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The thermal structure of subduction zones exerts a major influence on deep-seated mechanical and
chemical processes controlling arc magmatism, seismicity, and global element cycles. Accretionary
complexes exposed inland may comprise tectonic blocks with contrasting pressureetemperature (PeT)
histories, making it possible to investigate the dynamics and thermal evolution of former subduction
interfaces. With this aim, we present new LueHf geochronological results for mafic rocks of the Halilba�gı
Complex (Anatolia) that evolved along different thermal gradients. Samples include a lawsoniteeepidote
blueschist, a lawsoniteeepidote eclogite, and an epidote eclogite (all with counter-clockwise PeT paths),
a prograde lawsonite blueschist with a “hairpin”-type PeT path, and a garnet amphibolite from the
overlying sub-ophiolitic metamorphic sole. Equilibrium phase diagrams suggest that the garnet
amphibolite formed at w0.6e0.7 GPa and 800e850 �C, whereas the prograde lawsonite blueschist re-
cords burial from 2.1 GPa and 420 �C to 2.6 GPa and 520 �C. Well-defined LueHf isochrons were obtained
for the epidote eclogite (92.38 � 0.22 Ma) and the lawsoniteeepidote blueschist (90.19 � 0.54 Ma),
suggesting rapid garnet growth. The lawsoniteeepidote eclogite (87.30 � 0.39 Ma) and the prograde
lawsonite blueschist (ca. 86 Ma) are younger, whereas the garnet amphibolite (104.5 � 3.5 Ma) is older.
Our data reveal a consistent trend of progressively decreasing geothermal gradient from granulite-facies
conditions at w104 Ma to the epidote-eclogite facies around 92 Ma, and the lawsonite blueschist-facies
between 90 Ma and 86 Ma. Three LueHf garnet dates (between 92 Ma and 87 Ma) weighted toward the
growth of post-peak rims (as indicated by Lu distribution in garnet) suggest that the HP/LT rocks were
exhumed continuously and not episodically. We infer that HP/LT metamorphic rocks within the Halilba�gı
Complex were subjected to continuous return flow, with “warm” rocks being exhumed during the tec-
tonic burial of “cold” ones. Our results, combined with regional geological constraints, allow us to
speculate that subduction started at a transform fault near a mid-oceanic spreading centre. Following its
formation, this ancient subduction interface evolved thermally over more than 15 Myr, most likely as a
result of heat dissipation rather than crustal underplating.
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1. Introduction

The thermal structure of subduction zones has a major influence
on deep-seated mechanical and chemical processes controlling arc
magmatism, seismicity, and global element cycles (e.g., Poli and
Schmidt, 1995; Kirby et al., 1996; Hacker et al., 2003; Bebout,
2007; Peacock, 2009; Spandler and Pirard, 2013; Galvez et al.,
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2016). Research on modern subduction zones and numerical
models have demonstrated that ‘cold’ subduction zones, such as at
the IzueBonin trench (W Pacific), are characterised bymore intense
arc magmatism and a deeper extent (down-dip) of the seismogenic
zone as compared to ‘warmer’ examples, such as the Cascadia
subduction zone (NE Pacific; e.g., Peacock and Wang, 1999; Kirby,
2000; van Keken et al., 2002). Strongly deflected isotherms
indeed result in delayed dehydration of the upper oceanic slab,
causing embrittlement of deep portions of the subducted slab and
water flux into the deep, hence hot mantle wedge (e.g., Schmidt
and Poli, 1998; Hacker et al., 2003; Abers et al., 2013). The ther-
mal structure of many modern subduction zones has been deter-
mined by a combination of geophysical measurements and
numerical modelling (e.g., Peacock et al., 2005; Syracuse et al.,
2010; Wada et al., 2015), and has been shown to generally corre-
late with the subduction parameters, i.e. the age of incoming lith-
osphere, the rate of subduction, and the slab dip angle (e.g., van
Keken et al., 2011). Rapid change of these parameters is occurring
where spreading ridges are subducted (e.g., East Pacific trenche
trench-ridge triple junctions), and where oceanic plateaus are
accreted (e.g., OntongeJava Plateau against the Solomon island arc;
Yakutat plateau beneath southern Alaska). In addition, young and
incipient subduction zones, such as from southernmost New Zea-
land to the Macquarie Ridge Complex (e.g., Eberhart-Phillips and
Reyners, 2001; Meckel et al., 2003) can be expected to have a
transient thermal structure if heat from the bottom of the mantle
wedge is dissipated slowly into the down-going slab. The thermal
evolution of the subduction interface during such transient tectonic
stages has only been explored by a few dynamic modelling studies
(e.g., Kincaid and Sacks, 1997; Gerya et al., 2002; Kelemen et al.,
2003; Hall, 2012; Duretz et al., 2016), and the results vary accord-
ing to the different model settings, boundary conditions, and
physical parameters used.

