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GAËTAN RIMMEL�EE1,2*, TEDDY PARRA1, BRUNO GOFF�EE1,
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The Menderes Massif and the overlying Lycian Nappes occupy an
extensive area of SW Turkey where high-pressure–low-temperature
metamorphic rocks occur. Precise retrograde P–T paths reflecting the
tectonic mechanisms responsible for the exhumation of these high-
pressure–low-temperature rocks can be constrained with multi-
equilibriumP–T estimates relying on local equilibria.Whereas a simple
isothermal decompression is documented for the exhumation of high-
pressure parageneses from the southern Menderes Massif, various
P–T paths are observed in the overlying Karaova Formation of the
Lycian Nappes. In the uppermost levels of this unit, far from the
contact with the Menderes Massif, all P–T estimates depict cooling
decompression paths. These high-pressure cooling paths are asso-
ciated with top-to-the-NNE movements related to the Akçakaya
shear zone, located at the top of the Karaova Formation. This
zone of strain localization is a local intra-nappe contact that was
active in the early stages of exhumation of the high-pressure rocks. In
contrast, at the base of the Karaova Formation, along the contact
with the Menderes Massif, P–T calculations show decompressional
heating exhumation paths. These paths are associated with severe
deformation characterized by top-to-the-east shearing related to a

major shear zone (the Gerit shear zone) that reflects late exhumation
of high-pressure parageneses under warmer conditions.

KEY WORDS: exhumation; high-pressure–low-temperature metamorphism;

multi-equilibrium P–T estimates; Lycian Nappes; Menderes Massif

INTRODUCTION

High-pressure–low-temperature (HP–LT) metamorphic
rocks are widely exposed in the Alpine–Himalayan Belt.
Plate tectonic processes can account for HP–LT meta-
morphism by fast burial during subduction and crustal

thickening; however, the mechanisms responsible for the
return of these metamorphic rocks to the surface are far
less understood. Extensive metamorphic domains expos-
ing rocks that recorded blueschist- to eclogite-facies con-
ditions have been described in the Aegean region (Blake
et al., 1981; Mposkos & Perdikatsis, 1984; Okrusch et al.,

*Corresponding author. Telephone: 00 33 1 44 32 22 74. Fax: 00 33 1

44 32 20 00. E-mail: rimmele@geologie.ens.fr

# The Author 2004. Published by Oxford University Press. All

rights reserved. For Permissions, please email: journals.permissions@

oupjournals.org

JOURNAL OF PETROLOGY VOLUME 46 NUMBER 3 PAGES 641–669 2005 doi:10.1093/petrology/egh092
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/4
6
/3

/6
4
1
/1

4
3
8
7
8
6
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



1984; Okrusch & Br€oocker, 1990; Mposkos & Liati, 1991;
Theye & Seidel, 1991; Theye et al., 1992; Forster &
Lister, 1999). During the last decade, it has been empha-
sized that exhumation of these HP–LT rocks involves a
significant role of major low-angle extensional shear

zones (Avigad & Garfunkel, 1989; Gautier et al., 1993;
Gautier & Brun, 1994; Jolivet et al., 1994, 1996; Jolivet &
Patriat, 1999; Trotet, 2000; Trotet et al., 2001a). Farther
east, western Turkey preserves similar HP–LT meta-
morphism occurrences (Okay, 1984; Okay & Kelley,
1994; Candan et al., 1997, 2001, 2002; Oberh€aansli et al.,
1997, 1998, 2001; Çetinkaplan, 2002; Okay et al., 2002;
Rimmel�ee, 2003; Rimmel�ee et al., 2003a, 2003b). In this
region, the Menderes Massif occupies an extensive area;
it is tectonically overlain by nappe units of the Izmir–
Ankara Suture Zone (Şeng€oor & Yilmaz, 1981) in the
north (including the Bornova Flysch Zone) and the

Lycian Nappes in the south (Brunn et al., 1970; de
Graciansky, 1972; Poisson, 1977; Collins & Robertson,
1998). The recent discovery of the HP–LT mineral Fe–
Mg-carpholite within the Lycian Nappes (Oberh€aansli
et al., 2001; Rimmel�ee et al., 2003a) and the southern
Menderes Massif (Rimmel�ee et al., 2003b) has led to a
revision of the tectono-metamorphic evolution of this
region (Fig. 1). In the Lycian Nappes, the HP–LT rocks
have been found widely on the Bodrum peninsula and
locally in a few Lycian Nappe klippen located on top of
the Menderes metamorphic rocks (on the Dilek penin-

sula, in the Çivril area, and close to the locality of Borlu;
Fig. 1). In the Menderes Massif, the HP–LT rocks have
been described in the southernmost part of the massif,
north of the boundary between the Lycian Nappes and
the Menderes Massif. Evidence of HP–LT metamorph-
ism in both nappe complexes suggests significant burial,
of at least 30 km, during nappe stacking (Oberh€aansli et al.,
2001; Rimmel�ee, 2003; Rimmel�ee et al., 2003a, 2003b;
Jolivet et al., 2004). In the Bodrum peninsula area,
Rimmel�ee et al. (2003a) reported the existence of major
shear zones that were active during exhumation of the

HP–LT rocks. Structural data from the Bodrum penin-
sula region indicate top-to-the-NE to top-to-the-east
senses of shear with intensification of deformation
approaching the shear zones.
Whereas P–T conditions of the metamorphic peak for

the Menderes HP–LT rocks (>10 kbar/>440�C;
Rimmel�ee et al., 2003b) and the Lycian HP–LT meta-
sedimentary rocks (�8 kbar/<400�C; Oberh€aansli et al.,
2001; Rimmel�ee et al., 2003a) can easily be estimated
from the composition of metamorphic index minerals
(Fig. 1), detailed and precise retrograde P–T paths reflect-

ing the tectonic mechanisms responsible for exhumation
are rather difficult to constrain. However, recent studies
have shown that in low- to medium-grade garnet-free
metapelites, phengite and chlorite local equilibria
are good candidates to constrain the retrograde P–T

evolution of exhumed metamorphic rocks (Vidal &
Parra, 2000). The method, which consists of multi-
equilibrium P–T estimates relying on local equilibria,
has recently been used to obtain a detailed picture of
retrograde P–T paths for exhumed rocks in the Aegean

domain (Trotet, 2000; Trotet et al., 2001b; Parra et al.,
2002b). These studies distinguished a syn-orogenic exhu-
mation stage (Eocene) characterized by a cold P–T path
(decrease of temperature and pressure) during construc-
tion of the Hellenides, whereas the subsequent post-
orogenic exhumation (Oligo-Miocene) occurred along a
warmer P–T path (isothermal decompression) during
formation of the Aegean Sea, a thermal re-equilibriation
of the crust being envisaged between the two exhumation
episodes (Parra et al., 2002b).
In the present study, we use the multi-equilibrium

calculation method to obtain precise information on the

exhumation pattern of the Lycian and Menderes HP–LT
rocks, and to try to relate the deformation with the
intensity of retrogression in the high-pressure metapelites.

GEOLOGICAL SETTING OF THE

MENDERES MASSIF AND THE

LYCIAN NAPPES

The Menderes Massif

The Menderes Massif is split into three submassifs by
Neogene grabens: the southern submassif (or Çine sub-
massif), the central and the northern submassifs (Fig. 2).
Traditionally the Menderes Massif has been stratigra-
phically subdivided into a gneissic core with an overlying
metasedimentary cover (Schuiling, 1962; de Graciansky,
1966; D€uurr, 1975; Şeng€oor et al., 1984; Sat�r &
Friedrichsen, 1986). Recent studies have shown that this
picture is oversimplified and that the Menderes Massif

forms a thick-skinned nappe pile (Partzsch et al., 1997;
Hetzel et al., 1998; Ring et al., 1999a; Gessner, 2000;
Gessner et al., 2001a, 2001b) assembled during Late
Cretaceous to Tertiary orogenesis.
Core rocks are composed of augen gneisses, migma-

tites, gabbros with some granulite and eclogite relics, and
medium- to high-grade metamorphic schists (Şeng€oor et al.,
1984; Sat�r & Friedrichsen, 1986; Oberh€aansli et al., 1997;
Candan et al., 2001). They form the basement of western
Turkey and were deposited, intruded and metamor-
phosed in Neoproterozoic–Cambrian times (Schuiling,

