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We herein reappraise the pressure-temperature (PT) evolution of the high-pressure and low-temperature
(HP-LT) Tavsanli zone (western Turkey) in order to (i) better characterize rock units exhumed along a cooling
subduction interface, from birth to steady state and (ii) constrain exhumation and detachment dynamics, as
well as mechanical coupling between plates. Based on PT estimates and field observations three oceanic
complexes are recognized between the HP-LT continental margin and the obducted ophiolite, with PT estimates
ranging from incipient metamorphism to blueschist-facies conditions. PT conditions for the continental unit are
reappraised to 24 kbar and ~500 °C on the basis of pseudosection modelling and Raman spectroscopy on
carbonaceous material. A tentative reconstruction of the subduction zone evolution is proposed using available
radiometric and palaeogeographic data and recent thermomechanical modelling. Both PT conditions and field
observations point out to the slicing of km-sized units at different preferred depths along the subduction
interface, thus providing constraints on the dynamics of accretion and underplating. In particular, the comparison
of PT estimates for the Tavsanli zone and for other broadly similar fossil subduction settings (i.e., Oman, Corsica,
New Caledonia, Franciscan, Schistes Lustrés) suggests that units are detached preferentially from the slab at
specific depths of 30-40 km (i.e., downdip of the seismogenic zone) and ~80 km. We propose that these depths
are controlled by major changes in mechanical coupling along the plate interface, whereas exhumation through
time would rather be controlled by large-scale geodynamic boundary conditions.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The thermal state of present-day subduction zones is well
constrained by studies coupling heat flow (Hyndman and Peacock,
2003; Wada and Wang, 2009), seismicity (Hacker et al., 2003; Kirby
et al., 1996; Peacock and Wang, 1999) and numerical modelling
(Abers et al., 2006; Syracuse et al., 2010; van Keken et al., 2011). Several
numerical models have also investigated the progressive cooling of
subduction zone after subduction initiation (Gurnis et al., 2004;
Hacker, 1990, 1991). The natural record of evolving geotherms within
long-lived subduction zones, however, is presently lacking.

High-pressure-low-temperature (HP-LT) rocks convey information
that can help to retrieve the different steps of subduction evolution:
they do not only preserve the record of thermal conditions at depth
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but also information on mechanical coupling, transfer of mass and fluids
along the subduction interface, or on the mechanism of subduction ini-
tiation (Agard and Vitale-Brovarone, 2013; Agard et al., 2009; Angiboust
et al,, 2012; Hacker, 1990; Marschall and Schumacher, 2012; Wada and
Wang, 2009).

The Tavsanli zone (western Turkey), with fragments of both HP-LT
oceanic and thinned continental material subducted beneath a large-
scale ophiolite (i.e., a piece of obducted oceanic lithosphere), potentially
provides an exceptional record of such successive subduction steps
(Okay et al., 1998; Plunder et al., 2013): (1) initiation of the intra-
oceanic subduction, as witnessed by a high-temperature metamorphic
sole at the base of the ophiolite (Okay et al, 1998; Onen and Hall,
1993); (2) subsequent oceanic subduction, fossilized by the presence
of an oceanic accretionary complex with varied HP-LT rocks (Okay,
1982; Plunder et al., 2013); (3) the subduction of the continental mar-
gin as attested by uncommon high-pressure jadeite-glaucophane-
chloritoid-lawsonite-bearing sedimentary and felsic rocks (Okay and
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Fig. 1. (a) Tectonic map of western Anatolia showing the position of the Tavsanli zone and of the studied area. AZ, Afyon zone; MM, Menderes massif. Modified from Jolivet et al. (2013); Moix et al. (2008); Okay and Tiiysiiz (1999); Pourteau et al.
(2013). Topography from Geomapapp 3.3.6 (http://www. geomapapp.org/). (b) Simplified geological map of the western part of the Tavsanli zone with location of the samples mentioned in text or in other figures. Modified from MTA (2002).
(c) Simplified structural sketch of the westernmost part of the field area with maximum temperature determined by Raman spectroscopy on carbonaceous material. Inset represents a simplified cross-section.
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Kelley, 1994; Okay et al., 2008). Importantly, these rocks are also devoid
of later collisional imprint.

Using pseudosection modelling (and testing most recent thermody-
namic models for HP-LT rocks) we herein provide new PT estimates for
the Tavsanli zone with the following specific aims: (a) gather a compre-
hensive set of estimates for rock remnants of all subduction steps
(i.e., intra-oceanic subduction, oceanic and then continental subduc-
tion), (b) provide clues on the progressive regional-scale structuration
of the Tavsanli zone and (c¢) document accretionary and exhumation
processes during the cooling of a subduction zone, from its birth to con-
tinental subduction.

2. Geological setting

The geological setting of Western Anatolia and Tavsanli zone is
reviewed in numerous publications (e.g. Candan et al., 2005; Moix et al.,
2008; Okay and Tiiysiiz, 1999; Pourteau et al., 2010, 2013; Sengor and
Yilmaz, 1981; van Hinsbergen et al., 2010); only essential information is
recalled here. The reader is referred to Plunder et al. (2013) for further de-
tails on the local geology, age constraints, and detailed tectonic evolution.

2.1. Western Anatolia

The Izmir-Ankara suture zone (Fig. 1a) marks the closure of the
Neotethyan ocean which once separated Laurasia- to the north from
Gondwana-related terranes to the south during mid-late Triassic to late
Cretaceous-Palaeogene times (Barrier and Vrielynck, 2008; Dercourt
et al,, 1993; Robertson et al., 1996). North of the suture are the Pontides,
characterised by pre-Jurassic metamorphic rocks, unconformably over-
lain by non-metamorphosed Jurassic to Cretaceous volcanic and sedi-
mentary rocks (Altiner et al., 1991; Okay et al., 2013). South of the
[zmir-Ankara suture the Anatolide-Tauride Block is made of metamor-
phic and non-metamorphic Precambrian to Eocene rocks (Okay and
Tiiysiiz, 1999; Sengor and Yilmaz, 1981). In these Gondwana-derived
continental domains, three major metamorphic zones are commonly dis-
tinguished from north to south: the Tavsanli zone, the Afyon zone and the
Menderes massif (Fig. 1a). For more information about palaeogeography
and geodynamics of Western Anatolia, readers are referred to Moix et al.
(2008), Okay and Tiiysiiz (1999), Pourteau et al. (2013), Sengor and
Yilmaz (1981), van Hinsbergen et al. (2010) and references cited therein.

2.2. The Tavsanh zone

The Tavsanli zone is an east-west trending, 250-300 km long and
~50 km wide belt, (Fig. 1a). It is made of a Palaeozoic to Mesozoic sed-
imentary sequence similar to the one observed in Afyon and Menderes
units (Permo-Triassic clastics and thick platform-type Mesozoic marble;
Candan et al., 2005; Moix et al., 2008; Okay and Tiiysiiz, 1999; Okay
et al,, 2008) for which a Gondwana-derived origin is inferred (Candan
et al,, 2005; Gessner et al., 2004). The Tavsanli zone thus corresponds
to the northern passive continental margin of the Anatolide-Tauride
Block subducted below an oceanic plate during the late Cretaceous
(Okay, 1986; Okay et al., 1998; Onen and Hall, 1993). Three main
tectonic units can be recognized in the Tavsanli zone sensu lato, from
top to bottom: (1) an ophiolitic unit obducted over the continental
margin; (2) a Cretaceous accretionary complex (made of Neotethyan
oceanic material); and (3) the Orhaneli sequence, which corresponds
to the Tavsanli zone sensu stricto (Fig. 1b). Their approximate respective
volumes are indicated in the cross-section of Fig. 1. The stacking of units
in the Tavsanli Zone and details on structural thicknesses for ocean-
derived units are specified in Section 7.2.

(1) The main ophiolitic body rests atop the Orhaneli sequence and the
accretionary complex (Fig. 1; Lisenbee, 1972; Okay, 1980a, 1980b,
1982; Plunder et al., 2013). The peridotite thrust sheet crops out
as numerous klippen of partly serpentinized harzburgite and

—

dunite (up to 90%), with minor (<10%) pyroxenite, chromitite,
diabase, and gabbro (Lisenbee, 1972; Onen, 2003). A supra-
subduction zone signature was documented for the ophiolite,
supporting the formation in a fore-arc context (Manav et al.,
2004; Onen, 2003; Sarifakioglu et al., 2009) although the
geochemistry data refer only to isolated late diabase dikes
post-dating the formation of the sole (Onen, 2003). Slices of
amphibolite-facies metamorphic rocks can be found in places at
the base of the ophiolite (Fig. 1;Lisenbee, 1972; Monod et al.,
1991; Okay et al., 1998; Onen and Hall, 1993; Onen, 2003;
Plunder et al., 2013). Sub-ophiolitic metamorphic soles typically
form during the initiation of intra-oceanic subductions when
cold oceanic crust is buried in thermally immature subduction
zone and brought in contact with hot mantle (Hacker, 1990;
Parrot and Whitechurch, 1978; Woodcock and Robertson, 1977).
Metamorphic soles exhibit an upward increase of the metamor-
phic grade, reaching in the Tavsanli Zone the amphibolite-facies
paragenesis hornblende-plagioclase + garnet + epidote +
rutile + quartz for which climax PT conditions lie at 8.5 +
3.5 kbar and ~ 700 °C (Okay et al., 1998; Onen and Hall, 2000).
K/Ar and Ar/Ar cooling ages of amphiboles from the metamorphic
sole range from 87.9 + 5.2 to 101 + 3.8 Ma (Harris et al., 1994;
Onen, 2003) with two Ar/Ar cooling ages of 93.0 + 2 and
90.0 + 3 Ma (Onen, 2003). In several localities of the Tavsanli
zone and other regions, the HT metamorphic-sole paragenesis
exhibits a HP-LT overprint (Dilek and Whitney, 1997; Okay
et al,, 1998; Onen and Hall, 2003). In the Tavsanli zone, the
amphibolite-facies association is overgrown by a blueschist para-
genesis of lawsonite + sodic amphibole + sodic pyroxene for
which conditions were estimated at 300 °C and at least 5 kbar
(Okay et al., 1998; Onen and Hall, 2000; Plunder et al., 2013).
The Cretaceous accretionary complex is tectonically sandwiched
between the ophiolite and HP-LT metamorphosed continental
rocks (Fig. 1). It is made of imbricated slices (i.e. it does not corre-
spond to a block-in-matrix structure) of weakly metamorphosed,
offscrapped oceanic material (radiolarian cherts, basalts, pillow
lavas, tuffs). It was first described by Kaya (1972) and Lisenbee
(1972) south of Tavsanli and in the Orhaneli region, respectively
(Fig. 1). Palaeontological studies of the radiolarians yielded late
Triassic to Late Cretaceous ages, supporting the idea that the com-
plex results from the closure of a Mesozoic, Neotethyan oceanic
realm (Bragin and Tekin, 1996; Gonciioglu et al., 2006; Okay
et al,, 2012; Servais, 1981; Tekin and Gonciioglu, 2009; Tekin
et al., 2002). Based on mineral assemblages and structural data,
Plunder et al. (2013) divided the accretionary complex into two
units: a lower oceanic complex (hereafter OC2) affected by
blueschist-facies metamorphism (Fe-Mg-carpholite in tiny pelitic
layers found in meta-cherts and lawsonite-sodic pyroxene-
glaucophane in meta-mafic rocks) with PT conditions of
10-15 kbar and 300-400 °C corresponding to 100-metre thick
slices. The upper unit (hereafter OC1) consists of incipient to
sub-blueschist-facies metamorphic rocks with formation condi-
tions of 4-8 kbar and ~200 °C and has a thickness of up to one
kilometre (Okay, 1982, 1986; Topuz et al., 2006; this study).