Important constraints on the thermal evolution of subduction
interfaces can be obtained from associated high-pressure/low-
temperature (HP/LT) oceanic rocks (typically blueschists and
eclogites) exposed at the Earth’s surface. Blueschists and eclogites
occur along former plate boundaries as coherent tectonic units
(e.g., Angiboust et al., 2009; Vitale Brovarone et al., 2013), or
chaotic complexesdeither ‘mélanges’ or deep accretionary com-
plexes (e.g., Cloos, 1982; Federico et al., 2007). Coherent oceanic
HP units are commonly inferred to have detached from the sub-
ducting plate and accreted to the bottom of the overriding mantle
or crust initially as large tectonic slices (Ruh et al., 2015, and ref-
erences therein). The underplating of buoyant continental crust
during the transition to collision plays a crucial role in the exhu-
mation of coherent HP/LT units (e.g., Agard et al., 2009). In
contrast, chaotic complexes are commonly regarded as sections of
palaeo-subduction channels in which 1e100-m-scale lenses of HP
oceanic rocks (metamorphosed pelagic sedimentary rocks, basalt,
gabbro, and ultramafic rocks) are exhumed during ongoing sub-
duction (Shreve and Cloos, 1986; Gerya et al., 2002; Agard et al.,
2009). In any case, protracted subduction accretion along the
slab interface may tectonically juxtapose HP/LT metamorphosed
oceanicdand ultimately continentaldrocks, recording different
stages of the evolution of the subduction zone. Deciphering and
comparing the metamorphic evolution of individual tectonic
lenses of HP oceanic rocks in such complexes might therefore
provide first-order information on the internal dynamics and
thermal evolution of subduction channels. This approach, how-
ever, has only been undertaken by a few petrochronological
studies (Anczkiewicz et al., 2004; Krebs et al., 2008; Hyppolito
et al., 2016), which all suggested that changes of the thermal
gradient down-dip of an ancient slab interface may last several
tens of Myr.
In the present study, we address the evolution of a HP meta-
morphic complex, at Halilba�gı in western Central Anatolia (Fig. 1),
in which the constituent tectonic blocks evolved along various,
commonly counter-clockwise metamorphic PeT paths. Available
geochronological constraints suggest that the Halilba�gı Complex
formed soon after subduction initiation, i.e. in a potentially ther-
mally instable setting. To test the hypothesis of a progressive
cooling of the former subduction interface, we selected mafic
samples that are representative of the variety of metamorphic
histories encountered in the Halilba�gı Complex, investigated their
petrological evolution, determined the major- and trace-element
compositions of whole rocks and metamorphic phases, and dated
them with garnet LueHf geochronology. The two end-member
samples, a garnet amphibolite and a lawsonite blueschist, were
further investigated using equilibrium phase diagram calculations
to link the garnet LueHf ages to PeT conditions. Our petrochro-
nological analysis allows us to compare the pressur-
eetemperatureetime (PeTet) evolution of metamorphic rocks
having different petrological histories and provides new insights on
the tectonic history of this complex and the thermal evolution of
juvenile subduction zones in general.

2. Geological setting

The Halilba�gı Complex (Fig. 1) is exposed in the western part of
the Sivrihisar Massif, in Western Anatolia and comprises tectonic
slices of mafic, siliciclastic, ultramafic, and carbonate rocks that
were subducted to high-pressure (HP), low-temperature (LT) con-
ditions prior to exhumation. It is part of the Tavşanlı Zone, a
regional mid-Cretaceous blueschist-facies metamorphic belt (Okay,
1986) that formed along the northern margin of a Gondwana-
derived micro-continent. The latter collided with the composite
south-Eurasian margin during the Palaeocene, following the
closure of the Neotethys Ocean (see Pourteau et al., 2016, and ref-
erences therein). The Halilba�gı Complex was intercalated between
a non-metamorphosed ophiolitic unit and metamorphosed strati-
graphically coherent units (Fig. 1). The ophiolite comprises mainly
serpentinised peridotite and subordinate layered gabbro, mafic
volcanic- and deep-marine sedimentary rocks, as well as localised
amphibolite with rare garnet-bearing domains (Gautier, 1984;
Sarıfakıo�glu et al., 2010). The stratigraphically coherent tectonic
units consist of interbedded carbonate-, siliciclastic-, and minor
mafic rocks (Fig. 1b) with incipient blueschist- to lawsoniteejadeite
blueschist- and epidote-blueschist facies metamorphic imprints
(Davis andWhitney, 2006; Çetinkaplan et al., 2008; Davis, 2011). In
the eastern Sivrihisar Massif, similar units were partly overprinted
during a medium-pressure, medium temperature (MP/MT) meta-
morphic event (Whitney et al., 2011; Seaton et al., 2013). White
mica AreAr geochronology yielded 90e82 Ma dates from
blueschist-facies assemblages and 64e55 Ma dates for the
amphibolite-facies overprint (Seaton et al., 2009, 2013). The latter
overprint is restricted to the eastern part of the Sivrihisar Massif, as
elsewhere in the Tavşanlı Zone oceanic accretionary complexes and
distal continental units retained pristine lawsonite- and jadeite-
bearing assemblages indicating burial and exhumation along very
low geothermal gradients (<8 �C/km; Okay et al., 1998; Okay, 2002;
Plunder et al., 2015).