1962; Şeng€oor et al., 1984; Sat�r & Friedrichsen, 1986;
Konak et al., 1987; Hetzel & Reischmann, 1996; Hetzel
et al., 1998; Loos & Reischmann, 1999; Gessner et al.,
2001a, 2004). In the central submassif, eclogite-facies
metamorphism occurred (Oberh€aansli et al., 1997;
Candan et al., 2001) and was later overprinted by regional
amphibolite-facies metamorphism (Candan et al., 2001).
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This HP–LT metamorphism has been dated as
Neoproterozoic–Cambrian (Pan-African) and is consid-
ered to result from crustal thickening during the Late
Precambrian–Early Palaeozoic orogeny (Partzsch et al.,
1997; Candan et al., 2001; Warkus, 2001; Oberh€aansli
et al., 2002).
Cover rocks consist of a Palaeozoic schist envelope

and a Mesozoic to Cenozoic marble envelope (Figs 2
and 3). The schist envelope is made of garnet-, kyanite-,

staurolite-, chloritoid-, and sillimanite-bearing micaschists,

graphite-rich quartzitic phyllite–schists, garnet
amphibolites, and marble intercalations (D€uurr, 1975;
Akk€ook, 1983; Ashworth & Evirgen, 1984a; Şeng€oor et al.,
1984; Sat�r & Friedrichsen, 1986; Konak et al., 1987;
Bozkurt, 1996; Hetzel et al., 1998; Whitney & Bozkurt,
2002; R�eegnier et al., 2003). The schist sequence is over-
lain by a thick marble envelope. An Upper Triassic
conglomerate containing quartzite pebbles, yellowish
dolomite, quartzite and fine-grained micaschist intercala-

tions lies at the base of the marble series (Fig. 3). In this

Fig. 1. (a) Simplified map showing the occurrences of Fe–Mg-carpholite-bearing rocks in SW Turkey. ^, Fe–Mg-carpholite localities in the
Lycian Nappes (sensu stricto and klippen; Oberh€aansli et al., 2001; Rimmel�ee et al., 2003a); ^, magnesiocarpholite occurrences in the Menderes
Massif (Rimmel�ee et al., 2003b). (b) P–T diagram showing location of metamorphic peak conditions estimated for parageneses involving Fe–Mg-
carpholite in the Lycian Nappes and the Menderes Massif; each equilibrium curve involving carpholite, chloritoid and chlorite has been
calculated with the mineral compositions measured in the Lycian Nappes (fine lines; Rimmel�ee et al., 2003a) as well as in the Menderes Massif
(bold lines; Rimmel�ee et al., 2003b). W, water; Qtz, quartz; Car, Fe–Mg-carpholite; Cld, chloritoid; Chl, chlorite; Kln, kaolinite; Prl, pyrophyllite;
Ky, kyanite.
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formation that locally crops out in the southern submas-
sif, magnesiocarpholite–kyanite–chloritoid assemblages
have recently been discovered in quartz segregations
appearing as synfolial veins, and led to the recognition
of a HP–LT metamorphic event (Eocene?) that affected
the Menderes Massif during its Alpine evolution (mini-

mum 10–12 kbar/440�C; Rimmel�ee et al., 2003b). The
three localities where HP–LT parageneses have been
found are shown in Fig. 4. Magnesiocarpholite is essen-
tially retrogressed to chlorite and kyanite and the exist-
ence of corundum-bearing rocks in the overlying rocks
suggests an isothermal decrease of pressure during exhu-
mation of HP–LT metamorphic rocks (Rimmel�ee et al.,
2003b). This metamorphic formation is overlain by
Upper Triassic to Liassic marbles, Jurassic to Lower
Cretaceous massive dolomitic marbles with metabauxite
containing corundum and diaspore (Konak et al., 1987;
Yalçin, 1987), Upper Cretaceous (Santonian–Campanian)
rudist-bearing marbles (D€uurr, 1975; Konak et al., 1987;

Özer, 1998; Özer et al., 2001), and Upper Campanian–
Upper Maastrichtian reddish pelagic cherty marbles
(Konak et al., 1987; Özer, 1998; Özer et al., 2001).
A Middle Palaeocene metamorphic olistostromal unit
including metaserpentinite and marble blocks within a
schist matrix unconformably overlies the marble

sequence (D€uurr, 1975; Gutnic et al., 1979; Çaǧlayan
et al., 1980; Konak et al., 1987; Collins & Robertson,
1998; Özer et al., 2001; Collins & Robertson, 2003).
This formation marks the end of sedimentation in the
Menderes Massif.
In the southern submassif, this metaolistostromal unit

has been described as slightly metamorphosed (Gutnic
et al., 1979; Rimmel�ee, 2003). In contrast, relics of
eclogite and eclogitic metagabbro were found in blocks
of an olistostromal unit (‘Selçuk Formation’; G€uung€oor &
Erdoğan, 2001), near the locality of Selçuk, as described

by Candan et al. (1997), Oberh€aansli et al. (1998) and
Çetinkaplan (2002) (Fig. 2). Those workers also suggested

Fig. 2. (a) Geological map of the Menderes Massif and Lycian Nappes region showing the regional distribution of HP–LT rocks in SW Turkey
[modified after Bozkurt & Sat�r (2000), Candan et al. (2001), Okay (2001) and Rimmel�ee et al. (2003b); see text for further references]. (b) Simplified
cross-section across SW Turkey [modified after Jolivet et al. (2004)]. The recent shear zones and grabens are intentionally not represented.
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that the matrix of this olistostrome, which does not show
any evidence of HP–LT metamorphism, has been com-
pletely overprinted by later greenschist-facies assem-
blages whereas the mafic blocks mostly preserved their
HP–LT assemblages. Candan et al. (1997) correlated

the Selçuk Formation with a similarly metamorphosed

olistostromal unit in Syros Island (Ridley & Dixon, 1984;
Okrusch & Br€oocker, 1990).
In the same region, on the Dilek peninsula (Fig. 2),

this eclogite-bearing olistostrome tectonically overlies
Mesozoic marble series (‘Kayaalt� Formation’; G€uung€oor

& Erdoğan, 2001) intercalated with metapelites and

Fig. 3. Generalized stratigraphic section (section not to scale) of the Menderes metasedimentary ‘cover’ and the overlying Lycian Thrust Sheets
[modified after Çakmakoǧlu (1985), Dora et al. (2001), Özer et al. (2001) and Rimmel�ee et al. (2003a)]. Locations of HP–LT assemblages are
indicated.
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metabasites containing well-preserved blue amphiboles
(Candan et al., 1997;Oberh€aansli et al., 1998).This blueschist-
facies metamorphism (10 kbar minimum/470�C;
Candan et al., 1997), dated as Middle Eocene (40Ma,
Ar/Ar on phengite; Oberh€aansli et al., 1998), was over-
printed by a regional Barrovian-type metamorphism
under greenschist-facies conditions during the Late
Eocene–Early Oligocene (Candan et al., 1997). A correla-
tion with the blueschists of Samos Island (Mposkos &
Perdikatsis, 1984; Okrusch et al., 1984) belonging to the
Cycladic complex has been proposed (Candan et al.,
1997; Oberh€aansli et al., 1998). Because of similar eclogite
and blueschist metamorphic imprints described in the
Aegean domain, many researchers have argued that the
Dilek–Selçuk region forms the eastward lateral continua-
tion of the Cycladic complex, and have excluded it
from the geological definition of the Menderes Massif

(Oberh€aansli et al., 1998; Ring et al., 1999a, 1999b; Gessner
et al., 2001a; Okay, 2001), the Cycladic complex resting
on top of the Menderes Massif (Fig. 2).
Before Alpine HP–LT metamorphism was des-

cribed in the Upper Triassic metaconglomerate of the
Menderes metasedimentary ‘cover’ (Rimmel�ee et al.,
2003b), the whole massif (‘core’ and the ‘cover’ rocks) was
considered to have undergone only a Barrovian-type
metamorphism [the so-called MMM, Main Menderes
Metamorphism of Şeng€oor et al. (1984)] with preserved
upper amphibolite-facies conditions in the lower levels

of the massif and greenschist-facies conditions in the
uppermost parts of the cover series (D€uurr, 1975; Akk€ook,
1983; Ashworth & Evirgen, 1984a; Şeng€oor et al., 1984;
Sat�r & Friedrichsen, 1986; Konak et al., 1987; Okay,
2001; Ring et al., 2001; Whitney & Bozkurt, 2002;
R�eegnier et al., 2003).
In the southern submassif, the regional foliation is

strongly deformed. Asymmetric kilometre-scale folds
trend parallel to the Lycian nappe contact and are fre-
quently overturned with a northward vergence (Bozkurt
& Park, 1999; Whitney & Bozkurt, 2002; Rimmel�ee et al.,
2003a, 2003b). A pronounced stretching is associated
with the regional foliation. In the HP–LT metaconglo-
merate, stretching lineations are roughly oriented N050�

(Rimmel�ee et al., 2003b). ENE–WSW stretching and senses
of shear towards the ENE have also been reported in the
uppermost levels of the marble envelope, just below the
contact with the Lycian Nappes (Collins & Robertson,
2003; Rimmel�ee et al., 2003a) (Fig. 4). The Palaeozoic
schists and the augen gneisses of the Menderes Massif
display a strong NNE–SSW to NE–SW stretching asso-
ciated with top-to-the-north fabrics, these kinematic

indicators being overprinted by top-to-the-south displace-
ments. Some workers consider that the top-to-the-north
movements were recorded during the Alpine orogeny
(Bozkurt & Park, 1994, 1999; Bozkurt, 1996; Hetzel
et al., 1998; Lips et al., 2001; Whitney & Bozkurt, 2002).