(3) The Orhaneli sequence lies below the accretionary complexes, or

directly below the ultra-mafic thrust sheet in the absence of the
former. It consists of a coherent stratigraphic sequence of, from
top to bottom, metabasite, marble and metaclastic rocks, known
as the Devlez, inénii and Kocasu formations, respectively
(Lisenbee, 1972; Okay, 1980a, 1980b, 1986; Okay and Kelley,
1994; Servais, 1981). The Devlez formation is composed of
blueschist-facies metabasite, metachert, and metatuff with a
thickness of one kilometre (Okay, 1980a, 1980b; van der
Kaaden, 1966), for which no PT estimates are available. In this for-
mation, HP-LT metamorphism was dated at 78.5 4+ 1.6 and
79.7 £ 1.6 Ma using Rb/Sr isochrons including phengite
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Mineral occurrence for selected samples. x, present phase; o, secondary phases. Mineral abbreviations after Kretz (1983). Op: opaque mineral. Additional symbol explained in Fig. 2.

Mineral GPS coordinate

Sample unit Qtz Phg Cpx Car Cd Lws Ep GIn Grt Chl Spn Rt Other N(°))") E (%))
110R33 metam. sole X X X o] X X Hbl - Ab - Ap 39°47'43.1"  28°41'13.4"
11TAV13a  metam. sole o o X Hbl 39°28'15.7"  29°31'59.8"
11TAV13b  metam. sole X X Na-Px X o X Ab 39°2815.7"  29°31'59.8”
DU1206 metam. sole X X o o X o X X 39°41'2.50”  29°19'36.9”
KO1218 metam. sole X o X o X o X X IIm 39°54/25,2"  28°48'24,4"
OR1028a metam. sole X X o o X (o] X X Hbl 39°41'9.4" 29°19'3.9”
TAV1008a  metam. sole X Na-Px o o X X Ab 39°28'15.7"  29°31'59,8”
KO1205 0ocC1 Aug X X Plg - Pmp - glass ~ 39°51'13.8”  28°35'17.8"
110R16a 0c2 X X X X X 39°43/33.3”  28°40'46.3"
110R16b 0C2 X X X X X X Ap 39°43'33.3”  28°40'46.3"
DE1201c 0c2 X X X X X X 39°42'16.1”7  29°46'3.8"
DE1202b 0ocC2 X X X X X X 39°42'16.1" 29°46'3.8"
DE1202c 0C2 X X X X X 39°42'14" 29°46/'15.4"
DU1215 0c2 X X X X X X Ap 39°38'50" 29°4'49.6"
DU1216 0oc2 X X X X X Ap 39°40'37.9"  29°4'16.5"
KO1213 0C2 X X X X X 39°43/29.5"  28°40'48.4"
11TAV20 Devlez/0C3  x X X X X X X X Aln 39°45'34" 29°5027.2"
11TAV23 Devlez /0C3  x X X X X X Op 39°49'44.5"  29°33/12.3"
11TAV31 Devlez /0C3  x X X X X X X 39°47'43" 29°57'25.9"
TAV1004 Devlez/0C3  x X X X X X Op 39°45'41.8”  29°49'49,1"
TAV1110a  Devlez / 0C3 Aug X X X X 39°45'37.7"  29°47'44"
TAV1110b  Devlez / OC3 Aug + Na-Px X X X X Pmp 39°45'37.7"  29°47'44"
11DU04 Kocasu X X X X ¢} 39°42'02.0"  29°17'24.8"
110R22 Kocasu X X X X X X 39°47'43.1"  28°41'13.4"
11TAVO7a  Kocasu X X X X X Ap 39°39'03.3”  28°24/37.6"
OR1006 Kocasu X X X X X X ¢} X 39°53'48.6”  29°01'19.9”
OR1012 Kocasu X X X X X X o X 39°55'05.5”  29°10'45.4"
OR1013b Kocasu X X X X X X o] Ap 39°55'05.5”  29°10'37.4"
OR1024 Kocasu X X X X X X X Tur 39°52'52.4"  29°05'36.5"

(Sherlock et al., 1999). At the base of the Devlez formation, a 5- to
10-metre thick calcschist level was observed, and corresponds to
the transition with the Indnii formation in the Devlez area
(Okay, 1980a, 1980b). The Inénii Marble (Servais, 1981) is consid-
ered to range from the upper Triassic to the upper Cretaceous in
depositional age on the basis of the presence of Norian conodonts
(Kaya et al., 2001) and the comparison with the Tauride
carbonate-platform series (Gutnic et al., 1979). The Inénii Forma-
tion consists of interlayered impure, phengite-bearing marly
marble and chert that pass downwards to massive white to grey
marble at the base (Okay, 1986; Servais, 1981). Its thickness varies
from 1 to 3 kilometre (Okay, 1986). The Inénii formation passes
gradually to the underlying Kocasu formation, as observed in
the Orhaneli region (Lisenbee, 1972). The Kocasu formation
consists of a 1-km thick sequence of quartz-rich greyschists
(i.e., graphite-rich mica schists) and white phengite-rich schists
(Lisenbee, 1972; Okay, 2002; Okay and Kelley, 1994). The deposi-
tional age of the formation is poorly known but must be post
Permo-Carboniferous because it contains detrital zircons with
magmatic ages of 310-283 Ma (U/Pb; Okay et al., 2008). The PT
conditions for the high-pressure assemblage in the Kocasu Forma-
tion were estimated at 22 4- 4 kbar and 430 + 30 °C (Okay, 2002;
Okay and Kelley, 1994). Maximum-temperature estimates obtain-
ed by Raman spectroscopy on carbonaceous matter (RSCM,
Beyssac et al., 2002) yield Tyax of ~470-550 °C (Plunder et al.,
2013). The Ar/Ar ages on phengite from these rocks range
from 70 to 123 Ma (Okay and Kelley, 1994; Okay et al., 1998;
Sherlock et al., 1999). This large spread was attributed to excess
argon during the HP-LT event (Sherlock et al., 1999; Sherlock
and Kelley, 2002;) and the age of metamorphism is regarded as
~80 4 5 Ma on the basis of Rb/Sr data (Sherlock et al., 1999).

3. Sampling, analytical techniques and methods

The studied samples, all from the Tavsanli Zone, were collected in
the Orhaneli unit, the accretionary complexes (both OC1 and 0C2),

and the sub-ophiolitic metamorphic sole. The collection comprises
metapelitic (pelitic schists, sodic metapelites) and metabasic (basalts,
tuffs, pillow breccias) rocks. Out of >250 samples cut in the XZ
plane of deformation, 30 representative ones were selected for
chemical analysis, Raman spectroscopy and thermobarometric
calculations. Mineral assemblages for samples mentioned in the
text are given in Table 1.

Electron-microprobe analyses were carried out at CAMPARIS
(University Paris 6) using SX50, SX100 and SX Five instruments. Classi-
cal analytical conditions were adopted (15 kV acceleration voltage,
10 nA beam current, 2-3 um beam size, wavelength-dispersive spec-
troscopy mode). Albite (Na), diopside (Mg, Si, Ca), orthoclase (Al, K),
MnTiOs, Fe,05 (Fe) and Cr,05 (Cr) were used as standards for the rele-
vant elements. Additional observations were made using a Zeiss Xigma
scanning electron microscope (SEM) at Laboratoire de Géologie, Ecole
Normale Supérieure (ENS), Paris.

Table 2

Whole-rock compositions used for PT estimates. Bulk compositions were obtained by
chemical analysis at IPG Strasbourg (oxide wt.%) or by scanning electron microscope
image analysis (at %).

Sample - Si02 TiO2 AI203 FeO MnO MgO CaO Na20 K20 P205
% Wt 0X

110R16  68.97 0.64 13.98 639 080 3.10 0.10 059 0.50 0.07
OR1006b 75.70 0.52 10.60 436 0.04 085 1.15 169 1.89 0.04
OR1024 55.76 1.01 20.72 8.67 0.06 249 058 1.83 320 na.
OR1012 55.60 1.14 20.80 7.62 0.08 257 024 207 4.02 012
KO1218 47.50 2.82 13.10 1540 0.18 544 870 294 099 1.75
11TAV31 4570 130 17.00 10.10 0.15 418 11.10 291 1.00 0.25
Sample - Si Ti Al Fe Mn Mg CQa Na K P
at%

110R22 60.35 0.67 18.29 537 0.07 249 053 343 351 0.15
DU1215 3046 n.a. 2.02 069 003 070 032 na. 011 na.
KO1213 7457 na. 16.16 371 050 526 na. na 030 na
DE1201c 9494 0.15 21.198 6.77 060 575 1.02 na. 045 na.
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Fig. 2. Photomicrograph of selected samples from the metamorphic sole and OC1 and OC2 units. (a) Metamorphic sole from Elmaagaci showing initial Hbl + Grt + Rt paragenesis and the
high-pressure overprint. Plane-polarised light (PPL); (b) Plagiogranite in the metamorphic sole south of Tavsanl showing high-pressure overprint with the development of Lws, Na-Px and
Mrb (PPL); (c) Typical pillow-breccia from OC1 with pristine augite. Cross-polarised light (XPL); (d) Blueschist-facies metabasite from OC2 with the typical paragenesis Gln + Lws + Na-
Px & Chl (PPL); (e) Carpholite-bearing sample from OC2 corresponding to the same location as picture (d) (XPL). All abbreviations from Kretz (1983) except for Car, carpholite; Na-Px,

sodic pyroxene; Phg, phengite.

Raman spectra on carbonaceous material were obtained using a
Renishaw inVia Spectrometer at Laboratoire de Géologie, ENS, and
part of them come from the study by Plunder et al. (2013). A 514 nm
argon laser in circular polarisation was used. The laser was focused on
polished thin section using a Leica microscope with a 100x objective.
Laser power was set at ~2-4 mW. Carbonaceous matter was analysed
below a transparent mineral, generally quartz or jadeite. Between 10
and 25 spectra per sample were acquired in the extended scanning
mode 1000-2000 cm ™! with an acquisition time of 30 to 60 s and 1-3
accumulations, using the calibration method of Beyssac et al. (2002,
2003). Spectra were then processed following the procedure described
by Beyssac et al. (2002). This thermometer allows an accuracy of 450 °C
in the range of 350-650 °C (Beyssac et al., 2002).