Northward intra-oceanic subduction below the obducted
ophiolite is thought to have started during the early Late Creta-
ceous, as indicated by AreAr dating of hornblende (generally
clustered at 95e90 Ma; see reviews by Çelik et al., 2011; van
Hinsbergen et al., 2016) from the sub-ophiolitic LP/HT meta-
morphic soles exposed across western and southern Anatolia. The
age of the metamorphic sole exposed in the Sivrihisar Massif (near
Memik; Fig. 1b) is constrained only by an imprecise garnetewhole



Figure 1. Geology of the study area and sample locations. (a) Simplified tectonic map of the eastern Mediterranean showing the main Neotethyan sutures (with open triangles) and
active subduction zones (with solid triangles). (b) Geological map of the central Sivrihisar Massif (modified after Davis and Whitney, 2006). (c) Detail of the Halilba�gı Complex
(modified after Çetinkaplan et al., 2008). (d, e) Alternative synthetic cross-sections, with PeT conditions as summarised by Davis (2011) and projected sample localities.
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rock SmeNd date of 102 � 33 Ma (Sarıfakıo�glu et al., 2010).
Maastrichtian (72e66 Ma) blueschist-facies metamorphism
recently documented in more proximal continental units further
south (Candan et al., 2005; Pourteau et al., 2010, 2014) indicates
that subduction of the continental margin continued until the end
of the Cretaceous. Greenschist-facies retrogression in these units
took place around 65e60 Ma (Pourteau et al., 2013) and can be
linked to the MP/MT overprint in the eastern Sivrihisar Massif
(Whitney et al., 2011). Non-deformed Early Eocene granite and
monzonite plutons such as those exposed in the study area (Fig. 1b;
Sherlock et al., 1999; Shin et al., 2013) are common in the Tavşanlı
Zone. They crosscut tectonic contacts between the ophiolite and the
various units of the Tavşanlı Zone (Harris et al., 1994).

The Halilba�gı Complex (Fig.1) comprises up to km-long and hm-
thick tectonic lenses of metabasalt, calc-schist, marble, quartzite,
manganiferous quartzite, metatuff (micro)gabbro, and serpentinite
(Davis and Whitney, 2006; Çetinkaplan et al., 2008; Whitney et al.,
2014). Centimetre- to metre-long pods of eclogite, blueschist, and
serpentinite occur among larger lenses of isoclinally-folded marble
and quartzite (Davis and Whitney, 2008; Whitney et al., 2014).
Different rock-types are generally juxtaposed without intervening
matrix, although in the northern domain, dominated by blueschist
and eclogite, blocks seem to be embedded in lawsonite blueschist
(Davis and Whitney, 2006; Çetinkaplan et al., 2008; Whitney et al.,
2014). The western part of the complex is dominated by calc-schist
and marble, and was interpreted as a distinct tectonic unit by
Gautier (1984) and Çetinkaplan et al. (2008). Davis (2011) proposed
different boundaries and relative structural positions on the basis of
structural criteria, and distinguished two “belts” made of tectonic
slices that can be followed laterally for hundreds of metres.
Çetinkaplan et al. (2008), Whitney et al. (2014) and Fornash et al.
(2016) described a more fragmented pattern, with metre- to hec-
tometre-long blocks, especially for the blueschisteeclogite domain.
Owing to the assemblage of MORB-type metabasalt, Mn quartzite,
metagabbro, and serpentinite, there is a general agreement on the
oceanic origin of the blueschisteeclogite domain (Çetinkaplan
et al., 2008; Davis, 2011; Whitney et al., 2014). The calc-schist-
and marble-dominated domain, in contrast, was more likely
derived from the leading edge of the subducted continental margin,
despite the lack of continental substratum (Çetinkaplan et al.,
2008). The structural relationship between the
blueschisteeclogite and calc-schist-marble domains has been
variously interpreted. Çetinkaplan et al. (2008) regarded the calc-
schist-marble unit as a klippe on top of the blueschisteeclogite
domain, whereas Davis (2011) depicted it as a window. Our own
observations in the field as well as on satellite images do not allow
us to discriminate between these two interpretations. Therefore,
cross-sections representing both settings are shown in Fig. 1.