In contrast, others claim that the top-to-the-north fabrics
correspond to a pre-Alpine deformation and that the top-
to-the-south senses of shear that crosscut the earlier
fabrics in both ‘core’ and ‘cover’ units are related to the
main Alpine contractional event (Ring et al., 1999a;
Gessner et al., 2001a, 2001b, 2004).

The Lycian Nappes

At the south of the Menderes Massif, the Lycian Nappes
tectonically overlie the metasediments of the Menderes
cover (de Graciansky, 1972). Their origin has been the
subject of many controversies. Whereas some workers
argued that the tectonic slices originated from north of
the Menderes Massif (de Graciansky, 1972; D€uurr, 1975;

D€uurr et al., 1978; Gutnic et al., 1979; Şeng€oor & Y�lmaz,
1981; Okay, 1989; Collins & Robertson, 1997, 1998,
1999, 2003; G€uung€oor & Erdoğan, 2001), others consid-
ered a dual origin (Poisson, 1977, 1985; Özkaya, 1990;
Ersoy, 1993). A recent tectono-stratigraphic study by
Collins & Robertson (1997, 1998, 1999, 2003) suggested
that the Lycian Taurides represent an allochthonous
Late Palaeozoic-Mesozoic rift–passive margin succession
that was detached from its autochthon and translated
towards the SE between Late Cretaceous and Late
Miocene times. These workers defined the Lycian

Allochthon as being made of three main units: (1) the
‘Lycian Thrust Sheets’ composed of Upper Palaeozoic
to Tertiary sedimentary rocks; (2) a thick chaotic
m�eelange unit (the ‘Lycian M�eelange’) subdivided into a
lower ‘layered tectonic m�eelange’ and an upper ‘ophio-
litic m�eelange’; tectonically overlain by (3) the ‘Lycian
Peridotite Thrust Sheet’, which consists of serpentinized
peridotites with a metamorphic sole. At the south of the
Menderes Massif, the basal ‘Lycian Thrust Sheets’
widely crop out on the Bodrum peninsula (Figs. 2
and 4). They are composed of Upper Permian–Lower

Triassic reddish to greenish metapelites [the Karaova
Formation of Phillippson (1910–1915)] overlain by a
thick succession of Middle Triassic–Middle Jurassic
massive limestones and dolomites, grading upward to
Upper Jurassic–Upper Cretaceous cherty limestones.
The uppermost limestone layers are easily recognizable
by calcite forming rosetta (‘Rosetta limestones’). This
thick limestone succession is overlain by the Campanian
to Maastrichtian Karab€ooǧ€uurtlen wildflysch (de Gra-
ciansky, 1972; Bernoulli et al., 1974; Çakmakoǧlu, 1985;
Okay, 1989). This sequence records a continuous sedi-

mentation from Late Palaeozoic to Late Cretaceous
(Fig. 3). Recent investigations in this area revealed the
occurrence of a widespread HP–LT metamorphism
documented by Fe–Mg-carpholite in the metasedimen-
tary rocks of the basal Karaova Formation, which
recorded pressures of about 8 kbar and maximum tem-
peratures of 400�C (Oberh€aansli et al., 2001; Rimmel�ee

647

RIMMEL�EE et al. EXHUMATION OF HP�LT ROCKS
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/4
6
/3

/6
4
1
/1

4
3
8
7
8
6
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



et al., 2003a). HP–LT relics have also been found in
klippen of Lycian Nappes located above the Menderes
Massif, and therefore extend over 200 km in both NS
and EW directions (Fig. 1). An age between the Late
Cretaceous and Eocene has been proposed for the HP–

LT metamorphic event (Rimmel�ee et al., 2003a). Prior to
this discovery of high-pressure relics, the base of the
Lycian Nappes was thought to have recorded only a
weak low-grade metamorphism under greenschist-facies
conditions (Ashworth & Evirgen, 1984b). In particular,
Rimmel�ee et al. (2003a) reported the distribution of Fe–
Mg-carpholite and its breakdown products throughout
the Bodrum peninsula between G€uull€uuk and Muǧla
(Fig. 4), and noticed variations in the intensity of retro-
gression in the HP–LT metasediments suggesting differ-
ent retrograde histories after a common HP–LT
metamorphic peak. A high-pressure cooling path was

suggested for the rocks showing well-preserved Fe–Mg-
carpholite (Ören–Demirciler area) whereas a more iso-
thermal decompression path was envisaged for the
exhumation of rocks that show only Fe–Mg-carpholite
pseudomorphs (e.g. G€uull€uuk area) (Rimmel�ee et al., 2003a).
On the Bodrum peninsula, ductile deformation in the

HP–LT metasediments of the Karaova Formation is
associated with NE- to ENE-trending stretching with
top-to-the-NE senses of shear, which are similar to the
displacements observed in the southern Menderes
Massif (Fig. 4). Most of this deformation is coeval

with exhumation of the Karaova HP–LT rocks and
appears to be localized along two major shear zones,
one above the Karaova metapelites near Akçakaya
(‘Akçakaya shear zone’), and one along the contact
with the Menderes Massif (‘Gerit shear zone’) (Rimmel�ee
et al., 2003a). It has been claimed that these top-to-the-
NE to top-to-the-east movements are due to a north-
ward backthrusting of the Lycian Nappes subsequent to
their southward transport over the Menderes Massif,
reactivating the Menderes Massif–Lycian Nappes con-
tact as a top-to-the-NE shear zone that allowed exhu-

mation of the Lycian metamorphic rocks (Rimmel�ee et al.,
2003a, 2003b). The earlier deformation associated with
the southward translation of the nappe complex is pre-
served only in the uppermost levels (the Karab€ooǧ€uurtlen
wildflysch) of the Lycian Thrust Sheets (Rimmel�ee et al.,
2003a; Fig. 4), and farther eastward in the Lycian
m�eelange, as well as in peridotite slices (Collins &
Robertson, 1998, 2003). This idea of a northward
backthrusting of the Lycian Nappes has also been pro-
posed by Bozkurt & Park (1999). On the Bodrum
peninsula, Collins & Robertson (2003) also described

some top-to-the-east senses of shear at the contact with
the Menderes Massif but interpreted this deformation
as part of the overall top-to-the-east to top-to-the-SE
thrusting of the Lycian Nappes over the Menderes
Massif.

REGIONAL DISTRIBUTION AND

CHEMISTRY OF HP–LT

ASSEMBLAGES

Samples were collected from about 300 outcrops
throughout the region (Fig. 4) to describe the different
parageneses involved in these HP–LT rocks. They were
mainly collected in the HP–LT metamorphic Karaova
Formation of the Lycian Nappes and in the HP–LT
metaconglomerate of the Menderes Massif.

Distribution of HP–LT parageneses

Mineral distribution in the Lycian Nappes

Fe–Mg-carpholite and its retrogression products occur
only at the base of the Lycian Nappes, within the meta-
pelitic Karaova Formation. They are widespread on the
Bodrum peninsula, between G€uull€uuk and Yaras (Fig. 4),
and were locally found in a few klippen of Lycian Nappes
that crop out at the top of the Menderes metamorphic
rocks.
On the Bodrum peninsula, the distribution of HP–LT

index minerals is not uniform (Fig. 4). Well-preserved
Fe–Mg-carpholite was widely found between Ören
and Demirciler, and commonly appears as centimetre-

to decimetre-scale fibres in quartz segregations. It has
also been observed within large crystals of calcite.
However, in the lowermost parts of the pelitic sequence,
close to the contact with the Menderes Massif, Fe–Mg-
carpholite is partly to totally retrogressed to chlorite and
pyrophyllite or to chlorite and phengite (e.g. near G€uull€uuk,
Gerit or Ula). Chloritoid commonly occurs within the
mineral foliation throughout the peninsula. It has also
been found associated with Fe–Mg-carpholite in quartz
segregations in the area of Ören.
In the northern part of the Menderes Massif, relics of