The PT pseudosections (i.e. phase diagram for a fixed bulk composi-
tion) were calculated using the Gibbs-free-energy minimization proce-
dure of de Capitani and Brown (1987) with the software THERIAK/DOMINO
(de Capitani and Petrakakis, 2010) and the databases of Holland and
Powell (1998) or Berman (1988) updated with new data (tcdb55cc2d.bs
and Jun92.bs respectively in the THERIAK/DOMINO package).

Whole-rock compositions were obtained for ten samples. Six were
analysed for major and trace elements at IPG Strasbourg (Table 2). The
other compositions were estimated from EMP mineral analyses and
modal proportions determined by image analysis, or directly by image
analysis using the SEM (Table 2).

4. Petrography
4.1. Subduction initiation remnants: metamorphic sole

The top part of the metamorphic sole consists of amphibolite-facies
rocks. The dominant mineral assemblage in metabasite of the Orhaneli
region is hornblende (up to 70%) + plagioclase + epidote + rutile +
quartz 4+ garnet 4+ opaque, as reported by Okay et al. (1998).
Clinopyroxene was occasionally found as inclusion in ilmenite in one
sample (KO1218, Civili area). In this sample, ilmenite shows lamellar
development and overgrowth of titanite. Rutile was found as inclusion
in garnet, amphibole or titanite. Titanite is found as euhedral crystals
growing in the green amphibole matrix (Fig. 2a), included in amphibole
or garnet. Epidote is present in some samples, coexisting with horn-
blende, and as inclusion in garnet (110R33). White mica can be ob-
served in some samples, coexisting with amphibole, garnet or former
plagioclase (OR1028a). As already noticed by Okay et al. (1998), blue
amphibole rims developed around hornblende, and lawsonite is found
coexisting with albite as products of plagioclase replacement. This over-
print is better observed in the region of El Maagaci, and south of Tavsanli
(DU1206, TAV1008a; Fig. 2a,b).

South of Tavsanly, in a sample (TAV1008a; Fig. 2b) exhibiting a fine-
grained (magmatic) structure, lawsonite and albite were found replac-
ing plagioclase. This sample also contains garnet, riebeckite and sodic
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11TAVO7a (Koca. fm.)

Fig. 3. Photomicrograph of selected samples from Devlez and Kocasu formations. (a) Blueschist-facies metabasite; (b) Blueschist-facies metachert; (c) Typical greyschist of the Orhaneli
area with the well-preserved Jd 4+ GIn + Cld + Lws paragenesis (PPL); (d) Greyschist from the Orhaneli region with the paragenesis Jd + Gln + Cld (PPL); (e) Lws + Cld-bearing
greyschist from the region of Dursunbey (PPL); (f) Jd + Lws-bearing greyschist from the region of Elmaagaci (PPL).

pyroxene (which grew statically or as vein fillings). This very light
coloured sample is rich in plagioclase (up to 70%) and differs from the
typical metabasite. It will be referred to as the white metamorphic
sole below, and may represent a metamorphosed plagiogranite.

4.2. Oceanic subduction remnants: accretionary complexes OC1 and OC2

In OC1, basalts have preserved their magmatic texture, with large
pristine clinopyroxene phenocrysts (KO1205; Fig. 2c). Augite occasion-
ally was turned into sodic pyroxene by static replacement. Albitised
plagioclase is common as observed by Okay (1982). Most of the matrix
is made of aggregates of chlorite and phases such as pumpellyite and
occasionally very fine-grained lawsonite.

Metabasites from OC2 contain blueschist-facies assemblages with
lawsonite, sodic amphibole, sodic pyroxene, and chlorite (110R16;
Fig. 2d). Minor quartz, titanite, white mica, and carbonate might also
be observed. Sodic pyroxene is as abundant as sodic amphibole as

noticed for the lawsonite zone of the Devlez formation (Okay, 1980a,
1980b). Carpholite-bearing rocks (i.e., thin metapelitic layers in
metacherts) are typically interbedded with metabasites and carpholite
is present as truncated fibres growing along the foliation plane
(KO1213; Fig. 2e). Carpholite coexists with predominant quartz (up to
70% of the mode), white mica, chlorite, and occasionally lawsonite
(DU1216).

4.3. Continental subduction remnants: Orhaneli unit

— Devlez formation: The petrography of the Devlez formation was
largely described by Okay (1980a, 1980b). About 75 metabasite
and metachert additional samples were collected. Metabasites
consist up to 80% of lawsonite and sodic amphiboles at textural equi-
librium, the rest being sodic pyroxene, white mica, chlorite, titanite,
quartz, albite, opaque, or carbonate (11TAV31; Fig. 3a). The propor-
tion of sodic pyroxene varies significantly from sample to sample
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(5-25%). All above mentionned phases present textural equilibrium.
Epidote can be found in metabasite samples, as inclusions in
lawsonite or garnet (11TAV20). Metacherts show garnet + sodic
amphibole + lawsonite 4+ white mica 4+ opaque (haematite) assem-
blages (TAV1004; Fig. 3b). Rare sodic pyroxene or epidote were also
found in those rocks (11TAV23). The sample used hereafter for ther-
modynamic modelling (11TAV31) is a metabasite made of lawsonite
(~30-40%), sodic amphibole (~25-35%), sodic pyroxene (~10-20%)
and white mica (~5-10%). Chlorite, titanite, and quartz are also
present as minor phases, constitutiong less than 5% of the mode.
Foliation is well defined by sodic amphibole with an intense
dark blue pleochroism, characteristic of Fe>* end-members
(Fig. 3a). Sodic pyroxene is green, slightly pleochroic, prismatic
and does not replace a former magmatic pyroxene. It coexists
with both lawsonite and sodic amphibole. Lawsonite forms typi-
cal rectangular-shaped crystals, with fine-grained inclusions.
White mica flakes are found either parallel to the foliation or
crystallised statically. Carbonate veins were observed crosscut-

ting the main foliation.

Kocasu formation: About 100 samples from the Kocasu formation
were collected in the greyschists of the Orhaneli, Kocasu,
Dursunbey, Tekerler, Koseler regions and were petrographically

(a) Amphibole: metam. sole
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(d) Sodic amphiboles:

metam. sole

Alm
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studied. The petrography of the greyschist was described in the
literature and the reader is refered to Okay and Kelly (1994) and
Okay (2002) for more details. Commonly observed minerals are
quartz, white mica, jadeite, chloritoid, sodic amphibole, lawsonite,
and chlorite (OR1024, OR1013b, 11TAV07a, 11DUO04; Fig. 3c,d.e,f).
Sodic amphibole will be referred to as glaucophane for the Kocasu
formation. Minor rutile, albite, tourmaline, carbonaceous matter,
carbonates and apatite were also observed. Regardless of the sam-
pling area, greyschists are made of white mica and quartz as major
phases, generally forming more than 50% of the mode. In most sam-
ples, foliation is well defined by white mica and occasionally chlo-
rite, or brown oxychlorite. Chlorite commonly crystallises from
both chloritoid and glaucophane or in late shear bands, and so rep-
resents retrograde stages. Jadeite mainly occurs as prismatic crystals
up to 0.5 mm in size (Fig. 3¢,d,f), but reach up to 2-3 mm in size in
some restricted areas (in Orhaneli region, near Kabaklar village). It
can be found as pristine crystals (Fig. 3c,d), some of which contain
abundant carbonaceous matter or other mineral inclusions
(Fig. 3f). Glaucophane is found as elongated crystals, free of inclu-
sions (Fig. 3¢,d) and occasionally zoned, cores being more coloured
than rims in plane-polarised light. It can be found included in jade-
ite. As suggested by Okay (2002), the close proximity of listed

(b) Garnet: metam. sole (C) Clinopyroxene: metam. sole
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Fig. 4. Representative microprobe analyses for samples of the metamorphic sole and of metabasite from OC2 unit. (a) Amphibole; (b) Garnet; (c) Clinopyroxene; (d) and (e) Sodic
amphibole; (f) Sodic pyroxene. On all figures sample numbers in italics refer to metabasite, those in normal font to metasediments. Additional abbreviations, Quad, Ca-Fe-Mg

clinopyroxene; Aeg, Aegirine; Fgl, ferro-glaucophane.
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(b) carpholite
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Fig. 5. Representative microprobe analyses from carpholite-bearing samples of OC2. (a) Chlorite; (b) Carpholite; (c) Phengite. For phengite and carpholite part of the analyses comes from
Plunder et al. (2013). Additional abbreviations : Daph, daphnite ; Clin, clinochlore; Ames, amesite; Sud, sudoite; Cel, celadonite.

minerals, textural equilibrium evidence and the absence of textural
reaction (Fig. 3¢,d,e,f) allow the assumption of equilibrium for this
rather uncommon assemblage. This is particularly clear in sample
OR1024 (Fig. 3c).

5. Mineral composition

This section reports the typical mineral compositions for samples of
the metamorphic sole, the accretionary complex OC2, and the Orhaneli
sequence. Some representative analyses are plotted on Figs. 4, 5 and 6
and given in Table 3.

5.1. Metamorphic sole rocks

5.1.1. Plagioclase

Plagioclase in metabasite or in the white metamorphic sole is entire-
ly pseudomorphed by albite and lawsonite through the general reaction
plagioclase + H,O = lawsonite + albite. Considering the observed
modal amounts of lawsonite and albite, and the fact that the measured
anorthite content in albite is < An;g, we estimate that plagioclase
composition was originally Anyg_g0.

5.1.2. Amphibole

Amphibole nomenclature follows the classification of Leake
et al. (1997). Amphibole formula unit were calculated on 23
oxygenes and Fe> " /Fe?™ was estimated assuming a total sum of
13 cations. In metabasite, amphibole cores have a typical

composition between pargasite and hornblende (Fig. 4a). The Xyg
ratio [with Xyg = Mg/(Mg + Fe? )] varies between localities from
0.30 to 0.60 (11TAV13a, OR1028a, KO1218, 110R33). In contrast, rims
are of glaucophane or riebeckite compositions (Fig. 4a), with Xyg and
XZ: values varying from one sample to another (Fig. 4d). In the white
metamorphic sole all measured amphibole have a riebeckite composi-
tion (11TAV13b; Fig. 4d).

5.1.3. Garnet

Garnet composition analysed in the metabasite is mostly between
almandine and grossular: Almss_gs5-GI'S20-30-SPS0.01-0.06PTPo.1 (Fig. 4b).
Rims generally have the highest grossular contents and pyrope content
is constant. Garnet analysed in the white metamorphic sole have a
higher content in spessartine (TAV1008a; Fig. 4b).