The Halilba�gı Complex is famous for its lawsonite eclogite
(Whitney and Davis, 2006) but it actually includes the complete
range from lawsonite blueschist to epidote-bearing eclogitewith all
intermediates (e.g., omphacite-bearing blueschist; glaucophane-
bearing eclogite) as well as highly retrogressed rocks (chlor-
iteeepidote pods; see Whitney and Davis, 2006; Çetinkaplan et al.,
2008; Davis and Whitney, 2008). Available PeT estimates for the
metamorphic peak range from 600 �C at 1.6 GPa for epidote eclogite
to 450e500 �C at 2.2e2.6 GPa for lawsonite-bearing blueschist and
eclogite (Davis and Whitney, 2006, 2008; Çetinkaplan et al., 2008).
Davis and Whitney (2006) suggested that the blocks in the Hal-
ilba�gı Complex shared a common retrograde history from w40 km
depth to the surface (i.e., less than 1.4 GPa). Reconstructed PeT
loops for tectonic blocks of the blueschisteeclogite domain are
commonly counter-clockwise, with the prograde path being in the
epidote stability field and a retrograde lawsonite þ epidote
blueschist-facies overprint. Rare epidote eclogite contains prograde
and retrograde epidote, <9 modal% amphibole, and <1 modal%
lawsonite (Davis and Whitney, 2006; this study). However, pro-
grade lawsonite has been documented in the blueschisteeclogite
domain (Davis and Whitney, 2006; Çetinkaplan et al., 2008). The
mafic lens within the calc-schist-marble unit (Fig. 1c) is composed
of epidote-free blueschist and eclogite that contains pristine pro-
grade and peak lawsonite and probably followed a clockwise
“hairpin”-type PeT path (Ernst, 1988) with tectonic burial and
exhumation along very low T/depth gradients (<7 �C/km;
Çetinkaplan et al., 2008). The preservation of lawsonite in the
Halilba�gı Complex, and the Tavşanlı Zone in general (e.g., Okay
et al., 1998; Plunder et al., 2015), indicates progressive cooling
during decompression, i.e., exhumation coeval with continuous
subduction (see Ernst, 1988).

3. Previous geochronological data

A few geochronological studies have been conducted in the
Halilba�gı Complex (see review by Fornash et al., 2016). Sherlock and
co-workers documented widespread excess 40Ar in HP/LT white
mica throughout the entire mid-Cretaceous blueschist-facies belt
encompassing the Halilba�gı Complex (Sherlock et al., 1999;
Sherlock and Arnaud, 1999), and hence used RbeSr geochro-
nology on white mica as a more reliable means to date HP meta-
morphism. For the Halilba�gı Complex, these authors published two
concordant RbeSr ages: 80.1 � 1.6 Ma (2 SD) for a metachert and
82.8 � 1.7 Ma from the blueschist-facies retrograde foliation of a
metamafic rock. These were interpreted to slightly postdate peak
metamorphism (Sherlock et al., 1999). Recently, Mulcahy et al.
(2014) presented two LueHf isochron ages (whole rocke
lawsoniteegarnet) for a lawsonite eclogite (91.1 � 1.3 Ma) and a
garnetelawsonite blueschist (83.3 � 1.8 Ma) from the Halilba�gı
Unit. The authors did not present detailed petrographic de-
scriptions, phase compositions, or Lu distribution in garnet, so it
remains unclear whether the blueschist-facies metamorphism at
ca. 83 Ma was prograde or retrograde (i.e. overprinting an eclogite-
facies paragenesis). Lastly, Fornash et al. (2016) presented UV-laser
in-situ AreAr white-mica analyses for various rock types and
mineral assemblages representative for the diversity encountered
in the Halilba�gı Complex. Meanweighted dates of 93.0� 1.8Ma and
90.2 � 1.4 Ma (2 SD) for two lawsonite eclogite samples were
regarded representative for the age of peak metamorphism
(w500e550 �C at up to 2.6 GPa), and one of 81.2 � 2.2 Ma for an
epidote eclogite was interpreted as a cooling age. Interestingly,
blueschist and quartzite from their study yielded large intra-
sample, inter-grain age scatter (commonly from w84 to w109 Ma
or even w126 Ma), which according to the authors might be
explained by the preservation of prograde, peak, and retrograde
metamorphic stages in low-strain samples. The existing geochro-
nological data does not allow testing whether rocks with different
PeT paths evolved synchronously or diachronously. The complete
tectonic development of the Halilba�gı Complex, from the accretion
of oceanic units to the exhumation of HP metamorphic rocks, thus
remains in question, and further data are required to unravel its
thermal and structural evolution.