Fe–Mg-carpholite were found in a small tectonic slice of
Lycian sedimentary rocks NE of Borlu, and at Çivril (NE
of Denizli), which represents the easternmost finding of
Fe–Mg-carpholite in the region (Fig. 1).
In the Dilek peninsula region (Fig. 2), SW of Selçuk,

two klippen of the Lycian Nappes occur on top of the
Selçuk Formation. Outcrops of the Karaova Formation
are exposed in both Lycian outliers. At the base of
the northern klippe, near the village of Kirazl� (Fig. 5a),
the strongly deformed chloritoid-bearing metapelites
of the Karaova Formation preserved carpholite pseu-

domorphs at the contact with the rocks of the
Menderes Massif. In contrast, in the southern slice
(south of Tirhak€ooy; Fig. 5b), at an unknown distance
from the Lycian–Menderes contact, fresh Fe–Mg-
carpholite occurs in quartz segregations within the
same reddish–greenish basal phyllites of the Karaova
Formation.
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Mineral distribution in the southern Menderes Massif

In the southern Menderes Massif, magnesiocarpholite

occurrences have been found in three localities where
the Upper Triassic metaconglomerate of the ‘cover’ series

crops out just below a thick marble sequence (Rimmel�ee
et al., 2003b) (Fig. 4). South of Bafa G€ool€uu, close to the
village of Kurudere (Fig. 4), magnesiocarpholite–kyanite–

chlorite–quartz assemblages were identified within

Fig. 5. Simplified geological maps of the two klippen of Lycian Nappes located in the Dilek–Selçuk area [modified after G€uung€oor & Erdoğan
(2001)]: (a) map of the northern klippe (Kirazl� area); (b) map of the southern klippe (Tirhak€ooy area). The localities of both klippen are indicated in
Fig. 2. Locations of HP–LT relics and samples used for P–T estimates are shown on the maps as well as on the two schematic cross-sections across
each HP–LT metamorphic unit.
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synfolial quartz veins. Magnesiocarpholite is partially
preserved as relic hair-like microfibres within quartz in
contact with kyanite. Elsewhere, it is commonly replaced
by chlorite and kyanite. Chloritoid was not identified
in this area. Farther east, SW of Bahçeyaka (Fig. 4),

we found magnesiocarpholite–chloritoid–sudoite–quartz
assemblages. Chloritoid results from the breakdown of
magnesiocarpholite, which is preserved only within
quartz. Finally, east of Nebiler (Fig. 4), we found chlor-
itoid–kyanite–chlorite–quartz and kyanite–chlorite–
quartz assemblages. In this area, prismatic aggregates of
chlorite and kyanite occur as pseudomorphs of mag-
nesiocarpholite. In the three areas, pyrophyllite and
phengite are commonly associated with these HP–LT
assemblages.

Mineral compositions in HP–LT rocks

Mineral analyses were obtained on three electron

microprobes, a Cameca SX50 at Universit�ee Paris VI
(Paris, France), a Cameca SX100 at the GeoForschungs-
Zentrum (Potsdam, Germany), and a JEOL 8800 in the
Humboldt Museum (Berlin, Germany). The three units
operated under standard conditions (15 kV accelerating
voltage, 10–20 nA specimen current, PAP correction pro-
cedure), using natural and synthetic standard minerals (in
Paris: Fe2O3 [Fe], MnTiO3 [Mn, Ti], diopside [Mg, Si],
CaF2 [F], orthoclase [Al, K], anorthite [Ca], albite [Na];
in Potsdam: Fe2O3 [Fe], rhodonite [Mn], rutile [Ti],
MgO [Mg], wollastonite [Si, Ca], fluorite [F], orthoclase

[Al, K], albite [Na]; in Berlin: anorthoclase [Si, Al, Na,
K], ilmenite [Ti, Mn], magnetite [Fe], Cr-augite [Mg,
Ca], apatite [F], tugtupite [Cl]). The analytical spot dia-
meter was set between 3 and 5mm keeping the same
current conditions. About 50 samples were analysed
and 23 of them were used for multi-equilibrium calcula-
tions. Only the latter are reported in Figs 4 and 5. The 50
samples are from the Karaova Formation of the Lycian
Nappes and the metaconglomerate of the Menderes
‘cover’ sequence, which both contain HP–LT relics.

Fe–Mg-carpholite

The Fe–Mg-carpholite structural formula, (Fe,Mn,Mg)
Al2Si2O6(OH,F)4, is calculated on the basis of five
cations for the calculation of Si and three cations for Al,
Fe, Mn and Mg, to account for the contribution of
surrounding quartz when analysing fibres smaller than

the microprobe beam diameter (Goff�ee & Oberh€aansli,
1992). The Fe3þ (Fe3þ ¼ 2 � Al) and Fe2þ contents are
calculated after Goff�ee & Oberh€aansli (1992). Analyses
showing an oxide sum <85 wt % or >90 wt % were
rejected. The compositions of Fe–Mg-carpholite from
the Lycian Nappes and the Menderes Massif are
reported in Fig. 6a. The complete dataset is included in

Electronic Appendix 1, which can be downloaded from
the Journal of Petrology website at http://www.petrology.
oupjournals.org).
In the Lycian Nappes, Fe–Mg-carpholite composition

is variable, as shown by XMg [XMg ¼ Mg/(Mg þ Fe2þ þ
Mn)] values ranging from 0�4 to 0�7. The XMg values vary
from 0�65 to 0�7 in the klippe of the Lycian Nappes south
of Tirhak€ooy, from 0�55 to 0�60 in the area of Demirciler,
from 0�6 to 0�7 near the locality of Ula, from 0�6 to 0�65
in the Çivril area, and from 0�4 and 0�65 (mean value of
0�55) in the region of Ören (see Figs 1, 4 and 5b for
locations). The Mn content in Fe–Mg-carpholite is very
low (0 < XMn < 0�03) for all samples.
In the Menderes Massif, compositions of magnesio-

carpholite are characterized by XMg values ranging
from 0�65 to 0�90 (Rimmel�ee et al., 2003b), and show a
higher Mn content than in the Lycian Nappes (XMn

reaching 0�25).

Chloritoid

The chloritoid formula, (Fe,Mn,Mg)2Al4Si2O10(OH)4,
is calculated on the basis of 12 oxygens. Fe3þ/Fe2þ

(Fe3þ ¼ 4 � Al) is calculated after Chopin et al. (1992).
Analyses showing an oxide sum <90 wt % or >94 wt %
were rejected (see chloritoid compositions in Electronic
Appendix 2, available at http://www.petrology.
oupjournals.org).
The samples from the Karaova Formation of the

Lycian Nappes show XMg [XMg ¼ Mg/(Mg þ Fe2þ þ
Mn)] values roughly between 0�1 and 0�2 for the whole
region. As for the Lycian Fe–Mg-carpholite, the XMn

does not exceed 3% (Fig. 6b).
The chemical composition of chloritoid from the

Menderes HP–LT rocks is rather different from
the latter, showing higher values of XMg (XMg � 0�45)
and XMn (XMn � 0�25) (Rimmel�ee et al., 2003b).

Phyllosilicates

Structural formulae are calculated on the basis of 14
oxygens for chlorite and 11 for white mica. We only
retained chlorite and white mica analyses with an oxide
sum ranging between 83 and 89�5 wt % and between 92
and 97 wt %, respectively. To decrease the risk of using
phengite and chlorite analyses with significant contamina-
tions or alkali loss, we retained only the analyses that
respect the chemical criteria reported by Vidal & Parra

(2000). Chlorite analyses showing >0�5% (Na2O þ
K2O þ CaO) and >0�1% K2O were rejected, as well as
white mica analyses showing >0�5% (MnO þ TiO2 þ
Cl). Finally, only the compositions of chlorites and
phengites that could be expressed as linear combinations
of the following end-members were retained: clinochlore
Mg5Al2Si3O10(OH)8, daphnite Fe5Al2Si3O10(OH)8,
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(Fe,Mg)-amesite (Fe,Mg)4Al4Si2O10(OH)8, and sudoite
(Fe,Mg)2Al4Si3O10(OH)8 for chlorites; and (Fe,Mg)-
celadonite K(Fe,Mg)AlSi4O10(OH)2, muscovite KAl3-
Si3O10(OH)2, paragonite NaAl3Si3O10(OH)2, pyrophyllite
Al2Si4O10(OH)2, and biotite K(Fe,Mg)3AlSi3O10(OH)2
for micas.