5.1.4. Pyroxene

The Fe> T content in pyroxene was estimated using the generic
formula of Droop (1987). Two samples containing clinopyroxene were
analysed (Fig. 4c). In sample KO1218 pyroxene has an omphacite com-
position, with the following composition Jd,,QuadssAeg4 (Fig. 4c;
Table 3). It is assumed to represent high-temperature conditions, as it
is included in ilmenite, coexisting with garnet, Ca-amphibole and
plagioclase. Clinopyroxene compositions in the white metamorphic
sole are low in Ca, high in Na (>0.8 pfu) and with variable Fe> ™. These
compositions are related to the HP overprint as attested by the coexis-
tence with sodic amphibole and lawsonite.
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(b) Phengite : Kocasu & Devlez fm.
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Fig. 6. Representative microprobe analyses for samples of the Devlez and Kocasu formations. (a) Chloritoid; (b) Phengite; (c) Clinopyroxene; (d) Sodic amphibole. Data are the same as in

Plunder et al. (2013).

5.2. Oceanic complex (OC2) rocks

5.2.1. Sodic amphibole

In the metabasite sodic amphiboles analysed are Fe>*-rich
glaucophane to magnesio-riebeckite with Xz." [ = Fe3* / (Fe*™ +
AET)] in the range 0.2-0.8, and Xmg within the range 0.6-0.8
(110R16, DE1202b, DE1202c; Fig. 4e; Table 3). Amphibole cores occa-
sionally have a composition close to barroisite. Noteworthily, epidote
crystals with about 0.75 Fe* per 3 Si formula unit were observed as
inclusions in sodic amphibole.

5.2.2. Sodic pyroxene

Sodic pyroxene in metabasite generally has a composition of
aegirine-augite in this unit (DE1202c; Fig. 4f), and some cores still are
augitic. Sodic pyroxene displays strong variations in composition but
no systematic zoning was observed.

5.2.3. Chlorite

Chlorite was measured only in carpholite-bearing rocks of 0C2. When
present, it coexists with carpholite, quartz and phengite. The Xy value
ranges from 0.4 to 0.6 (Fig. 5a). Chlorite with the lowest Xy, was found
in sample DU1215, and is Mn-rich (Fig. 5a). Si contents range between

2.8 t0 3.0 p.f.u. (per formula unit; Fig. 5a; Table 3) and typical composition
is close to clinochlore + daphnite, with Xcinochiore + Xpaphnite > 0.65
(following the classification of Vidal and Parra, 2000).

5.24. Carpholite

Pristine Fe-Mg-carpholite was observed in few samples from the
0C2, as reported by Plunder et al. (2013) (Fig. 1). It coexists at the scale
of the outcrop with rocks containing glaucophane, lawsonite, and sodic
pyroxene (110R16b). Carpholite Xy, [with Xy = Mg /(Mg + Fe?™)]
varies in the range 0.45 to 0.60 with constantly low Mn contents (<0.1
p.fu.) (Fig. 5b). The Fe** content is consistently lower than 0.1 p.f.u.
(Table 3), it was calculated as (2 - Al) and Fe? ™ content as Fe'®' - Fe> T,
following Goffé and Oberhdansli (1992).

5.2.5. Phengite

In carpholite-bearing rocks the Si content p.f.u. ranges from 3.15 to
3.6 due to the Tschermak substitution [2A13 " = Si*™ + (Fe,Mg)? "]
and the pyrophyllitic substitution [AI* ™ + K* = Si**] (Fig. 5¢). The K
content is between 0.7 and 0.9 p.f.u. (Fig. 5¢; Table 3). The mole fraction
of paragonite, Xparagonite [Na/(Na + K))] is always lower than 0.1.
Phengite composition shows virtually no intra-sample variations and
ranges between 0.4 < Xceadonite < 0.7 and 0.1 < Xpyrophyite < 0.3 except
for sample DE1201c where phengite close to muscovite composition
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Table 3

Selected representative EPMA analyses for phengite, chloritoid, sodic amphibole, clinopyroxene, carpholite and lawsonite.
Mineral phg Mineral cld
Sample OR1024 or1006b OR1012 110R22 11tav31 de1201c  ko1213 dul215 110R16 Sample  OR1024 110122 or1012  or1006b
Analyse 1 54 165 163 25 37 155 20 79 Analyse 144 52 18 17
Si02 51.76 51.26 51.19 52.11 51.60 51.26 50.75  53.03 48.89 Si02 23.39 2393 24.69 23.83
TiO2 0.16 0.11 0.12 0.06 0.03 0.52 0.06 0.26 0.52 TiO2 0.09 0.02 0.10 0.03
Al203 25.56 25.53 25.24 26.47 22.82 2499 2635  23.16 2521 Al203 39.01 40.77 39.07 39.83
Cr203 0.06 0.00 0.01 0.00 004  0.09 0.02 0.00 0.05 (Cr203 0.07 0.02 0.00 0.00
FeO 3.05 3.80 3.28 2.26 500 3.75 2.48 4.59 3.84 FeO 24.67 23.65 23.78 26.42
MnO 0.00 0.00 0.07 0.06 0.06 0.15 0.04 047 0.06 MnO 0.57 0.50 0.47 0.44
MgO 3.54 2.79 3.65 3.59 438 425 3.51 3.56 4.04 MgO 2.81 2.53 248 1.48
Ca0 0.01 0.11 0.06 0.00 0.06 0.15 0.00 0.11 0.05 CaO 0.00 0.03 0.03 0.03
Na20 0.16 0.18 0.26 0.08 0.05 0.08 0.18 0.05 0.14 Na20 0.02 0.02 0.03 0.00
K20 10.49 9.76 10.18 10.08 10.36 9.06 10.07 9.62 9.27 K20 0.04 0.00 0.03 0.01
Sum 94.77 93.54 94.04 94.72 94.40 94.30 9345 94.84 92.07 Sum 90.66 9145 90.68 92.07
Formula unit Formula unit
Si 348 3.49 3.47 3.48 3.52 3.46 3.44 3.57 339 Si 1.99 1.99 2.08 2.00
Ti 0.01 0.01 0.01 0.00 0.00 0.03 0.00 0.01 003 Ti 0.01 0.00 0.01 0.00
Al 2.03 2.05 2.02 2.08 1.84 1.99 2.11 1.84 2.06 Al 391 4.00 3.87 3.94
Cr 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 Cr 0.01 0.00 0.00 0.00
Fetot 0.17 0.22 0.19 0.13 0.29 0.21 0.14 0.26 0.22  Fetot 1.75 1.65 1.67 1.86
Fe3 Fe3
Fe2 Fe2
Mn 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.03 0.00 Mn 0.04 0.04 0.03 0.03
Mg 0.35 0.28 037 0.36 0.45 0.43 0.36 0.36 042 Mg 0.36 0.31 0.31 0.19
Ca 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 Ca 0.00 0.00 0.00 0.00
Na 0.02 0.02 0.03 0.01 0.01 0.01 0.02 0.01 0.02 Na 0.00 0.00 0.01 0.00
K 0.90 0.85 0.88 0.86 0.90 0.78 0.87 0.83 082 K 0.00 0.00 0.00 0.00

XMg 0.17 0.16 0.16 0.09

Mineral Na-amph Mineral cpx
Sample OR1024 or1006b OR1012 11tav31 11tav31 Sample or1024 or1012 or1012 11tav31 11tav31
Analyse 5/1. b40 5.00 82/1. 82/1. Analyse 119 78 79 45 11
Si02 58.73 55.78 58.07 56.74 56.29 Sio2 59.63 58.50 58.96 52.26 54.26
TiO2 0.00 0.09 0.13 0.00 0.06 TiO2 0.07 0.09 0.09 0.04 0.07
Al203 12.18 11.08 10.66 4.08 4.58 AI203 23.03 2197 22.79 4.40 3.19
Cr203 0.00 0.00 0.02 0.01 Cr203 0.01 0.02 0.04 0.41 0.24
FeO 12.11 19.13 14.20 19.17 19.49 FeO 3.06 3.76 3.63 17.18 19.72
MnO 0.06 0.00 0.01 0.41 0.35 MnO 0.00 0.01 0.11 0.43 0.30
MgO 8.06 3.85 6.97 9.37 9.14 MgO 0.22 0.25 0.12 5.09 4.60
Ca0 0.03 0.15 0.07 1.38 1.29 Ca0 0.37 0.40 0.21 9.20 8.26
Na20 7.03 6.30 6.37 6.06 6.08 Na20 14.46 14.03 14.35 7.03 8.74
K20 0.00 0.00 0.00 0.02 0.02 K20 0.02 0.00 0.01 0.98 0.04
Sum 98.20 96.38 96.49 97.27 97.31 Sum 100.86 99.04 100.31 97.02 99.41
Formula unit Formula unit
Si 8.01 8.00 8.12 8.03 7.96 Si 2.02 2.02 2.01 1.99 2.02
Ti 0.00 0.01 0.01 0.00 0.01 Ti 0.00 0.00 0.00 0.00 0.00
Al 1.96 1.87 1.76 0.68 0.76 Al
Cr 0.00 0.00 0.00 0.00 0.00 Cr 0.92 0.90 0.92 0.19 0.14
Fetot Fetot
Fe3 0.15 0.31 0.24 1.18 1.25 Fe3 0.00 0.00 0.01 0.37 0.45
Fe2 123 1.98 1.42 1.09 1.05 Fe2 0.09 0.11 0.10 0.18 0.16
Mn 0.01 0.00 0.00 0.05 0.04 Mn 0.00 0.00 0.00 0.01 0.01
Mg 1.64 0.82 145 1.98 1.93 Mg 0.01 0.01 0.01 0.29 0.25
Ca 0.00 0.02 0.01 0.21 0.20 Ca 0.01 0.02 0.01 0.38 0.33
Na 1.86 1.75 1.73 1.66 1.67 Na 0.95 0.94 0.95 0.52 0.63
K 0.00 0.00 0.00 0.00 0.00 K 0.00 0.00 0.00 0.05 0.00
XMg 0.57 0.29 0.51 0.65 0.65
XFe3 0.07 0.14 0.12 0.63 0.63
Mineral car Mineral lws
Sample DU1215 110R16 110R16 KO1213 De1201c Sample DU1215 DU1215 De1201c De1201c
Analyse 7/1, 5 6 111 47 Analyse 34/1, 47/1, 16 17
Si02 37.59 37.81 37.70 38.20 37.23 Si02 38.29 37.76 39.02 38.76
TiO2 0.71 0.25 0.24 0.51 0.41 TiO2 0.20 0.25 0.06 0.01
Al203 30.87 31.40 30.99 31.57 30.51 Al203 31.23 31.02 31.59 31.73
Cr203 na 0.12 0.07 0.06 0.00 Cr203 na na na na
FeO 10.49 9.69 9.95 9.69 11.74 FeO 138 1.05 0.63 0.78
MnO 1.18 1.75 1.38 142 144 MnO 0.13 0.09 0.04 0.11
MgO 7.08 6.15 6.63 6.70 5.47 MgO 0.00 0.00 0.00 0.00
Ca0 0.00 0.01 0.01 0.00 0.00 Ca0 16.91 16.90 16.82 17.26
Na20 0.03 0.00 0.02 0.00 0.00 Na20 0.00 0.00 0.00 0.00
K20 0.06 0.02 0.02 0.00 0.01 K20 0.00 0.00 0.00 0.00
Sum 88.01 87.19 87.00 88.16 86.81 Sum 88.14 87.07 88.17 88.65
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Mineral car Mineral lws

Formula unit Formula unit

Si 1.99 2.01 2.01 2.01 2.01 Si 2.02 2.02 2.05 2.03
Ti 0.03 0.01 0.01 0.02 0.02 Ti 0.01 0.01 0.00 0.00
Al 1.92 1.97 1.95 1.95 1.94 Al 1.94 1.95 1.95 1.96
Cr na 0.01 0.00 0.00 0.00 Cr na na na na
Fetot 0.44 0.06 0.06 0.07 Fetot 0.42 0.46

Fe3 0.08 0.03 0.05 Fe3 0.06 0.05 0.03 0.05
Fe2 0.39 0.43 0.44 0.53 0.50 Fe2 0.37 0.39

Mn 0.05 0.08 0.06 0.53 0.04 Mn 0.01 0.00 0.00 0.00
Mg 0.56 0.49 0.53 0.53 0.44 Mg 0.00 0.00 0.00 0.00
Ca 0.00 0.00 0.00 0.00 0.00 Ca 0.96 0.97 0.95 0.97
Na 0.00 0.00 0.00 0.00 0.00 Na 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 K 0.00 0.00 0.00 0.00
XMg 0.59 0.53 0.55 0.50 0.47

was analysed. It corresponds to flake-shaped phengite over-growing
the main foliation.