4. Material and methods

4.1. Samples

To test the working hypothesis that the array of published PeT
paths for the Halilba�gı Complex record the early refrigeration of
the subduction zone, we selected, out of >40 metamafic rock
samples, five representing different metamorphic evolutions. Four
mafic blueschist and eclogite samples from the Halilba�gı Complex



A. Pourteau et al. / Geoscience Frontiers 10 (2019) 127e148 131
and one HT/LP mafic sample from the metamorphic sole of the
overlying ophiolite were investigated.

(i) Garnet amphibolite SIV1301 (39�3205000N, 31�3201100E) was
collected from the sub-ophiolitic metamorphic sole at Memik
(Fig. 1b), which is composed of predominant bimineralic
amphibolite and hornblendite, and rare garnet-bearing do-
mains (Gautier, 1984; Sarıfakıo�glu et al., 2010).

(ii) Epidote eclogite HAL1255 (39�3600400N, 31�1405100E) was
collected from the core of a competent block (or ’pod’; Davis
and Whitney, 2008) that is enveloped by a retrogressive
schistose rind of phengite, chlorite, aegirineeaugite, titanite,
epidote, and sodic-calcic amphibole.

(iii) Lawsoniteeepidote blueschist HAL1243 (39�3503700N,
31�1601600E) stems from a locality studied in detail by Davis and
Whitney (2008), Mulcahy et al. (2014; 91.1 � 1.3 Ma LueHf
date), and Fornash et al. (2016). This sample was collected
from a block of garnet-bearing blueschist enveloped by a
schistose rind of coarse-grained actinolite, epidote, lawsonite,
phengite, and titanite.

(iv) Lawsoniteeepidote interlayered blueschist and eclogite
HAL1241 was collected in the vicinity of HAL1243 (Fig. 1c) and
exhibits mm-thick alternation of glaucophane-rich and
glaucophane-poor layers.

(v) Lawsonite blueschist HAL1304 (39�3502700N, 31�1400500E) is a
foliated lawsonite-, garnet- and clinopyroxene-bearing
blueschist and stems from a lens comprising foliated mafic
blueschist and isolated eclogitic pods in the calc-schist-marble
unit (Fig. 1c). Some compositional layering is marked by var-
iable modes of sodic pyroxene.
4.2. Analytical methods

4.2.1. Sample preparation
The mineral separation procedure consisted of crushing fist-size

rock pieces down to cm-size fragments using a hammer. Part of the
crushed sample was powdered in an agate shatterbox for whole-
rock analysis. The rest was processed twice through a disk mill
using first a 2-mm and then a 1-mm spacing between the disks.
Intact garnet crystals were handpicked after each pass. Impure
handpicked garnet grains coarser than 1 mm were processed
separately through a second round of crushing and handpicking to
obtain a purer fraction. The remaining amount of crushed samples
was then rinsed with water, dried with acetone, and split into grain
size fractions by sieving. Fractions below 1 mm were processed
through a Frantz� magnetic separator to isolate garnet from cli-
nopyroxene and amphibole, and other minerals with lower mag-
netic susceptibility (e.g., lawsonite, epidote, white mica). To avoid
fractionating garnet cores from rims on the basis of their Fe con-
tents, the magnet current and side tilt were adjusted such that all
garnet was collected within a single fraction. From this, intact
idiomorphic garnet crystals and crystal fragments were handpicked
under a binocular microscope. From the intermediate magnetic
fractions, polycrystalline aggregates of low-Lu/Hf groundmass
phases (hereafter “matrix”) were handpicked. Particular care was
taken to select fragments devoid of garnet and, when possible,
lawsonite, which may have high Lu/Hf (Tribuzio et al., 1996;
Mulcahy et al., 2009). Matrix separates consisted predominantly
of hornblende for SIV1301, omphacite for HAL1255 and HAL1241,
and blue amphibole for HAL1243 and HAL1304, but also contained
minor phases (e.g., epidote, rutile, titanite, phengite, ilmenite).
Because these matrix samples were handpicked from specific
magnetic fractions, they are not exactly equivalent to the whole
rock minus garnet (and lawsonite) porphyroblasts. Nevertheless,
they are useful for constraining the low-Lu/Hf end of isochrons and,
when compared to bomb-digestedwhole rocks, detecting inherited
zircon in the latter.