Tri-octahedral chlorite and sudoite compositions. Variations of
chlorite compositions are mainly due to three major sub-
stitutions, the FeMg–1 substitution (FM), the Tschermak
substitution (TK) between clinochlore–daphnite
and (Mg,Fe)-amesite [AlIVAlVISi–1(Mg,Fe)–1], and the

di-trioctahedral substitution (DT) between clinochlore–
daphnite and (Mg,Fe)-sudoite [(Mg,Fe)3V–1Al–2, where
V indicates a vacancy] (Vidal & Parra, 2000). The extent
of substitutions depends on the metamorphic P–T condi-
tions and on the bulk-rock chemistry (Vidal et al., 2001).
No data are available on the whole-rock chemistry of the
Lycian HP–LT metasediments and the HP–LT meta-
conglomerate of the Menderes Massif. However, based
on mineralogical observations (assemblages, modes,
mineral chemistry), we infer that rocks from the Karaova
Formation of the Lycian Nappes, as well as the HP–LT
metaconglomerate of the Menderes ‘cover’ series, have a

Fig. 6. Fe–Mn–Mg ternary diagrams showing compositions of Fe–Mg-carpholite (a) and chloritoid (b) from the Lycian Nappes (this study) and the
Menderes Massif [after Rimmel�ee et al. (2003b)].
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roughly constant chemical composition throughout the
study area.
In the whole area, about 500 chlorite and sudoite

analyses have been made on samples from the Lycian
Karaova Formation and about 120 on samples collected

in the metaconglomerate of the Menderes Massif
(Fig. 7; see also Electronic Appendix 3 at http://www.
petrology.oupjournals.org). These analyses are plotted
in (clinochlore–daphnite)–amesite–sudoite ternary dia-
grams and in Si vs XMg diagrams. The diagrams highlight
the extent of the TK, DT and FM substitutions (Fig. 7a).
Chlorites from the Lycian Nappes have a composition

lying between the amesite and the clinochlore–daphnite
end-members (Fig. 7b). The sudoite content roughly
ranges between 10 and 30 mol %, except for some ana-
lyses that reach 60 mol %. It is noteworthy that the
sudoite content is high compared with natural chlorite

compositions (sudoite content <35 mol %) described by
Vidal et al. (2001). The question arises here whether these
chlorite analyses result from contamination or interstra-
tification. For this reason, we preferred not to use them
for P–T estimates. Further studies would be necessary to
characterize precisely this ‘chlorite’ that could exhibit
either a tri- or di/tri-octahedral structure. Figure 7c
shows XMg values [XMg ¼ Mg/(Mg þ Fe2þ þ Mn]
ranging between 0�35 and 0�75 and Si contents between
2�5 and 3 a.p.f.u. The chlorite analyses from the G€uull€uuk
region are Fe richer than those from other areas (0�35 <
XMg < 0�45).
Sudoite compositions have a Si content ranging

between 3 and 3�2 a.p.f.u. and XMg values between 0�6
and 0�85 (Fig. 7d). As mentioned by Vidal et al. (2001), the
chlorite solid solution model cannot be used when the Si
content of sudoite is >3�0 a.p.f.u. Therefore the sudoite
analyses from the Lycian Nappes were not used for P–T
estimates.
In the HP–LT rocks from the Menderes Massif, chlor-

ite compositions exhibit smaller variations of TK, DT
and FM substitutions than those from the Lycian Nappes,

although the dataset of chlorite analyses in samples from
the Menderes Massif is smaller than that of the Lycian
Nappes. Compositions have a lower sudoite content than
those from the Lycian Nappes (Fig. 7e). The Si content
ranges between 2�6 and 2�8 a.p.f.u. and the XMg values
cluster between 0�8 and 0�9 (Fig. 7f ).
The very few sudoite analyses show a Si content around

3�1 a.p.f.u. The XMg is about 0�9 (Fig. 7g). For the same
reasons as given above, sudoite compositions from the
Menderes Massif were not used for P–T calculations.

White mica and pyrophyllite compositions. Variations of
K-white mica (phengite) compositions are essentially a
function of the FeMg–1 substitution (FM), the Tschermak
substitution (TK) between muscovite and (Mg,Fe)-
celadonite [AlIVAlVISi–1(Mg,Fe)–1], the pyrophyllitic

substitution (P) between muscovite and pyrophyllite
(KAlSi–1V–1), and the paragonitic substitution (Pa)
between muscovite and paragonite (NaK–1) (Vidal &
Parra, 2000). The extent of substitutions in micas also
depends on the P–T conditions as well as on the rock

chemistry (Parra et al., 2002a).
Two white micas have been recognized in the

Menderes Massif and the Lycian Nappes: phengite and
paragonite. Very low quantities of paragonite have been
detected by X-ray diffraction (XRD) analyses in only a
few samples. Pyrophyllite also occurs in the samples col-
lected in both the Lycian Nappes and the Menderes
Massif.
About 650 analyses of white mica and pyrophyllite

have been performed in the Lycian samples and about
75 in samples from the Menderes Massif (analyses
in Electronic Appendix 4 at http://www.petrology.

oupjournals.org). These analyses are plotted in pyrophyl-
lite–celadonite–muscovite and pyrophyllite–paragonite–
muscovite ternary diagrams showing the extent of the
TK, P and Pa substitutions (Fig. 8a).
For the Karaova Formation of the Lycian Nappes,

Fig. 8b shows that the pyrophyllite content in phengite
can reach high values (�40 mol %) whereas the celado-
nite content is not higher than 10 mol %. The paragonitic
content in phengite is always low (mainly <20 mol %)
(Fig. 8c).
In the Menderes metaconglomerate, phengites have

generally a lower pyrophyllite content than in the Lycian
Nappes (0–30 mol %) whereas the celadonite and mus-
covite contents are higher (Fig. 8d). As for the Lycian
Nappes, phengites have a low paragonite content
(10–20 mol %) (Fig. 8e).
In both the Lycian Nappes and the Menderes Massif,

the pyrophyllite compositions have very low K and Na
contents (<10 mol %; Fig. 8c and e).

Interpretation in terms of P–T evolution

The Fe–Mg-carpholite and chloritoid compositions in
the Menderes Massif show higher XMg values than in
the Lycian Nappes (Fig. 6), which document higher P–T
conditions in the Menderes Massif than in the Lycian
Nappes (Chopin et al., 1992; Theye et al., 1992; Vidal et al.,
1992, 1994; Oberh€aansli et al., 1995). Furthermore, in the
Lycian Nappes, Fe–Mg-carpholite is mainly associated
with pyrophyllite whereas it forms assemblages with kya-
nite in the Menderes Massif, which also suggests higher

temperature conditions. The sudoite content in chlorite
from the Lycian Nappes is higher than in that from the
Menderes Massif (Fig. 7), which also documents lower
temperature conditions for the Lycian HP–LT meta-
morphism (Vidal et al., 2001). The higher pyrophyllite
content and lower muscovite content in phengites of the
Lycian Nappes than in those from the Menderes Massif
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Fig. 7. (a) Diagrams showing the three systematic main substitutions between the chlorite end-members (TK, Tschermak substitution; DT,
di-trioctahedral substitution; FM, FeMg–1 substitution). (b) Chemical variability of chlorite and sudoite from the Lycian Nappes caused by the TK
and DT substitutions. Compositional variability of chlorite (c) and sudoite (d) from the Lycian Nappes caused by the TK and FM substitutions.
(e) Compositional variability of chlorite and sudoite from the Menderes Massif caused by the TK and DT substitutions. Compositional variability
of chlorite (f) and sudoite (g) from the Menderes Massif caused by the TK and FM substitutions.
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Fig. 8. (a) Ternary diagrams showing the systematic Tschermak (TK), pyrophyllitic (P) and paragonitic (Pa) substitutions in K- and Na-white
micas [Prl, pyrophyllite; Ms, muscovite; (Mg–Fe)-Cel, celadonite; Pg, paragonite]. Compositional variability of K-white micas (phengite) from the
Lycian Nappes caused by the TK and P substitutions (b) and by the P and Pa substitutions (c). Pyrophyllite compositions from the Lycian Nappes
are also reported in (c). Compositional variability of K-white micas from the Menderes Massif caused by the TK and P substitutions (d) and by the
P and Pa substitutions (e). Pyrophyllite compositions from the Menderes Massif are also plotted in (e).
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(Fig. 8) also suggests lower P–T conditions for the Lycian
Nappes (Vidal & Parra, 2000; Parra et al., 2002a).
Furthermore, the TK substitution between muscovite

and celadonite has a slightly wider extent in the Men-
deres metaconglomerate than in the Lycian metasedi-
ments (Fig. 8b and d), thus indicating higher pressure
conditions for the Menderes HP–LT rocks than for the
Lycian metamorphic rocks (Massonne & Szpurka, 1997;
Vidal & Parra, 2000; Parra et al., 2002a).
These differences in the mineral compositions from the

Lycian Nappes and the Menderes Massif clearly point to
different metamorphic conditions in the two tectonic
units. However, a combination of these variations in
mineral composition at the local equilibria scale

provides a better-constrained picture of the P–T condi-
tions reached during HP–LT metamorphism and its
exhumation.

