monazite
appears to assume the shape of the allanite grains. The
difference in the shapes suggests that the monazites in
the garnet grew in an environment wholly different than
those in the matrix, possibly in a completely different

Kuzey Detachment muscovite

20 40 80

%3CAr released

80

100

rock. This observation, along with the large difference in
ages between the matrix and inclusion ages, suggests the
01-88 garnet may be detrital. Obtaining P—T conditions
using garnet and matrix mineral compositions would
lead to a meaningless result.

The textural relationship of the dated matrix grains
suggests an allanite — monazite reaction, one that is
typical of prograde metamorphic terranes (e.g., Smith
and Barriero 1990). However, the age of 4.5+1.0 Ma
from one monazite grain is younger than any speculated
Menderes Massif compressional event. The age is within
lo of the apatite fission track result of 3.7+ 0.6 Ma from
a rock collected along the same detachment (Gessner
et al. 2001). These results indicate that the Central
Menderes Metamorphic Complex sample 01-88 has
monazite grains that record extension.

Gordes Massif

Palynological ages of 20-14 Ma (Seyitoglu et al. 1994;
Seyitoglu and Scott 1996) and K—Ar biotite ages of
16.9+0.5-18.4+0.8 Ma of igneous rocks from the
Gordes Graben (Fig. 2) (Seyitoglu et al. 1994) are sim-
ilar to the excess-argon affected 19.5+1.4 Ma age from
the potentially syn-extensional Kuzey detachment sur-
face granodiorite (Hetzel et al. 1995a, b). The ages
suggest E-W and N-S trending Menderes Massif gra-
bens formed simultaneously in Early Miocene (Seyitoglu
and Scott 1996).

In the Gordes Massif, sample 59-19-124b was col-
lected from the Bozdag nappe whereas samples 30, 01-
13, and 01-26 are from the Cine nappe (Fig. 2; Table 1).
Monazite was not found in 01-13; we report **’Pb/**°Pb
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Fig. 8 BSE images of Central Menderes Metamorphic Core
Complex sample 01-88 with Th-Pb monazite ages indicated with
lo error. Upper image after (Harrison et al. 2002). Other minerals
present in the rock are labeled. See Table 3 for analysis details

ion microprobe zircon ages from this sample (Table 5),
which average 508+92 Ma (MSWD=0.3) and are
within 1o of whole rock Rb—Sr ages of 471 £9 Ma (Satir
and Friedrichsen 1986).

Garnets in sample 59-19-124b are retrogressed to
chlorite and contain 39.6+0.9-36.1 £9.8 Ma monazite
inclusions that are 6-8 m.y. older than that in the matrix
(Fig. 9; Table 4). The garnet in 59-19-124b might have
shielded inclusions from Pb loss (e.g., Montel et al. 2000),
whereas the matrix grain could have been exposed to
alteration due to fluid-mediated retrograde reactions. We
adopt this hypothesis as opposed to later crystallization
during prograde metamorphism because of the textures
shown by the garnet in sample 59-19-124b (Fig. 9).

The garnet in sample 01-26 is euhedral and contains
inclusions of quartz, zircon, and monazite (Fig. 10).
Quartz inclusions in the garnet core curve and the rim
inclusions appear continuous with the external fabric,
suggesting syntectonic growth. The 36.0+ 0.6 Ma mon-
azite inclusion in the 01-26 garnet is both older and
younger than matrix grains (Table 4).

X-ray element maps of the garnet show no evidence
of diffusion (Fig. 11), and therefore we cannot attribute
the younger ages in the matrix of this rock to diffusive
Pb loss (see also Cherniak et al. 2004). The maps suggest
that the 36.0+0.6 Ma-old monazite inclusion became
incorporated into the garnet over a P-T path of
increasing 7" and decreasing P (e.g., Spear 1993). The
garnet began Mn-rich, became more Fe-rich until a
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Fig. 9 BSE images of Gordes Massif sample 59-19-124b with Th—
Pb monazite ages indicated with 1o error. Other minerals present in
the rock are labeled. See Table 4 for analysis details

maximum value was reached, and then Mg increased,
consistent with growth under increasing 7. The core of
the garnet is more Ca-rich than the rim, and the pla-
gioclase in the rock is albitic, consistent with growth
over a decompression path.

Matrix grains in sample 01-26 record episodes of
monazite growth and/or retrograde reactions. One
monazite is in close reaction relationship with allanite
and yields an age of 29.6+1.1 Ma (Fig. 10). Based on
the similar relationship present in sample 01-88, the
possibility exists that this monazite age records monazite
growth during extension. Overall, the ages from 01-26
(Table 4) are within range of those obtained from the
Cine Massif (Table 2), indicating that the massif expe-
rienced monazite growth events throughout the Late
Eocene to Early Oligocene time.

Monazite grains in sample 30 yield ages from 53 +6—
26.9+0.6 Ma (Fig. 12; Table 4). Oligocene to Miocene
grains are within range of 24.0+0.3 Ma and 35+1 Ma
Rb-Sr biotite ages (Satir and Friedrichsen 1986). Two
spots on a monazite adjacent to allanite yield 53+6 Ma
and 27.94+1.0 Ma (Fig. 12). The older age has larger
uncertainty due to its position relative to the ion
microprobe calibration and lower amounts of radiogenic
Pb (Table 4). The younger spot is within lo of the
29.6+ 1.1 Ma age of a monazite grain found in a similar
textural relationship in sample 01-26, indicating the
rocks experienced a synchronous allanite to monazite
reaction. These observations, coupled with the Late
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200um

Fig. 11 X-ray element maps of Mn, Ca, Fe, and Mg from the
Gordes Massif garnet 01-26 seen in Fig. 10. The garnet preserves its
elemental distribution, indicating that the mineral did not
experience significant diffusion

Miocene—Pliocene ages of monazites adjacent to allanite
in 01-88, leave open the possibility that the reactions
occurred during decompression and imply that the
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Fig. 12 BSE image of Menderes Massif sample 30 with Th-Pb
monazite ages indicated (£ 1g). Other minerals present in the rock
are labeled. See Table 4 for analysis details

Menderes Massif experienced extension during Oligo-
cene time.