To investigate the major- and trace element compositions of the
dated garnets, intact idiomorphic garnet crystals were mounted in
epoxy and polished down to their approximate geometric centres.
As garnet commonly concentrates Lu in its innermost core, which
might be easily missed during the preparation process (e.g., Skora
et al., 2006), several grains of similar size were mounted together.
Mounted garnet grains were then analysed by electron microprobe,
and crystals with the highest contents in MnO for a specific sample
were considered to expose near-core portions and were investi-
gated in-situ by LA-ICP-MS. The textural context of garnet and other
phases was studied using polished thin-sections.

4.2.2. Major- and trace element analysis
Bulk-rock powders were analysed for their major-element

compositions using X-ray fluorescence (XRF) and for iron oxida-
tion state using potassium-dichromate titration at the Geo-
ForschungsZentrum Potsdam (Germany). Only relevant data are
cited in the text but the complete results for bulk rocks can be
found in Appendix A. Mineral major-element analysis was per-
formed on a JEOL8200 electron probe microanalyser (EPMA) at the
University of Potsdam using natural and synthetic minerals as
standards. Amphibole structural formulae were calculated using
the spreadsheet of Locock (2014). Ferrous-, and ferric iron contents
of garnet and pyroxene were calculated following Droop (1987). All
iron in epidote was assumed as ferric. Representative mineral an-
alyses are given in Appendix B. Trace element contents were
determined using a CETAC LSX-213 laser ablation system coupled
with a Thermo Scientific Element 2 single-collector ICPMS at the
University of Potsdam. The spot size was 25 or 50 mm for the ‘HAL’
samples, and 100 mm for SIV1301 because of low trace-element
concentrations in the latter. A laser repetition rate of 10 Hz was
used. The fused-glass referencematerial BIR1-G (GeoReM preferred
values of Jochum et al., 2005) was used for external standardisation
with 44Ca as an internal standard. In-situ trace element analyses of
garnet porphyroblasts are given in Appendix C.

4.2.3. LueHf geochronology
The LueHf geochronology was performed at the Münster

Isotope Research Centre, Westfälische Wilhelms-Universität, Ger-
many, following the procedure described by Smit et al. (2010),
which is briefly summarised here. Mineral separates (garnet,
hornblende, matrix) were weighed into Savillex� Teflon� vials,
washed for 10 min in 1.0e1.5 M HCl at room temperature, and then
rinsed with Milli-Q H2O. Mineral separates and whole-rock pow-
ders were then spiked with a mixed 176Lue180Hf tracer. Mineral
separates were digested sequentially in concentrated HFeHNO3
(2:1) and 10 MHCl on a hotplate at 120 �C, drying the sample down
between steps. This process was repeated until the addition of the
HCl resulted in a clear solution, indicating full digestion of the
target phase. This selective digestion procedure dissolves the target
phases whereas some refractory minerals that potentially contain
inherited Hf components (e.g., rutile and zircon) are left behind
(Lagos et al., 2007). Unfortunately, titanite inclusions are dissolved
by this procedure, potentially offsetting garnet fractions to lower
176Lu/177Hf and 176Hf/177Hf values. Although the 176Lu/177Hf of
titanite varies widely (e.g., 0.008 e 0.5, on the basis of El Korh et al.
(2009) data), it is lower than that of the garnet in any sample
measured here. If titanite crystallised essentially at the same time
as garnet (or equilibrated with it), then digestion of titanite in-
clusions with the garnet would merely shift the latter down the
isochron without affecting its LueHf age. If, however, titanite
formed substantially before the garnet and variable Lu/Hf among



Figure 2. Photomicrographs of the investigated samples. (a) Upper amphibolite-facies assemblage HblePleGrteDieIlm in sample SIV1301 (PPL). Diopside is partially replaced by
hornblende (white-filled arrows). Hornblende (Amp2)eplagioclase (Pl2)ealbite symplectite (black-filled arrows) developed at the contact, especially between garnet and horn-
blende, possibly via ‘reversal reaction’ between a melt and its peritectic phases. Note that plagioclase grains occasionally host minute inclusions (amphibole and rare garnet)
preferentially in their core. (b) Eclogitic assemblage GrteOmpeEpeRt in lawsonite-free sample HAL1255 (cross-polarised light). (c) Euhedral garnet in textural equilibriumwith the
surrounding blueschist-facies matrix in sample HAL1243 (plane-polarised light, PPL). Note that garnet crystals are concentrated along a preferential layer. (d) Fragmented garnet
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garnet fractions reflects differing amounts of titanite inclusions
present, an inverse relationship between Lu/Hf and apparent age
would be expected. No such relationship is observed in our data.
We conclude that either titanite formed approximately contem-
poraneously with garnet (or that garnet isotopically equilibrated
with early titanite). Alternatively, the relatively low Hf concentra-
tion in titanite (�11 ppm; El Korh et al., 2009) as compared to
zircon (w10,000 ppm Hf; Scherer et al., 2000), would mean that
any age difference between titanite inclusions and host garnet
would have a much smaller effect on the measured garnet date
than digested zircon inclusions would have.