P–T ESTIMATES BASED ON

MULTI-EQUILIBRIUM

CALCULATIONS

Sampling

In the study area, 23 samples collected in the HP–LT
metamorphic Karaova Formation of the Lycian Nappes
and in the HP–LT metaconglomerate of the Menderes

Massif were used to constrain P–T estimates based on
multi-equilibrium calculations. The locations of these
samples are shown in Figs 4 and 5. All samples have

been analysed by XRD (Siemens, D5005 model, Univer-
sity of Potsdam). The mineral occurrences for each thin
section are listed in Fig. 9.

Thermodynamic data and solid-solution
properties

The thermodynamic dataset and solid-solution properties
used in this work are from the TWEEQ (Thermobaro-
metry With Estimation of EQuilibration state; Berman,
1991) updated database of Berman (1988). For the fol-
lowing minerals, external data were included: chlorite
(Vidal et al., 2001), sudoite (Vidal et al., 1992), phengite
(Parra et al., 2002a), Fe–Mg-carpholite (Vidal et al., 1992),
and chloritoid (Mg-chloritoid from Vidal et al., 2001; Fe-
chloritoid from Vidal et al., 1994). Activities of Fe–Mg-
carpholite were calculated after Vidal et al. (1992) [a(car) ¼
(XMg)(XAl)

2(XOH)
4 with XMg ¼ Mg/(Mg þ Fe2þ þ Mn),

XAl ¼ (2� Fe3þ)/2 and XOH ¼ (4� F)/4]. The XMg and
XFe of chloritoid were calculated considering the Mn
content [XMg ¼ Mg/(Mg þ Fe2þ þ Mn) and XFe ¼
Fe/(Mg þ Fe2þ þ Mn)], and activities are from Vidal
et al. (1994) (a[Mg-Cld] ¼ XMg and a[Fe-Cld] ¼ XFe). As
thermodynamic data for Fe-amesite are unpublished
and still provisory (O. Vidal & T. Parra, personal

Fig. 9. Mineral occurrences in samples used for multi-equilibrium calculations. Dashed lines represent mineral in low abundance.
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communication), we did not take into account this
end-member for our calculations.

Method of calculation

The calculation procedure is a systematic method that
allows simultaneous estimates of P and T using a small
number of phases that are systematically present in the
studied thin sections, and to check for equilibrium. It is
based on the notion of ‘multi-equilibrium calculations’
(Berman, 1991), which requires the assumption of local
equilibrium and the use of solid-solution models and
thermodynamic data for minerals characterized by com-
positional variations. The method involves the plotting of
all the equilibrium reactions (TER, total equilibrium

reactions) calculated with the end-members used to
describe the composition of chlorite and phengite (often
associated with other minerals). Increasing the number of
end-members used to express the compositional variabil-
ity of chlorite, phengite and other associated minerals
allows one to increase the number of TER that can be
computed for a given paragenesis involving these miner-
als, and therefore the number of linearly independent
equilibrium reactions (IER) (Vidal & Parra, 2000; Vidal
et al., 2001; Parra et al., 2002a, 2002b) (Fig. 10).
The pairs or triplets used to perform the calculations

were first selected using classical microtextural criteria
suggesting equilibrium state. In particular, the assemblage-
forming minerals must be in contact and be involved in
the same microstructure as shown in Fig. 10.
Assuming that the standard state thermodynamic data

as well as the activity–composition relationships are well
calibrated, all the reactions computed for a given para-
genesis should intersect at a single point in the P–T field if
equilibrium is achieved (Fig. 10). However, cumulated
errors on each equilibrium reaction involve scatters in the
intersection points. The InterSX (Berman, 1991) pro-

gram included in the TWEEQ package allows one to
calculate P, T and the scatters, scat(P ) and scat(T ),
between intersections.
Even if the thermodynamic database was perfect,

imprecision in the mineral analyses limits the relative
precision of the P–T estimates. The precision of the
microprobe analysis induces scatter related to variations
of mica, chlorite and other mineral compositions, which
can be calculated using a Monte Carlo simulation
(Lieberman & Petrakakis, 1991; Vidal & Parra, 2000;
Parra et al., 2002b). This calculation was made for each

paragenesis used for P–T estimates and led to a determin-
ation of paragenesis-dependent maximum permissible
scatters, above which the minerals are considered to be
out of equilibrium (Vidal & Parra, 2000).
For each paragenesis, we first chose the assemblages

showing mineral compositions that were ‘perfectly’ equi-
librated (i.e. all equilibria intersect at a single point). As an

example, for a paragenesis Fe–Mg-carpholite–phengite–
chlorite, we took the three compositions that showed the
best equilibrium between each mineral. A Gaussian error
distribution with 1s ¼ 1% relative for all major oxides
was randomly sampled about the nominal weight percen-

tage for each oxide in phengite, chlorite and Fe–Mg-
carpholite (except for volatile Na2O and K2O in
phengite, for which 1s ¼ 2% relative). Minor elements
were not considered because even large relative varia-
tions have a negligible influence on the Monte Carlo
simulation. A hundred permutations allowed simulation
of 100 mineral compositions. The set of 100 simulated
chlorite–phengite–carpholite triplets was used to calcu-
late 100 separate P–T points, as well as their associated
scatters in P and T [scat(P ) and scat(T )] with the InterSX
program. These best P–T estimates (Pi and Ti, i¼ 1–100)
are defined as a solid weighted average. Because the

distribution of these best estimates can be approximated
by a Gaussian distribution (Lieberman & Petrakakis,
1991), we calculated a mean pressure P ¼ ½�Pi�=100
and a mean temperature T ¼ ½�Ti�=100 for the 100 Pi
and Ti, as well as the 95% confidence standard deviations
(sP and sT ) and the correlation coefficient r(P,T ).
These values are used to estimate a P–T ellipse depicting
the precision of any P and T calculation for the given
paragenesis. The size is calculated with sP and sT. The
orientation of the ellipse is constrained by the correlation
coefficient r(P,T ) (Powell & Holland, 1988, 1994).

We also calculated the average scatters scatðPÞ ¼
½�scatðPiÞ�=100 and scatðT Þ ¼ ½�scatðTiÞ�=100, and
their standard deviations sscat(P ) and sscat(T ), to deter-
mine the maximum permissible scatter ½scatðPÞmax ¼
scatðPÞþ2sscatðPÞ and scatðT Þmax¼ scatðT Þ þ 2sscatðT Þ�
of any P–T estimate with a 95% confidence level (2s).
For any other P–T estimate from the same paragenesis,

we then compared the scatters scat(P ) and scat(T ) with
the maxima defined previously. If scat(P ) > scat(P )max or
scat(T ) > scat(T )max, the minerals involved in the para-
genesis were considered to be out of equilibrium and the

calculated P–T conditions were rejected.
In the study area, P–T conditions were estimated

from six different parageneses: Fe–Mg-carpholite–
chlorite–phengite–quartz, magnesiocarpholite–chlorite–
kyanite–quartz, Fe–Mg-carpholite–chlorite–quartz,
chlorite–phengite–quartz, chloritoid–chlorite–phengite–
quartz, and chloritoid–chlorite–quartz. For each para-
genesis, the Monte Carlo simulation was performed to
estimate the analytical uncertainties and the paragenesis-
dependent maximum permissible scatters (different from
one paragenesis to the other) (Table 1). The amount of

rejected P–T estimates is large and may result from
calculations performed with non-equilibrated minerals.
However, as already described by Parra et al. (2002b), a
significant proportion of rejected mineral pairs or triplets
showing scat(P ) > scat(P )max or scat(T ) > scat(T )max
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Fig. 10. Photomicrographs showing the location of mineral analyses (left) and P–T diagrams showing the plot of all equilibrium reactions computed
(right) for a paragenesis of Fe–Mg-carpholite–chlorite–phengite–quartz (a), chlorite–phengite–quartz (b), chloritoid–chlorite–phengite–quartz (c) and
chloritoid–chlorite–quartz (d). P–T estimates and the scatters between intersections [scat(P ) and scat(T )] reported on each P–T diagramare calculated
with the InterSX (Berman, 1991) program included in the TWEEQ package. For these examples, calculations were made in the KFMASH (K2O–
FeO–MgO–Al2O3–SiO2–H2O) system (a–c) and in the FMASH (FeO–MgO–Al2O3–SiO2–H2O) system (d). car, Fe–Mg-carpholite; phg, phengite;
cld, chloritoid; chl, chlorite, qtz, quartz; calc, calcite; TER, number of total equilibrium reactions; IER, number of independent equilibrium reactions.
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revealed P–T conditions within the P–T trend defined
by the equilibria that showed scat(P ) < scat(P )max or
scat(T ) < scat(T )max. This is probably due to an under-
estimation of the maximum scatter [i.e. scat(P )max and
scat(T )max being too low] that causes rejection of pairs

and triplets of minerals that are actually in equilibrium.