5.2.6. Lawsonite

Lawsonite is generally present in metabasite and rarely in some
carpholite-bearing samples (DU1215 and De1201c). All iron measured
in lawsonite was considered as trivalent. Average composition is close
to the ideal formula, e.g. Si, 03Al1 9gFe> T 0.04Ca1 9607(OH)»*H,0 for sam-
ple DU1215. The only substitution is Fe** for A>* as reported
for blueschists of the Tavsanli zone (Okay, 1980a), and for other
blueschist-facies rocks of the Franciscan complex (Davis and Pabst,
1960) or the Schistes Lustrés complex (Plunder et al.,, 2012).

5.3. Continental rocks (Orhaneli unit)

5.3.1. Chloritoid

Chloritoid, found only in the greyschists, has Xy in the range
0.10-0.20. It shows no zoning and intra-sample variation in Xy does
not exceed 0.05 (Fig. 6a; Table 3). Fe** calculated (considering
Fe>™ = 4 - Al) is always <0.02 p.f.u., which indicates a low oxidation
state for those rocks.

5.3.2. Phengite

White mica was observed in all greyschist samples of the Kocasu
formation. It was also found in some metabasite or cherts of the Devlez
formation. The Tschermak substitution between muscovite and
celadonite accounts for most of the compositional variation. The Si con-
tent generally is in the range 3.3-3.6 p.f.u. whatever the considered for-
mation (Fig. 6b). Texturally late rare phengite has lower Si contents
(<3.3 p.f.u.). The pyrophyllitic contents range between 5 and 20 mol%.
The mole fraction of paragonite is lower than 0.05 in the greyschist
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and might be up to 0.1 in some metabasite of the Devlez formation
(11TAV20) in which paragonite was also measured.

5.3.3. Sodic pyroxene

Two different sodic pyroxenes were measured. In the greyschists,
sodic pyroxene is very close to the jadeite end-member with Xjadeite
>0.85 (Fig. 6¢), the spread being mostly due to the Fe* ™ = A2 ™ substitu-
tion, with the core being slightly richer in Fe*>*+, while variations in Ca/Na
are small (sample OR1024; Fig. 6¢). Sodic pyroxene from the metabasite
of the Devlez formation displays more variation, with relatively high Fe3*
content and Ca/Na ratios (Fig. 6¢), mostly in the aegirine-augite or
aegirine fields (Fig. 6¢). No systematic zoning was observed. Jadeite
occurs sporadically in the cherts of the Devlez formation and has a
range of Fe* ™ contents (sample 11TAV23c, Fig. 6¢). Pre-metamorphic,
magmatic relict pyroxene found in some sodic amphibole-lawsonite-
bearing pillow basalts and associated pillows breccias is of augitic compo-
sition (TAV1110a,b; Table 3).

5.3.4. Sodic amphibole

Sodic amphibole from the greyschists of the Kocasu formation is
ferro-glaucophane to glaucophane with X" < 0.10. Xwmg ranges from
0.25 to 0.70, with Mg content increasing towards the rims (Fig. 6d);
intra-sample variation in Xug is generally of 0.30. Sodic amphibole
from the metabasite or the metachert of the Devlez formation shows
variable Xy in the range 0.3-0.8 (Fig. 6d) and strong variations of Fe3+,
even within sample, with 0.1 < X3:™ < 0.9 (TAV1004, 11TAV20; Fig. 6d).

5.3.5. Lawsonite

Lawsonite in the Kocasu and Devlez formation in very close to the
ideal formula CaAl,Si,07(0OH),°H,0, the only substitution observed
being Fe>* for AP as reported for blueschists of OC2. Fe,0; measured
in the metabasites and in the metacherts of the Devlez formation is in

Orhaneli area

T 493°C
BR1119

(b) Southern area

T .,418°C
11TAV07a

380 400 420 440 460 480 500 520 540 560 580 600

Fig. 7. Results of maximum temperature (Ty,.x) obtained from Raman spectroscopy of carbonaceous material plotted against the latitude of the sample location on the geological map
(Fig. 1). Distance from the main granodioritic plutons is indicated with the symbols. Temperature distribution and Gaussian fit for three selected samples.
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Table 4

Maximum temperature obtained by RSCM. n, number of spectral acquisition; SD, standard deviation; SE, standard error, which is SD divided by SQRT(n).
Sample Area n Av. T(°C) SD SE N (%)) E (%))
OR1140 Orhaneli Keles N 20 529 29 7 39°57'30.6" 29°14'02.8"
OR1011a Orhan-Keles N 20 498 29 7 39°52/39.8" 29°06'24.3"
OR1012 Orhan-Keles N 16 540 16 5 39°55'05.5" 29°10745.4"
OR1013b Orhan-Keles N 18 556 26 6 39°5505.5" 29°10'37.4"
OR1014a Orhan-Keles N 19 553 30 7 39°55'59.4" 29°27'57.1"
OR1119 Orhan-Keles N 22 493 20 4 39°56'33.0” 29°02’55.6"
OR1120 Orhan-Keles N 18 483 23 5 39°56'54.7" 29°03/18.1"
OR1121 Orhan-Keles N 12 499 18 5 39°56'24.2" 29°03'56.0"
OR1123b Orhan-Keles N 19 553 28 6 39°56'39.3” 29°05'28.5"
OR1124 Orhan-Keles N 18 543 25 6 39°55'42.2" 29°05'57.8"
OR1006b Orhan-Keles S 19 515 31 7 39°5348.6" 29°01'19.9”
OR1024 Orhan-Keles S 17 538 25 6 39°52/52.4" 29°05'36.5"
11TAV22 Other Domanic 10 428 17 5 39°48'35.3" 29°34/10.3"
11TAV07a Dursunbey 14 418 14 4 39°39'03.3” 28°24'37.6"
11TAV08 Dursunbey 18 484 33 8 39°39'14.1" 28°24'47.6"
11TAV25 Harmancik 9 467 22 7 39°39'56.6" 29°04'02.4"
110R19 Kocasu 11 478 24 7 39°46'04.8" 28°40'55.9”
110R22 Kocasu 14 506 27 7 39°47'43.1" 28°41'13.4"
11DU04 Koseler 13 431 22 6 39°42'02.0" 29°17'24.8"
DU1209 Koseler 20 446 20 4 39°42'04.2" 29°17'58.5"
TU1015 Koseler 20 467 27 6 39°42'03.0” 29°17'25.0"

the range 0-1.5 wt% and 1-2.2 wt% (11TAV20 and TAV1004), respec-
tively. In the metaclastic rocks of the Kocasu formation Fe,O3 measured
is always lower than 0.5 wt% (OR1024).

5.3.6. Garnet

Garnet observed in the metacherts of the Devlez formation is strongly
zoned with spessartine-rich cores and (Fe + Ca)-richer rims (TAV1004).
Typical variations are Almg 30.0,60-GI'So.15-0.20-SPSo0.10-0.50-PIP-0.05- Garnet
observed in solely one metabasite sample (11TAV20) shows the follow-
ing chemical variations: Almgp_gs-GIS1g_20-SpSs_12-Prps_is.

6. Estimating PT conditions: Raman spectroscopy and pseudosections
6.1. Raman thermometry

The Thax Values were calculated for 23 samples of the Orhaneli unit
from the spectra as described in Beyssac et al. (2002) and part of the
data come from the Plunder et al. (2013) study. The Ty, is in the
range 418-556 °C for all the samples investigated (Figs. 1c, 7a;
Table 4). Spectra present a normal distribution regarding all spectra
measured per sample, precluding the presence of detrital high-grade
graphitic material. The typical standard deviation on Ty« ~30 °C
(Fig. 7b). No samples were collected in the contact-metamorphic aure-
ole (~1.5 km) reported by Lisenbee (1972) and no relationship was
found between the proximity of the Eocene granodiorite in the Orhaneli
area (between 1.5 and 3 km and > 3 km; Fig. 1¢) and the T, value cal-
culated for the greyschist samples (Fig. 7a). Tpyax shows a gradual in-
crease from south to north. Measurement for a greenschist-facies
pelitic rock of the lower part of the metamorphic sole yielded a Tiax
value of 428 °C.

6.2. PT estimates from pseudosection modelling

Two internally consistent thermodynamic datasets were used:

- for carpholite-bearing rocks the update of Berman's (1988) dataset
by Pourteau et al. (2014; see their Data Repository for the thermody-
namic dataset for THERIAK/DOMINO) was chosen for its incorporation of
solution models developed in the last decades for pelitic high-
pressure rocks. This thermodynamic database includes the solid-
solution model for chlorite of Vidal and Parra (2000) and Vidal
et al. (2006) with the end-members daphnite (Daph), clinochlore
(Clin), Fe-amesite (Fe-Am), Mg-amesite (Mg-Am), and sudoite

(Sud). For white mica, the thermodynamic model of Vidal and
Parra (2000) updated with Margules parameters by Dubacq et al.
(2010) was used with the following end-members: muscovite
(Ms), Fe-celadonite (Fe-Cel), Mg-celadonite (Mg-Cel), pyrophyllite
(Prl) and paragonite (Pg), i.e. without consideration for the low-
temperature hydrated end-members. Thermodynamic data for Fe-
and Mg-chloritoid and for Fe- and Mg-carpholite rely on those esti-
mated by Pourteau et al. (2014), who refined the standard-state en-
thalpies of formation.