Whole-rock powders were digested in closed Savillex� vials
with concentrated HFeHNO3 (2:1) on a hotplate at 120 �C andwere
then evaporated to dryness. Vials were then refilled with HFeHNO3
(2:1), closed and placed along with a few mL H2O into steel-
jacketed Teflon� autoclaves at 180 �C for 5 days to ensure com-
plete digestion. The digested samples were dried down, taken up in
6 M HCl, and diluted to 3 M HCle0.1 M ascorbic acid (HAsc). The
chemical separation of Lu and Hf was performed on heat-shrunk
Teflon� columns containing Eichrom� Ln-Spec resin following the
procedure of Sprung et al. (2010), which is based on that of (Münker
et al., 2001), but with additional purification steps for Hf and Lu.
Our method differed from that of Sprung et al. (2010) in that we
loaded the sample with HAsc on the first stage Ln-spec column
rather than on the second stage because we did not require an
HAsc-free matrix cut for subsequent SmeNd analysis. In addition,
we employed a third stage (column I of Bast et al., 2015) to ensure
complete Lu removal from the Hf cuts. The ion-exchange chroma-
tography procedure is detailed in Appendix D. Isotope ratio mea-
surements of Hf and Lu were performed on a Thermo� Neptune
Plus MC-ICP-MS at the Institute of Mineralogy, University of
Münster, Germany following the procedure of Bast et al. (2015).

4.2.4. Estimation of the metamorphic PeT evolutions
The metamorphic PeT evolution of samples SIV1301 and

HAL1304 was investigated by calculating equilibrium phase dia-
grams (‘pseudosections’) and mineral composition isopleths using
THERMOCALC v.3.45 (Powell and Holland, 1988) and an updated
version of the Holland and Powell (2011) thermodynamic dataset
(file tc-ds62.txt, created 06/02/2012) with the activityecomposition
models of White et al. (2014) and Green et al. (2016). Quartz, albite,
rutile, titanite, lawsonite, and aqueous fluid are assumed to have
pure end-member compositions. Modelled phase abbreviations are
as follows: augite (aug), diopside (dio), omphacite (o), biotite (bi),
garnet (g), actinolite (act), glaucophane (gl), hornblende (hb),
muscovite (mu), paragonite (pa), albite (ab), plagioclase (pl), chlorite
(chl), epidote (ep), lawsonite (law), orthopyroxene (opx), quartz (q),
rutile (ru), titanite (sph), ilmenite (ilm), tonalitic melt (L) and
aqueous fluid (H2O).

For garnet amphibolite SIV1301, we employed the HT ‘augite’
model as it allows partitioning of Al in the tetrahedral site (Green
et al., 2016). The bulk-rock XRF analysis was simplified by dis-
regarding minor amounts of Cr2O3 and by subtracting apatite for
P2O5. Furthermore, MnO was disregarded as component for sample
SIV1301 as it is found only in minor concentrations, even in garnet
cores (Fig. 3f; Appendix B). This simplified Na2OeCaOeK2Oe
FeOeMgOeAl2O3eSiO2eH2OeTiO2eO2 (NCKFMASHTO) model
composition (Table 1), with the titration-determined Fe oxidation
porphyroblast displaying inclusion-rich interior and inclusion-poor outer rim in sample HAL
a blueschist-facies matrix (PPL). (e) Back-scattered electron image of a garnet porphyroblast
of Grt2 fringe around the inclusions (including lawsonite), interpreted as prograde relicts. (
sample HAL1304. Matrix foliation is marked by glaucophane, sodic clinopyroxene, and laws
pristine lawsonite inclusions. Titanite (barely distinct from garnet) occurs in garnet core, wh
(2010). The (i) denotes inclusions in garnet.
state, was used for our calculations and H2Owas considered to be in
excess. The robustness of this latter assumption was tested by
calculating an isobaric TeM(H2O) phase diagram, where M (H2O)
represents the molar H2O content of the system.

For lawsonite blueschist HAL1304, we used the subsolidus
‘diopside’model for HAL1304 as it includes the clinopyroxene solvi
(diopsideeomphaciteejadeite; Green et al., 2016). As for SIV1301,
Cr2O3 and P2O5 were disregarded, but MnOmust be considered as a
component in order to model the formation of the spessartine-rich
garnet core (Sps40; Fig. 3e and j). Unfortunately, Mn is not yet
included in the activity-composition models for amphibole and
clinopyroxene. Nonetheless, these phases are major constituents of
the investigated sample, despite their low MnO-contents
(Appendix B). To account for the MnO sequestered in amphibole
and clinopyroxene, we arbitrarily reduced the MnO content to 90%
of the measured whole-rock value. We acknowledge that this
procedure is qualitative at best as the ‘effective’ MnO available for
garnet growth (i.e. not sequestered by amphibole and clinopyrox-
ene, which are so far modelled in the MnO-free system) is largely
unknown. The conditions of garnet nucleation should therefore be
interpreted with care. This MnNCKFMASHTO model system
composition, together with a lowered Fe3þ/