P–T estimates

After the selection of all P–T estimates by the Monte
Carlo method, those considered to be in equilibrium
are reported on a P–T field. We present in the following
various P–T paths resulting from multi-equilibrium cal-
culations performed from samples collected in different
regions (see Figs 4 and 5 for location of samples). For
each sample, the calculated P–T conditions and their
paragenesis-dependent error bars (�1s) resulting from
the Monte Carlo simulation are plotted on a P–T
diagram. The 95% confidence ellipses and the number

of independent equilibrium reactions for each calculation
are reported in the P–T diagram. It is noteworthy that
achievement of equilibrium is not certified for P–T results
calculated with only two independent equilibrium reac-
tions. However, most of the P–T calculations with two
independent equilibrium reactions show P–T points
located within the trend defined by those calculated
with more than two independent equilibrium reactions.

P–T results in the Lycian Nappes

The region of Ören–Demirciler. In the region located between
Ören and Demirciler (Fig. 4), the trends defined by the
P–T estimates from different mineral pairs or triplets are
reported in Fig. 11. Each P–T diagram corresponds to
P–T calculationsmade for samples from the same outcrop.
Depending on the parageneses, calculations were made
either with Fe–Mg-carpholite–chlorite–phengite and

chloritoid–chlorite–phengite triplets, or with Fe–Mg-
carpholite–chlorite, chlorite–phengite and chloritoid–
chlorite pairs. Chlorite and phengite are commonly
derived from the retrogression of Fe–Mg-carpholite (see
photomicrograph of Fig. 10a). These three minerals form
common triplets in the thin sections. Chloritoid–chlorite
pairs are observed in the foliation. Chloritoid–chlorite–
phengite triplets could rarely be used in the P–T calcula-
tions because of contaminated analyses of phengite owing
to its very small size within the foliation.
North of Ören, in the Karaova metasediments where

well-preserved Fe–Mg-carpholite occurs, P–T conditions
estimated from different thin sections are shown in
Fig. 11a–d. The best-constrained P–T estimates (with
IER > 2) are located in a domain from 12 kbar/420�C
to 8–9 kbar/300�C. Other P–T points calculated with
only two independent reactions are located in this P–T
trend and show a wider range of P–T conditions fromT
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13–14 kbar/470�C to 8 kbar/250�C, which are not
significantly different from the better constrained data
considering the 95% confidence ellipses.
In the Demirciler area, the two samples DEM007A

and BAL001C revealed the same range of metamorphic
conditions for the same parageneses (Fig. 11e and f ).
Altogether, the P–T conditions estimated in the well-

preserved Fe–Mg-carpholite-bearing metasediments of
the Ören–Demirciler region indicate a metamorphic
peak of about 12–13 kbar/400–420�C followed by a pro-
gressive decrease of temperature still at HP–LT condi-
tions. The fact that the P–T paths correspond to

exhumation paths is supported by the commonly
observed retrogression of HP–LT minerals to chlorite
and phengite (Fig. 10a as an example). As shown in
Fig. 11, the cooling exhumation paths are located in the
aragonite stability field. During our investigations in this
area of the Lycian Nappes, we found widespread occur-
rences of decimetre- to metre-scale crystals of calcite

forming rosetta in Cretaceous cherty limestones that are
part of the thick carbonate sequence that overlies the
Karaova Formation (Fig. 3). A few samples containing
these long crystals forming radial structures have been
analysed using XRD and Raman spectrometry methods

Fig. 11. P–T estimates for samples from the Ören area (a–d) and the Demirciler area (e, f ) [Lycian Nappes]. The paragenesis-dependent error
bars (�1s) and 95% confidence ellipses are calculated with the Monte Carlo simulation. The number of independent equilibrium reactions (IER)
for each calculation is reported in the legend.
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(Raman Spectrometer, CNRS Villetaneuse, France),
which showed only calcite spectra. No aragonite relicts
have been found in these Lycian carbonate rocks. How-

ever, we performed microprobe analyses on one sample

from the Rosetta limestones that was collected close to
the locality of Akçakaya (GFZ microprobe (Potsdam),
15 kV, 10 nA; standard minerals: rhodonite [Mn], side-

rite [Fe], CaCO3 [Ca], BaAl2Si2O [Ba], dolomite [Mg],

Fig. 12. P–T estimates for three samples (a–c) collected in the Ula region (Lycian Nappes).
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albite [Na], celestite [Sr]; analytical spot diameter
20mm). Analyses show very low Fe, Mn, andMg contents
(a few ppm) whereas the Sr content reaches 1500 ppm.
Such values of Sr content suggest that these carbonate
rocks underwent P–T conditions allowing growth of ara-

gonite before its total retrogression to calcite. Similar
values have already been reported for aragonite-bearing
HP–LT rocks from the western Alps and the Alpujarride
complex of the Betic Chain (Gillet & Goff�ee, 1988; Goff�ee
et al., 1989; Aza~nnon & Goff�ee, 1997). We therefore pro-
pose that the underlying HP–LT rocks from the Karaova
Formation might have passed into the calcite stability
domain after their HP cooling path (Fig. 11). Because
the original aragonite is totally retrogressed to calcite, the
HP–LT rocks might have crosscut the aragonite–calcite
equilibrium curve at temperatures higher than �200�C,

precluding preservation of aragonite (Gillet & Goff�ee,
1988).

The region of Ula. Close to the contact that separates the
Lycian Nappes from the Menderes Massif, in the eastern
part of the Bodrum peninsula, P–T estimates have been
made from three samples collected at the same outcrop in
the lowermost levels of the Karaova Formation (see Fig. 4

for location).
In sample ULA001B1, P–T estimates using several

chloritoid–chlorite–phengite triplets and chloritoid–
chlorite pairs from the metamorphic foliation cluster
between 9 and 11�5 kbar at temperatures ranging
between 330 and 400�C. Furthermore, P–T calculations
were made with chlorite–phengite pairs that are not
associated with chloritoid and are located in later textural
habits (for instance, close to calcite or quartz veins that
crosscut the foliation; see photomicrograph of Fig. 10b),
thus allowing us to draw the directionality of the P–T
path. The calculations show higher temperature and
slightly lower pressure conditions, thus indicating that

Fig. 13. P–T estimates for two samples (a, b) collected in the area of G€uull€uuk (Lycian Nappes).
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temperature increased during exhumation (Fig. 12a), in
contrast to the Ören-Demirciler area.
In sample ULA001B2, which contains Fe–Mg-

carpholite highly retrogressed to chlorite and phengite,
a similar pattern is observed. P–T calculations have been
performed from Fe–Mg-carpholite–chlorite–phengite
triplets, which indicate a HP cooling path, whereas
chlorite–phengite pairs located in later textural habits

reveal lower pressure and higher temperature conditions
(Fig. 12b). This suggests an exhumation process in two
steps: (1) a cooling exhumation path from 13–14 kbar at
400�C to 10 kbar at 320�C; (2) a thermal overprint from
320�C to 470�C at pressures of about 9–10 kbar, before
late cooling and decompression.
For sample ULA001C1, in which Fe–Mg-carpholite

associated with phengite and chlorite has been observed,
the calculated P–T conditions depict the same cooling
exhumation path, from 13 kbar at 380�C to 10 kbar at
�300�C. Because phengite–chlorite pairs in later habits

have not been recognized within this thin section, we
cannot constrain the later P–T path. However, the fact
that sample ULA001C1 comes from the same outcrop as
the two latter calls for a similar P–T path (Fig. 12c).

The region of G€uull€uuk. In the area of G€uull€uuk (Fig. 4), Fe–
Mg-carpholite is completely retrogressed to mica and
chlorite, thus pointing to an exhumation history for the

rocks of this area. The foliation shows many phengite and
chlorite pairs, rarely in contact with chloritoid. P–T con-
ditions have been estimated from two samples (GUL004F
and GUL005C). The same P–T trend depicted by the
two samples shows a decompression path at elevated
temperatures, from 12–13 kbar at 350–400�C to

7–8 kbar at 450–470�C (Fig. 13a and b). This pattern is
different from that for the Ören–Demirciler or Ula
regions. A HP cooling path preceding a thermal over-
print such as in the samples from Ula is not observed in
rocks from the region of G€uull€uuk, but is possible.