- for greyschists and metabasites, the updated database of Holland
and Powell (1998) was chosen. The following solution models
were used: garnet, plagioclase, chloritoid and carpholite after
Holland and Powell (1998), chlorite after Holland et al. (1998),
white mica after Coggon and Holland (2002), biotite after White
et al. (2007), amphibole after Diener et al. (2007), clinopyroxene
after Green et al. (2007). The Diener and Powell (2012) update for
amphibole and clinopyroxene solution model was implemented in
the tcdb55cd2.bs database of THERIAK/DOMINO for calculations consid-
ering Fe> ™. Bulk compositions used for pseudosection modelling
are given in Table 2.

6.2.1. Metamorphic sole

One PT pseudosection was calculated for sample KO1218 collected
near Civili (Fig. 1). It was chosen due to the only slight blueschist-
facies overprint. The chemical system for calculation is Na,0-CaO-
TiO,-MnO-FeO-Fe,03-MgO0-Al,05-Si0,-H,0 (NaCaTMnFMASH, with
F = FeO and Fe,0s; Table 2). Calculation was performed in the range
7-13 kbar and 600-900 °C (Fig. 8a). K,O was neglected because it enters
only in phengite composition. The Fe>* amount was estimated from
amphibole and pyroxene electron-microprobe analyses. Water was
considered in the calculation, but its proportion was restricted to the
amount present in amphibole (which makes up 50-60% of the mode).

The studied assemblage (i.e. garnet—clinopyroxene-amphibole-
plagioclase-ilmenite) is stable within a large field. Using X, isopleths,
however, as well as the modal amount of clinopyroxene, PT conditions
can be refined as ~11 & 1.5 kbar and 725 + 50 °C for the peak-
temperature assemblage.

6.2.2. Ocean-derived units
Four PT pseudosections of carpholite-bearing rocks found in
0C2 were calculated in the CaO-K,0-FeO-MgO-Al,03-Si0,-H,0
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Fig. 8. PT pseudosections calculated with Theriak/Domino for samples of the metamorphic sole (a), OC2 unit (b),(c),(d) and (e) and Devlez formation (f). Bulk composition used is
indicated above each grid. Chemical system and the database used are reported in the upper left part and/or the lower right part of the grid. Darker field indicate higher variance.
Shape indicates the estimated PT conditions. Mineral abbreviations after Kretz (1983) except for the minerals mentioned in previous figures and Phg = phengite.



246 A. Plunder et al. / Lithos 226 (2015) 233-254

(CaKFMASH) or in the KFMASH systems. Calculations were done in the
range 3-20 kbar and 200-600 °C (Fig. 8b,c,d,e). Ti was not considered in
calculations, as it is present only in rutile. For bulk compositions con-
taining Ca-bearing phases, corrections were made considering that the
bulk P,0s is present only in apatite (Table 2). Although Mn was mea-
sured in carpholite and some chlorite, it was not considered in the cal-
culations, as Mn content in carpholite remains limited and no reliable
thermodynamic data exist for Mn-carpholite or -chlorite in the chosen
database. Moreover, Mn does not affect the composition of phengite
that was used for determining the PT conditions. Ferric iron was not
considered in the calculations because mineral formula recalculation in-
dicates very low Fe>* content if any. Water was considered as in excess
with an activity a(H,0) = 1. The topologies for the pseudosections in
the KFMASH and CaKFMASH systems are alike, and are even similar to
those in FMASH (Pourteau et al., 2014). The observed assemblage
(carpholite-phengite-chlorite-quartz + lawsonite) is present as a
large tri-variant field spanning the conditions 200-400 °C and
7.5-20 kbar. It is limited towards high temperature by the appearance
of chloritoid, which was not observed in any carpholite-bearing sample.
The stability fields of kaolinite, pyrophyllite and sudoite, which have not
been found during microprobe work, define the lower pressure limit.
The measured Si content of phengite together with the Xy of carpholite
were used together to refine the PT conditions of the studied samples.
The PT conditions matching the observed mineral compositions (Fig. 5)
are estimated at 10 + 2 kbar and 300 + 50 °C for sample 110R16
(Fig. 8b), at 12.5 + 2.5 kbar and 300 + 60 °C for sample DU1215
(Fig. 8c), at 10 + 1.5 kbar and 275 + 50 °C for sample DE1201c
(Fig. 8d) and at 11.5 4 2.5 kbar and 300 + 75 °C for sample KO1213
(Fig. 8e). These PT estimates can be refined by comparing the results of
pseudosection modelling with the calibration of the interlayer content
of white mica in carpholite-bearing rocks from the western Alps
(Agard et al., 2001a). Considering 0.1-0.3 vacancy p.f.u for the investi-
gated samples, temperature conditions can be refined to the range
~280-360 °C.

6.2.3. Units previously identified as continental-derived

The metabasite sample 11TAV31 from the Devlez formation was
selected for pseudosection modelling in the NaCaKFMASHO system. Be-
cause of high Fe*> T content calculated in minerals (sodic amphibole and
pyroxene), the last update of Diener and Powell (2012) of amphibole
and clinopyroxene solid-solution model was used together with the
models mentioned above for this pseudosection. The XRF bulk analysis
of this sample was corrected for Ti, Ca and Si due to the presence of
titanite as the only Ti-bearing phase observed (Table 2). Corrections
for Ca were also made for the presence of apatite and a late carbonate
vein cross-cutting the main foliation. Water was considered in excess
with an activity a(H,0) = 1, due to the abundance of hydrous phases
and of pristine lawsonite, which imposes very CO,-poor fluid conditions
(Nitsch, 1972). The stability of the observed assemblage (sodic pyrox-
ene-lawsonite-sodic amphibole-phengite-chlorite-quartz) is predict-
ed over a large range of PT conditions: 300-480 °C and 10-24 kbar.
Modal amounts of lawsonite/sodic pyroxene, Si content of phengite,
APT Fe3*, and Xwmg isopleths of sodic pyroxene were used to restrict
the formation conditions to 13.5-20.0 kbar and 460 + 30 °C (Fig. 8f).

Table 5

Predicted modal amount for modelled greyschist samples.
Sample OR1024 OR1006b OR1012 110R22
Jadeite 5 7 8 4
Chloritoid 19 3 18 14
Lawsonite 4 5 0.3
Glaucophane 12 9 10 13
Phengite 32 17 38 27
Quartz 28 59 26 41
T(°C)/P (kbar) 500 /24.5 460 /23.5 515/25 500 /24

Four representative samples of greyschists (Kocasu formation) were
selected to calculate pseudosections in the range 10-26 kbar and
300-600 °C. The system Na,0-CaO-K,0-FeO-MgO-Al,03-SiO»-H,0
(NaCaKFMASH) was assumed to describe the chemistry of the
greyschists. Mn was neglected due to the little amount in bulk compo-
sition and the absence of Mn-bearing phases. Ti is only present in rutile
and was thus not considered in calculations. Corrections were made for
Ca considering that the amount of P,Os measured in the bulk composi-
tion accounts only for apatite (Table 2). All pseudosections were calcu-
lated without ferric iron, as the amount of Fe>* calculated in each phase
is very restricted (Table 3). Given the hydrous mineral assemblages
observed in thin section, water was considered in excess and its activity
was set to a(H,0) = 1.

The four PT pseudosections, calculated in the NCKFMASH or
NKFMASH system for sample OR1012, OR1024, OR1006b (Orhaneli
region) and 110R22 (Kocasu region), have very similar topologies. The
assumed peak-pressure assemblage glaucophane-jadeite-chloritoid-
phengite—quartz + lawsonite is reproduced as a triangular-shaped field
in each case. The maximum spread of this field is from 400 to 500 °C
and between 20 to 26 kbar. It is limited by the presence of carpholite
towards the low temperatures and by the appearance of garnet at higher
temperatures. None of these minerals has been observed in any of the
relevant rocks. The lower pressure boundary is made by the appearance
(up pressure) of clinopyroxene with Xjageite > 0.9 at ~20 kbar or by the
disappearance of paragonite. The high-pressure boundary is marked by
the appearance of a carpholite 4 garnet field, an uncommon assemblage
in Mn-poor systems, only reported from the North Qilian suture zone, NW
China (Song et al., 2007). The Si content of phengite was used together
with the Xy, of chloritoid and the Xjaqeite to deduce the PT conditions
matching the observed paragenesis. These are estimated at 25 4 1 kbar
and 515 4 20 °C for sample OR1012, at 24.5 + 1 kbar and 500 + 25 °C
for sample OR1024, at 24 £ 1 kbar and 500 + 25 °C for sample 110R22
and at 23.5 4 1.5 kbar and 460 + 30 °C for sample OR1006b. Modal abun-
dances for peak PT assemblages are given in Table 5 and are consistent
with observations at thin-section scale except for sample 110R22 where
glaucophane is predicted to account for >10% of the mode and is only
observed as tiny relictual mineral (<5%). Constraints on decompression
paths are set by the appearance of garnet at 450-550° for pressure
between 10 and 20 kbar depending on the bulk composition, by the fact
that neither the breakdown of lawsonite to epidote below 15 kbar nor
the appearance of biotite are observed, and by the coincidence of Tiax
and the estimated temperature for peak pressure (Fig. 8).

7. Discussion and interpretation
7.1. - PT conditions for the different units of the Tavsanl zone

The PT conditions derived for the Tavsanli rocks are summarized in
Fig. 10a and critically discussed below, from top to bottom.

(1) PT estimates for the top part of the HT metamorphic sole (11 &
1.5 kbar and 725 + 50 °C) are higher than those previously re-
ported for similar samples (Okay et al., 1998; Fig. 10a) due to
the incorporation of previously not recognized pyroxene. Such
PT conditions are consistent with those of metamorphic soles
found immediately beneath the Semail (Oman; Gnos, 1998)
or Vourinos ophiolites (Myhill, 2011). Thanks to recent improve-
ments in solution models for clinopyroxene (Diener and Powell,
2012), our estimates are probably more robust than previous,
comparable studies. Uncertainties come from (1) the bulk-rock
composition used for the pseudosection calculation, which may
be affected by minor compositional changes related to the high-
pressure overprint (i.e., addition of water and redox changes;
Fig. 4a) and (2) the initial HT plagioclase composition, which
had to be estimated from the relative modal amounts of lawsonite
and albite replacing plagioclase.
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(2) Carpholite-bearing rocks of the OC2 accretionary complex yielded

3

~

PT conditions of 11.5 + 3.5 kbar and 350 + 50 °C on average,
which supports the preliminary result of Plunder et al. (2013).
These PT estimates confirm the large metamorphic gap between
0C1 and 0C2, which was already apparent in terms of lithology
(see Geological setting). As the OC2 samples come from areas far
apart (i.e., >50 km along strike), the OC2 unit either corresponds
to distinct pieces of various units detached at a common
decoupling depth, or to thin slivers of a larger, tectonically stripped
oceanic unit. The timing of its/their detachment from the sinking
slab remains poorly constrained (i.e. between 95 and 80 Ma).