Discussion and conclusions
Monazite growth during decompression

Other than the Cambro—Ordovician ages, monazite ages
from the Menderes Massif range from 53+6 Ma to
4.5+1.0 Ma. If all Cenozoic monazite grains formed
during decompression, extension in the Menderes Massif
might have begun in the Eocene time. Whether the
monazites grew during compression, decompression due
to detachment faulting or erosional exhumation remains
in question.

However, monazite can effectively record ages related
to tectonically controlled extension. Sample 01-88,
collected from the Kuzey Detachment, contains a
4.5+1.0 Ma-old matrix grain (Fig. 8), which is incon-
sistent with any previous geochronologic constraints
connected with compression. The structural location of
the sample and similar zircon and apatite fission track
results reported from the same detachment elsewhere
(Gessner et al. 2001) are consistent with the idea that the
matrix monazite in this rock formed due to allanite
breakdown reactions during extension. The 4.5+ 1.0 Ma
and 17+5 Ma monazite grains show the same textural
relationships to allanite, and movement along the Kuzey
Detachment might have begun during the early Miocene
and continued in the Pliocene.

Figure 4b illustrates how we envision that monazite
formed in sample 01-88. The rock was initially within
the allanite stability field when extension initiated.
Allanite with a suitable chemical composition reacted
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Fig. 13 Schematic calculations of how the younger monazite in
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to form monazite due to decompression under different
P-T conditions at 17+5 Ma and 4.5+1.0 Ma. These
P-T conditions are currently unknown. However,
assuming monazite crystallization at ~4.5 Ma at
~450°C (Townsend et al. 2000), a ~20° ramp on the
Kuzey Detachment (Hetzel et al. 1995a), and a geo-
thermal gradient of ~25°C/km, the Pliocene monazite
age suggests the Kuzey Detachment exhumed a lateral
distance of ~53 km at a rate of ~12 mm/year since the
Pliocene (Fig. 13). Alternatively, the Kuzey detachment
might have initially formed as a high-angle normal
fault at depth and then became a low-angle detachment
surface due to flexural rotation/rolling hinge processes
(Seyitoglu et al. 2000, 2002). If the initial dip of the
Kuzey Detachment was ~60°, the Pliocene monazite
age constrains the movement to ~5 mm/year, exhum-
ing ~21 km (Fig. 13).

Because significant gaps exist in our understanding of
the conditions of monazite formation, many variables in
these calculations are speculative. The rates and distances
calculated use only the younger monazite in 01-88, and
are complicated by the presence of the 17+ 5 Ma grain.
Both monazites show the same textural relationships to
allanite and movement along the Kuzey Detachment
might have initiated during the Miocene. Support for this
hypothesis, as well as a better understanding of the
meaning of the monazite ages, requires further exami-
nation before the ages are conclusively applied to
understand the slip history of the Kuzey Detachment.

Pan-African monazite inclusions in garnet

The Pan-African history of the Menderes Massif is an
important constraint for Pangean reconstructions. The
southeast European Alpine and Mediterranean moun-
tain belts contain zircons that yield Pan-African ages
(e.g., Neubauer 2002) and the Menderes Massif exposes
a wide area of rocks that record this late Neoproterozoic
to early Paleozoic event (Satir and Friedrichsen 1986;
Loos and Reischmann 1999; Oelsner et al. 1997).
Therefore, the region provides an important locale for
making paleogeographic reconstructions (Sengor et al.
1984; Neubauer 2002). In situ dating of monazite
inclusions in garnet has the potential to yield informa-
tion about the duration and nature of Pan-African
deformation (Oelsner et al. 1997).
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Monazite ages are important for deciphering the
origin of garnets found in the Menderes Massif. Gar-
net-based P-T conditions are frequently used to eval-
uate and develop models for the tectonic evolution of
the Menderes Massif (e.g., Okay 2001; Ring et al.
2001). If the garnets are detrital, as speculated for 01-
88, or developed during to a previous Pan-African re-
lated metamorphic event, as speculated for 01-141,
using their compositions in combination with the ma-
trix minerals would generate misleading thermobaro-
metric conditions and erroneously constrained tectonic
models.

Implications for extensional tectonics in the Menderes
Massif

Mechanisms responsible for extension in west Anatolia
remain poorly understood and likewise the beginning of
extension remains poorly documented. In this paper, we
suggest the possibility that extension in Gordes Massif
occurred in Late Oligocene time based on the
29.6+1.1 Ma-old and 27.9+1.0 Ma-old monazite
grains (Table 4) that have textural relationships with
allanite similar to the 4.5+ 1.0 Ma-old monazite from
the Kuzey detachment, a grain that is clearly extension-
related. The Menderes Massif might have experienced
two major stages of extension. The first occurred in the
Late Oligocene, and might have affected the entire
Menderes Massif. The second began in Late Miocene
time and continued to present time, and might have
affected only the Gordes and Central Menderes Massif.
The structural and geochemical evidence and relation-
ships between these stages of the extension, as well as
their role in shaping the Cine, Gordes, and Central
Menderes Massif, however, remains in question and
requires further study.
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