Klippen of Lycian Nappes. In Fig. 14, we have compiled all
the P–T estimates from three samples collected in the
two tectonic slices of the Lycian Nappes on the Dilek
peninsula (see Fig. 5 for location). In the southern klippe
(south of Tirhak€ooy) where fresh Fe–Mg-carpholite occurs
in quartz segregations, the thin section DAV001B
allowed P–T estimates of 10–11 kbar/350–380�C using
Fe–Mg-carpholite–chlorite pairs. At the base of the
northern klippe (east of Kirazlı) where chloritoid and
carpholite pseudomorphs have been observed, P–T esti-
mates have been made with chlorite–phengite pairs from
samples KIRAZ001C and KIRAZ002D. Temperatures

obtained with chlorite–quartz assemblages are also
reported. The results depict a similar P–T trend to that
of the Ula area. A cooling exhumation path from
12 kbar/350�C to 9�5–10 kbar/280�C is followed by a
thermal overprint that reaches 450�C at 9 kbar.

P–T results in the southern Menderes Massif

In the southern Menderes Massif, P–T estimates have
been calculated with samples from two localities where
the HP–LT parageneses-bearing metaconglomerate
crops out (Fig. 4).

The region of Kurudere. Near the locality of Kurudere
(Fig. 4), the metamorphic peak is constrained with
magnesiocarpholite–chlorite–kyanite triplets from two

Fig. 14. P–T estimates for samples collected at the base of the two klippen of the Lycian Nappes located in the Dilek–Selçuk region.
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samples (KURU0110B and KURU0110C). They indi-
cate P–T conditions of 12–14 kbar and 470–500�C
(Fig. 15a), higher than those of the Lycian metamorphic
peak. These P–T conditions are similar to those already
proposed by Rimmel�ee et al. (2003b), who also sug-
gested a subsequent isothermal decompression during

exhumation, based on the existence of corundum-
bearing metasediments in the overlying rocks. In the
samples from the Kurudere area, the absence of
chlorite–phengite pairs did not allow us to constrain this
pattern with the multi-equilibrium method. However,
temperatures have been estimated using compositional
variations of chlorite within sample KURU0101A, and
depict a wide range between 260 and 530�C, which
corresponds to their temperatures of crystallization dur-
ing retrogression.

The region of Nebiler. Although retrogression of HP–LT
parageneses could not be constrained in the Kurudere

area with the multi-equilibrium method, phengite–
chlorite pairs within the foliation of sample NEBIL0103A
collected near Nebiler (Fig. 4) have been used to show the
exhumation pattern of these eastern Menderes HP–LT
rocks. The P–T estimates cluster in two domains, one
located between 400 and 500�C at 9–10 kbar, and a

narrower one between 420 and 470�C at pressures
around 6–7 kbar (Fig. 15b). The large 95% confidence
ellipse associated with the chlorite–phengite pairs as well
as the low certainty of P–T estimates calculated with only
two independent equilibrium reactions do not permit
definition of a precise exhumation path for these rocks:
even if the P–T estimates at 9–10 kbar show an isobaric
increase of temperature, all the P–T points can be
included in a single ellipse. However, the two clusters
previously described show a significant pressure gap that
could reasonably allow the interpretation of an iso-

thermal decompression path passing through the two
P–T domains. Temperatures deduced from chlorite

Fig. 15. P–T estimates for samples collected in the HP–LT metaconglomerate (Menderes Massif ‘cover’ series) of the Kurudere (a) and the
Nebiler (b) localities. Equilibrium curves involving carpholite, chloritoid and chlorite as well as shaded domains corresponding to the HP
metamorphic peak are from Rimmel�ee et al. (2003b).
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compositions range between 400 and 520�C, which is
compatible with the P–T estimates obtainedwith chlorite–
phengitepairs.

REGIONAL-SCALE

INTERPRETATION AND

CONCLUSIONS

HP–LT rocks from both Lycian Nappes and Menderes
cover series reveal metamorphic peak conditions of about
10–12 kbar/400�C and 12–14 kbar/470–500�C, respect-

ively, slightly higher than the minimum conditions
already reported by Oberh€aansli et al. (2001) and Rimmel�ee
et al. (2003a, 2003b).
Whereas a simple isothermal decompression at about

450�C is indicated for the exhumation of HP–LT
parageneses from the southern Menderes Massif, vari-
ous P–T paths are observed in the overlying Lycian

Nappes. Between Ören and Demirciler where Fe–Mg-
carpholite is well preserved, all P–T paths depict a
cooling decompression path from 12–13 kbar at
420�C to 8 kbar at 270–300�C. Similar HP cooling
paths preserving Fe–Mg-carpholite have already been
described for high-pressure rocks from Oman (Goff�ee

et al., 1988) and from the Valaisan domain of the
Western and Central Alps (Bousquet et al., 1998,
2002). Here, between Ören and Demirciler, about
10 km from the contact with the Menderes Massif,
these cooling decompression paths are associated with
top-to-the-NNE movements related to the Akçakaya
shear zone (Fig. 16) at the top of the Karaova Forma-
tion (Rimmel�ee et al., 2003a). This zone of strain local-
ization is a local intra-nappe contact that was active
during the early stages of exhumation of the HP–LT
rocks, within the stability domain of Fe–Mg-carpholite.

In contrast, at the base of the Karaova Formation,
close to the contact with the Menderes Massif, P–T

Fig. 16. Three-dimensional tectono-metamorphic diagram showing the parageneses and the different P–T paths in the Lycian Nappes of the
Bodrum peninsula, as well as the displacements (white arrows) observed in the Akçakaya shear zone (A.S.Z.) and Gerit shear zone (G.S.Z.).
Location of the block diagram and list of mineral abbreviations are shown in Fig. 4.
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estimates revealed warmer exhumation patterns. Near
G€uull€uuk, where Fe–Mg-carpholite is completely retro-
gressed to chlorite and phengite, P–T data suggest exhu-
mation from 12 kbar/350�C to 7–8 kbar at 450–470�C.
Near Ula, where a few Fe–Mg-carpholite relics have been
recognized, P–T estimates calculated from samples col-
lected at the same outcrop depict a retrogression path
defined by cooling decompression from 13–14 kbar/

400�C to 10 kbar/300�C, followed by a thermal over-
print reaching 470�C at about 9 kbar. Similar trends are
also observed for the exhumation path of the HP–LT
rocks from the basal part of the two klippen of Lycian
material located on the Dilek peninsula. For the rocks
near G€uull€uuk, the first part of exhumation along a HP
cooling path from 13–14 kbar/400�C to 11–12 kbar/
350�C (as for HP–LT rocks from Ula) could have been
erased by a stronger thermal overprint (Fig. 13). In these
lowermost Lycian metasediments of the Bodrum penin-
sula, the pervasive deformation associated with the late

warmer P–T paths is characterized by top-to-the-east
shear senses. Approaching the contact with the Menderes

Massif, deformation becomes more severe, which sug-
gests that the Lycian–Menderes contact has been reacti-
vated as a major shear zone (the Gerit shear zone; see
Fig. 16) after the southward transport of the Lycian
Nappes over the Menderes Massif (Rimmel�ee et al.,
2003a). This zone of strain localization facilitated
late exhumation of HP parageneses under warmer
conditions.

Although all these P–T paths have been depicted from
samples collected within the same unit (the Karaova
Formation), it can be argued that the Lycian metasedi-
ments recorded three distinct exhumation patterns. A
single decompression–cooling path (I) is observed for
the rocks located in the uppermost levels of the Karaova
Formation, whereas a single decompression pattern with
heating (II) or a mixture of paths (I) and (II) characterizes
the exhumation of rocks located at (or towards) the base
of the Karaova Formation, close to the contact with the
Menderes Massif (Figs 16 and 17).

A rapid exhumation mechanism is needed to explain
such a cooling decompression P–T path (I) for rocks

Fig. 17. Synthetic cross-section across the Lycian Thrust Sheets (Bodrum peninsula region) and the southern Menderes Massif showing the HP
metamorphic peaks and retrograde P–T paths for both massifs. The location of the cross-section in the study area is shown in Fig. 4.
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located in the uppermost lithologies of the HP–LT unit.
The rocks under consideration must have returned to the
surface in a cold environment along the Akçakaya shear
zone, with shearing deformation allowing the HP–LT
rocks to pass through roughly flat isotherms. In contrast,

the rocks located at the Lycian Nappes–Menderes Massif
boundary have been exhumed along the Gerit shear zone
in a warmer environment, across relatively steeper iso-
therms to maintain the higher temperature conditions
during reactivation of the contact between the Lycian
Nappes and the Menderes Massif as a major shear
zone. The two opposite situations are not isochronal
and the exhumation processes might have occurred in a
large wedge allowing, from top to base, such HP cooling
and decompression with heating patterns.
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