For the Devlez formation, PT estimates (13.5-20 kbar and
440-500 °C) lie close to the lawsonite-epidote transition
(Fig. 8f). They are supported by the occurrence of epidote in
some samples coexisting with lawsonite or included in lawsonite,
in sodic amphibole or in garnet (11TAV20). These PT conditions
are somewhat more loosely constrained than those of the Kocasu
formation, yet distinguishable (Fig. 10a; see below). The exercise
of pseudosection modelling of the Devlez formation also shows
how very common rocks (glaucophane + lawsonite + sodic
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pyroxene) remain difficult to model. The well-known, ubiquitous
glaucophane-lawsonite assemblage (Alps, Corsica, Tavsanli,
Franciscan) is difficult to reproduce in pseudosections and is
even not present in some reference calculations that predict a
very wide stability field for sodic pyroxene or calcic amphibole
towards low temperature (Diener and Powell, 2012). This may
simply reflect the still imperfect solid-solution modelling and
even end-member thermodynamic data for some of the key
phases, blue amphibole in particular.

Pseudosection modelling of the continental Kocasu formation sug-
gests equilibration at 470-510 °C and 23-25 kbar for the typical
jadeite-glaucophane—chloritoid—phengite-quartz 4 lawsonite as-
semblage found in the north of the study area. Thermobarometric
results are supported by the independent RSCM Ty,.x results
ranging between 480-550 °C for the same area (Figs. 1¢,7). These
Timax Values for the Orhaneli unit and those reported in Plunder
et al. (2013) are systematically higher than previous maximum T
estimates (430 + 30 °C; Okay and Kelley, 1994; Okay, 2002),
which implies a slightly warmer metamorphic gradient than
previously thought (i.e., ~7 °C/km vs. 4-5 °C/km; Okay, 2002).
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Fig. 9. PT pseudosections calculated with Theriak/Domino for samples of the Kocasu formation. Shape indicates the estimated PT condition. Maximum temperature from Raman spectroscopy
on carbonaceous material is indicated to show the good agreement between two independent methods. Indicative retrograde path is constrained on the basis of the observed assemblage, the
stability of lawsonite in studied samples and the absence of regional heating after the HP metamorphic event. See text for discussion. Mineral abbreviations after Kretz (1983) except for the
minerals mentioned in previous figures and Fsp = K-feldspar.
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Those estimates are consistent with the Grt-Na Cpx-Lws-GIn
paragenesis found in a metabasite of the Orhaneli region
(OR1111, metabasite slice atop the Kapanca metagranitoid; Okay
et al.,, 2008). The predicted appearance of garnet for this rock-
type lies between 500 and 550 °C at 20 kbar (Fig. 8f; Diener and
Powell, 2012).

For the continental samples OR1210 and OR1024, the predicted min-
eral stability fields include carpholite (Fig. 9a), which is not observed in
these samples. This probably stems from inaccurate thermodynamic
data for Fe-carpholite (see Pourteau et al., 2014). Uncertainties on
isopleths, such as the Si content of phengite, Xy of chloritoid, jadeite
content of pyroxene, are difficult to assess but likely within the range
of uncertainties of the database (i.e. 450 °C and + 1.5 kbar).

The RSCM results also reveal a north-to-south decrease in Tyax
(Fig. 7a), which is consistent with the absence of the jadeite-
glaucophane-chloritoid-phengite-quartz + lawsonite assemblage
in the south, where chloritoid-glaucophane or jadeite occur instead.
The lack of east-west structural discontinuities or deformation
trends (Plunder et al., 2013) suggests that this temperature decrease
may be gradual and implies (assuming a similar PT gradient) a lesser
burial in the south of maximum 20 km (i.e ~6-7 kbar). This is consis-
tent with a structural thickness of at most 1 km for the Kocasu forma-
tion and the less intense penetrative deformation observed in the
southern part (Supplementary material). Noteworthily, the lack of
any relationship between the T, measured in the Kocasu samples
and the Eocene granodioritic intrusions (Fig. 7a) demonstrate that
these intrusions did not disturb the earlier, HP metamorphic thermal
patterns.

Contrasting PT estimates are found for the chert-rich Devlez for-
mation and the Kocasu formation, once thought to belong to a single
Orhaneli unit (Okay, 1986). By contrast to the regional-scale distri-
bution of the Kocasu and Inénii formations, which extend from
Dursunbey to Sivrihisar (~300 km from west to east), the Devlez for-
mation is only found in our study area. Deformation patterns for the
Devlez formation also differ significantly from those found in the rest of
the Orhaneli unit, locally and across the whole region (Davis and
Whitney, 2006; Davis, 2011; Monod et al., 1991; Plunder et al., 2013;
e.g., stretching lineations, in particular, systematically strike ~ N160
instead of ~ N020; see Supplementary material). In addition, the
inénii marble commonly grades from thick-bedded carbonates to
lithologies quite distinct (i.e., impure marly marbles) from the ones in
Devlez (alternating metagreywackes and metabasites; Servais, 1981).

P(kbar)

30 ( a) Former studies Cs
Qtz

25 Kocasu fm.

- Okay & Kelley, 1994
Okay 2002

20 —  peviez fm.
Okay, 1980a,b

15 — S
1 O - Okay et al., 1998
Onen & Hall, 2000
5 —
Ovacik complex
Okay, 1982
- Topuz et al., 2006
200 400 600 800
T(°C)

A. Plunder et al. / Lithos 226 (2015) 233-254

The Devlez formation is therefore regarded as originating from near
the northern edge of the passive continental margin of the Anatolide-
Tauride Block yet has an oceanic affinity, and is consequently referred
to as OC3 below. This interpretation is supported by the existence of a
tectonic contact between the Inénii formation and the Devlez formation
near the locality of Dombaycayiri, marked by a 5-10 metre thick
crushed calcschist layer. The continental Orhaneli unit would thus be
restricted to the Kocasu and the Inénii formations (see cross section
on Fig. 1).

Fig. 10b shows how these new PT estimates refine previous ones for
the Tavsanl units (Fig. 10a,b).

7.2. From subduction inception to continental subduction: accretion,
underplating and exhumation during progressive cooling

The stacking of the Tavsanli units provides some indications on their
relative timing of accretion, underplating and exhumation (Fig. 11), de-
spite the lack of radiometric data, which are only available for OC3 (ca.
80 Ma, Rb/Sr ages; Sherlock et al., 1999) and for the Afyon Zone to the
south (70-65 Ma, Ar/Ar ages; Pourteau et al., 2013). Essential field rela-
tionships and structural details are outlined below for the various units
(more details can be found in Plunder et al., 2013).

0OC1 correspond to a coherent 100-1000 m thick oceanic unit, with
imbricate slices that may be traced for 500 m to a few kilometres, of
weakly deformed but incipiently metamorphosed basalts and radiolar-
ian cherts. OC2 is much more strained and probably represents an ex-
tremely thinned (<100 m) oceanic unit, extending across a few
hundred metres and only observed in some localities (Fig. 1a). OC3 is
a ~1 km thick and coherent oceanic unit intimately linked to the conti-
nental Orhaneli unit. The contact between OC1 and OC2 is marked by a
sharp change in metamorphic grade (from virtually unmetamorphosed
to blueschist grade rocks) and a few metres thick serpentinite layer (in
Ketenlik or Dutluca regions). In all places, the contact between the
metamorphic sole and OC1 is marked by a sharp contrast in metamor-
phic grade and in lithologies (e.g., at Civili, south of Tavsanli and in the
Kiithaya region).

(1) Tectonic contacts in the study area always yield a consistent
stacking pattern with, from top to bottom, (i) the ophiolite,
(ii) the metamorphic soles partially reequilibrated under HP con-
ditions, (iii) voluminous and continous imbricates slices of
0C1 (>80% of the mapped OC) with incipient BS conditions,
(iv) thin, strongly deformed OC2, ( v)restricted exposures of
0C3 and (vi) finally the Orhaneli unit, to which OC3 is intimately
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Fig. 10. (a) PT conditions estimates for the Tavsanli zone prior to this study; (b) Revised PT conditions from this study.
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linked). The downward pressure increase of the nappe stack and
the pressure gaps point to the existence of net extensional offsets
between the various units (i.e., 0C1/0C1 and 0OC2/0C3). Struc-
tural relationships (i.e., OC3 sandwiched between OC2 and the
Orhaneli unit) and paleogeographic constraints (OC2 being
clearly oceanic and OC3 transitional to the continent) suggest
that OC2 was likely underplated before OC3, and OC3 before
the continental Orhaneli unit. The buoyancy-driven exhumation
of the large, coherent Orhaneli continental unit (such as in the
Western Alps; Angiboust et al., 2009; Plunder et al., 2012) may
have contributed to scrapping off OC3 and/or OC2 on its way
up the plate interface. Radiometric constraints are needed to
unravel whether OC2 was already exhumed before OC3 reached
its maximum burial depth, or whether both units were exhumed
coevally with the continental margin. We speculate that the large
volumes of OC1 probably correspond to a longer-lived accretion
and underplating history. In any case, given its structural position
beneath OC1, OC2 cannot have been exhumed to depths of OC1
before OC1 was accreted.

(2) The HP-LT overprint of the metamorphic sole records the cooling
of the subduction zone through time from ca. 700 to 300 °C
(Fig. 10b). Whether the sole cooled at constant depth (arrow 1;
Fig. 10b) or during its exhumation (arrow 2) is unclear. This
blueschist overprint of the sole requires a cooler, more mature
thermal regime of the subduction zone, which implies that the
metamorphic sole cannot have been significantly exhumed dur-
ing the earliest and warm stages of subduction (i.e., around
93-90 Ma). The underplating of significantly colder oceanic HP
units likely contributed to this cooling. The structural position
of the sole on top of both OC1 and OC2, and the higher P condi-
tions witnessed by the sole with respect to OC1, require that
the metamorphic sole was emplaced on OC1 as a thrust (and
exhumed with respect to the mantle part of the ophiolite since
its maximum burial depth exceeds the ophiolite thickness, as
for most metamorphic soles worldwide; Wakabayashi and
Dilek, 2003) and was exhumed prior to and independently of
0C2 (Wakabayashi and Dilek, 2003).

Using the above structural and time constraints and available
palaeogeographic data for the Neotethys, we herein show that the HP-
LT Tavsanli units fit on a simple convergence history (Fig. 11).

Kinematic and palaeogeographic reconstructions (MEBE maps:
Barrier and Vrielynck, 2008; van Hinsbergen et al., 2010) suggest that
the Neotethyan ocean at 95 Ma extends across ~ 700-800 km from N
to S. From this stage to Paleocene closure of the Neotethys, this estimate
yields an average convergence velocity of 2-3 cm/yr between the
Anatolide-Tauride block and Eurasia. Considering that (1) intra-
oceanic subduction started at ~95-92 Ma (see Celik et al., 2011, for a
compilation; Onen, 2003) and that (2) HP-LT metamorphism in OC3,
outboard of the continental margin, occurred at ~80 Ma (Sherlock
et al.,, 1999), subduction initiation must have occurred ~300 km north
of the Anatolide-Tauride block. Noteworthily, the depths reached by
0C2-3 cannot be explained if subduction initiated too close to the
Anatolide-Tauride margin. Intra-oceanic subduction probably initiated
at some inherited discontinuity (Fig. 11a; Gurnis et al., 2004; Hacker,
1990, 1991; Nicolas and Le Pichon, 1980), at a ridge or in its vicinity. In-
deed, the nature and age of the obducted ophiolite and the temperature
reached by the metamorphic sole both require the existence of a young,
buoyant oceanic lithosphere in the southern Neotethys, possibly as a
propagating basin (see Rioux et al., 2013 and references therein) formed
in the earlier rifted Neotethyan realm (i.e., during the Triassic as shown
by radiolarite ages in OC1 and alkaline magmatism documented in the
Menderes Massif and Afyon Zone; Akal et al., 2011). The ridge in Fig.
11a thus represents a proxy for such a young, buoyant oceanic litho-
sphere. This sketch also implicitly assumes the existence of one single

ophiolite sheet extending ~400 km across, from Tavsanli in the north
to the Lycian nappes in the south (removing the late extension in the
Menderes consistently yields a minimum southward overthrust of
300 km). The thermal structure of Fig. 11 is derived from recent
thermomechanical modelling performed with similar parameters for
the Oman obduction (i.e. 400 km of convergence over 10 My and inver-
sion at the ridge; Duretz et al., submitted for publication; see also earlier
thermo-kinematic models by Hacker, 1990, 1991).

Fig. 11 shows a possible evolution matching equilibrium depths and
PT paths, the relative position of the units and the relative chronology of
exhumation.

Shortly after the initiation, at ~93-92 Ma, rocks of the downgoing
plate must have reached depths of ~30 km, as shown by the PT esti-
mates for the metamorphic sole (11 kbar - 725 °C). The thermal regime
of the subduction zone is still warm, with a geotherm of ~20-25 °C/km
but isotherms have started to be deflected downward, as observed in
present subduction zones (Peacock, 1993, 1996; Van Keken et al.,
2011). Accretion might have already started at shallow levels with
rocks of OC1 unit being scraped-off at the backstop.

At ~85 Ma, the thermal regime of oceanic subduction has cooled to
~10-12 °C/km, as shown by PT estimates for OC2. The OC2 slices are
detached from the sinking slab at depths of ~30-40 km, possibly as a
result of changes in mechanical coupling along the subduction interface
(see § 7.3). The metamorphic sole has probably cooled between its for-
mation (at ~93-92 Ma) and 85 Ma as suggested by blueschist-facies
overprint. Cooling of the metamorphic sole, in any case, has to take
place before peak burial of OC2, since the metamorphic sole is never
found atop OC2.

Around ~80 Ma, OC3 (i.e., Devlez unit) reaches its peak-pressure con-
ditions at 13.5-19 kbar / 425-480 °C and is detached from the slab. Exhu-
mation of OC2 is suggested to initiate around this time for consistency
between estimated PT conditions and the thermal evolution of the
subduction zone. The Orhaneli unit reaches 23-25 kbar / 470-510 °C
within a short time span (a few My?). The exhumation of the coherent,
relatively undeformed continental Orhaneli unit (Plunder et al., 2013)
might have been favoured by its net buoyancy (Brun and Faccenna,
2008; Chemenda et al., 1995) and/or by changes in the mechanical
coupling along the subduction interface at depths of 70-80 km. This
ascent of the continental units likely contributed to the exhumation of
the previously detached OC2 and OC3.
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This first-order tectonic reconstruction suggests that the Tavsanl
zone corresponds to a reworked yet single subduction interface with
rock units documenting accretion, underplating and exhumation
dynamics along a plate interface. The positions of OC1-2-3 in this recon-
struction are not unique, however, and absolute age data are needed to
better constrain timescales and processes.

7.3. Exhumation dynamics and mechanical coupling along the subduction
interface

Unlike the Oman case study (for a comparison, see Plunder et al.,
2013), several metamorphosed HP oceanic slices units are sandwiched
between the ophiolite (and its metamorphic sole) and the Orhaneli con-
tinental unit. Three groups of PT conditions have been identified for
these HP complexes: (1) <8 kbar and <250 °C for the poorly metamor-
phosed yet lawsonite-bearing OC1 unit; (2) 11.5 & 3.5 kbar and 350 +
50 °C for the low-grade HP carpholite-bearing OC2; (3) 17 + 3 kbar and
450 + 50 °C for the HP glaucophane-lawsonite-bearing OC3 .

These slices of upper oceanic crust (i.e., basalt + variable amounts of
pelagic sediments) were detached from the slab at distinct depths and
in very contrasting volumes too (Fig. 11e): the limited exposures of
0C2 (less than 200 km? over a 12 500 km? area) or OC3 constrast
with the voluminous and extensive OC1. The OC2 and OC3 units may
have been thinned and/or stripped on exhumation but are indeed by
far (<10%) less abundant than OC1. The OC1 unit probably represents
a metamorphosed equivalent of the offscrapped oceanic upper-crustal
material of the Hawasina units in Oman.

Exhumation of oceanic rocks is a fundamentally discontinuous pro-
cess acting over short-lived time periods in the lifetime of a subduction
zone (i.e., ~10 My; Agard et al., 2009). The Tavsanli units can thus poten-
tially provide clues on the following open questions:

(i) do exhumed rocks primarily originate from specific depths,
thereby pointing to specific conditions of mechanical coupling,
or from all along the subduction interface?

(ii) isit the exhumation and/or the detachment that is a discontinuous
process (or both)?

Fig. 12 suggests that specific depths may be the answer to the first
question. Fig. 12 indeed shows that PT conditions for OC2, OC3 and con-
tinental Kocasu units match those proposed for the Franciscan complex,
the W. Alps (Schistes Lustrés complex) or for Oman, Corsica and New
Caledonia, all of which represent well-documented examples of accre-
tionary processes in subduction zones without or prior to collision
(Agard and Vitale-Brovarone, 2013; Agard et al., 2001b; Angiboust
et al., 2012; Banno et al., 2000; Ernst and McLaughlin, 2012; Page
et al., 2006; Plunder et al., 2012; Tsujimori et al., 2006; Ukar and
Cloos, 2014; Wakabayashi, 2013). It therefore seems that the initial set-
ting (and the age of subduction) does not much affect the detachment
and or exhumation depths, a least for cold or mature (cooled) subduc-
tion zones.

The two better constrained, major depth clusters, at ~30-40 km and
~80 km, are probably not fortuitous, as they correspond to boundaries
where a major change in mechanical coupling is documented or expect-
ed (Fig. 12). The PT estimates for the eclogite-facies units of Oman,
Corsica, New Caledonia, California, W. Alps and Turkey are similar to
the low-temperature worldwide oceanic eclogite distribution (Fig. 12;
Agard et al., 2009). Mechanical coupling indeed decreases down-dip of
the seismogenic zone (~30-40 km; Yoshioka et al.,, 2004) and likely re-
sumes at ~80 km (Syracuse et al., 2010; Wada and Wang, 2009), a depth
below which the densification of oceanic rocks will further prevent their
return, unless exhumation is assisted by buoyancy-driven exhumation of
continental material (Agard et al., 2009, 2010).

The detachment of units such as OC2 is consistent with previous
reports of regional-scale exhumation from similar depths (Monié and

Agard, 2009) and with the depths of detachment hypothesized by Singh
et al. (2008) on the base of seismic evidence. These particular depths co-
incide with the down-dip end of the seismogenic zone, the location of ep-
isodic tremor and slip in present-day subduction zones (Rogers and
Dragert, 2003) and some serpentinite dehydration reactions occurring
in the sinking slab (Schwartz et al., 2013). It is therefore possible that de-
hydration reactions may help localize deformation and the detachment of
100 m-500 m thick units from the downgoing plate oceanic upper crust
(i.e., sediments and a few basalts), preluding to later exhumation.

The OC1 unit, on the other hand, might correspond to a shallow ac-
cretionary wedge with km-scale units underplated to depths of 15-
20 km as imaged by Calvert (2004) beneath northern Cascadia.

The fact that fewer PT estimates lie in between the two depth clus-
ters (Fig. 12) suggests that, although detachment is likely chiefly
depth-dependent, the depths of mechanical coupling changes may
vary as a function of subduction zone parameters and this should be
further explored.

The results presented here also provide no clue, unfortunately, to
answer the second question. We tentatively suggest that, if the detach-
ment is a depth-dependent process controlled by interplate mechanical
coupling, then one should expect later exhumation to be rather con-
trolled by large-scale, lithospheric-scale boundary conditions (such as
slab-rollback and/or kinematic reorientations; Baldwin et al., 2004;
Brun and Faccenna, 2008). In our view, mechanical coupling would
control the spatial discontinuity of exhumation while geodynamic
boundary conditions would control exhumation discontinuity through
time (i.e., the possibility of effective exhumation).

8. Conclusions

The Tavsanli metamorphic units provide a unique record, over a
relatively short time span (i.e., <15 My), of a progressively cooling
subduction zone, from subduction inception within the Neotethys to
continental subduction (from ~25-30 °C/km to ~7 °C/km):

(1) The new PT conditions and observations presented here indicate
that the HP-LT nappe stack of the Tavsanli zone comprises, from
top to bottom, five distinct tectonic units: the ophiolite and its
metamorphic sole (11 kbar and 750 °C, with PT conditions
decreasing downward), oceanic complexes OC1 (4-8 kbar and
250-300 °C), OC2 (11 kbar and 350 °C) and OC3/Devlez
(17 kbar and 450 °C), and the continental Orhaneli unit
(24 kbar and 500 °C).

(2) PT estimates, field observations and insights from thermo-
mechanical numerical modelling show that the Tavsanli units
fit in a simple geodynamic scenario and that they provide
constraints on the relative slicing, stacking (shallow accretion
for OC1; underplating with high internal strain for OC2, or only
low strain for OC3 and Orhaneli) and exhumation of tectonic
units along various depths of a single subduction interface.

We herein show that PT estimates for the Tavsanli zone overlap with
those proposed for similar settings (i.e., oceanic subduction followed or
not by continental subduction but not by thorough collision: New
Caledonia, Oman, Franciscan complex, Corsica, W. Alps), in particular
at 300 °C-12 kbar and 500 °C-23 kbar (and to a lesser extent at
450 °C-17 kbar), and point to depth clusters of 30-40 and 70-80 km.

We therefore propose that the slicing of km-scale units occurs in sub-
duction zones at specific depths where major coupling changes occur
along the plate interface: at 30-40 km (downdip of the seismogenic
zone) and 70-80 km (where mechanical coupling between the two
plates resumes and where eclogites contribute critically to densification;
Agard et al., 2009; Syracuse et al., 2010; Wada and Wang, 2009). We
finally speculate that detachment is a depth-dependent process
controlled by interplate coupling whereas later exhumation is rather
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controlled by large-scale, lithospheric-scale boundary conditions (such
as slab-rollback and/or changes in kinematics).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2015.01.007.
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