P
Fe (permitting

improved convergence between model and observations), was
used to model the formation of the Mn-rich garnet core. Strong
compositional zoning of garnet in HAL1304 (see below) precludes
that the bulk-rock composition reflects the effective bulk compo-
sition at metamorphic peak. To account for chemical fractionation
during prograde garnet growth, the effective bulk composition at
peak conditions was recalculated in the Mn-free NCKFMASHTO
model system by subtracting the average composition of garnet
(estimated on the basis of the profile shown in Fig. 3j and assuming
spherical porphyroblasts) for all MnO. For HAL1304, H2O was
considered to be in excess, which is supported by the presence of
pristine lawsonite and glaucophane (see Clarke et al., 2006).

5. Results

5.1. Petrography and major-element mineral compositions

5.1.1. Garnet amphibolite (SIV1301)
This sample contains plagioclase, amphibole, garnet, clinopyr-

oxene, and ilmenite (Fig. 2a). Garnet, highly variable in mode
(0e20 vol.%), forms subhedral to anhedral porphyroblasts ranging
from a few micrometres (inclusion free) to w3 cm in diameter
(poikilitic). Poikilitic grains contain rounded inclusions of
plagioclase, amphibole, and clinopyroxene. Garnet composition
is uniform (Alm54e55Prp22e23Sps2e3Grs20; Fe# ¼ Fe2þ/
(Fe2þþMg) ¼ 0.70e0.71), except for some slight diffusion-induced
zoning at the rim (Alm56Prp18Sps3Grs23; Fe#¼ 0.76), which follows
the grain boundaries whether they are resorption surfaces or pre-
served crystal faces (Fig. 3a and f). Garnet is in textural equilibrium
with clinopyroxene (En35e40Fs14e17Wo47e48; Fe# ¼ 0.28e0.31),
plagioclase (An90e95Ab5e10), and some (relatively Fe3þ-poor)
amphibole, although the replacement of garnet as well as clino-
pyroxene by amphibole is a common feature (Fig. 2a). The amphi-
bole is magnesio-(ferri-)hornblende and has widely variable
Si- (6.3e7.1 atoms per formula unit, ‘a.p.f.u.’) and Fe3þ con-
tents (XFe3þ ¼ Fe3þ/[Al þ Fe3þ] ¼ 0.29e0.74). Amphibole (Amp1) in
1241. Lawsonite and omphacite are mainly present as crystal aggregates surrounded by
hosting a lawsonite inclusion in its core (see Fig. 2f). (f) Close-up of (e) showing the lack
g) Inclusion-rich garnet wrapped in a foliated blueschist-facies matrix in epidote-free
onite (PPL). (h) Back-scattered electron image of an idiomorphic garnet crystal hosting
ereas rutile is observed in the rim. Mineral abbreviations are after Whitney and Evans



Figure 3. Major-element zoning patterns of separated garnets from the studied samples. (aee) Wavelength-dispersive X-ray fluorescence spectrometry maps of Mg (a) or Mn
(bee); (fej) End-member proportions and Fe# (¼Fe2þ/[Fe2þþMg]) values along rimecoreerim profiles.

Table 1
Modelled bulk-rock compositions for SIV1301 and HAL1304.

SIV1301 HAL 1304

Garnet amphibolite lawsonite blueschist

Fig. 7a and b Fig. 8a Fig. 8b

mol% SiO2 47.46 53.74 54.85
TiO2 0.47 0.95 1.01
Al2O3 13.15 8.44 8.00
FeO 11.28 9.86 8.59
MnO 0.00 0.12 0.00
MgO 9.78 13.20 13.97
CaO 15.68 7.21 7.01
Na2O 0.88 4.52 4.87
K2O 0.02 0.01 0.01
O 1.28 1.95 1.70
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textural equilibrium with garnet and plagioclase is coarse grained
and clusters at Si ¼ 6.6e6.7 a.p.f.u, and Ti ¼ 0.15e0.18 a.p.f.u. Ti-
tanium in amphibole generally decreases with increasing Si con-
tent. Finer-grained, Fe3þ-richer, Ti-poorer amphibole formed at a
later stage, along amphibole grain boundaries. Plagioclase and cli-
nopyroxene generally exhibit deformation twinning. Plagioclase
cores contain clusters of minute inclusions of idiomorphic amphi-
bole and garnet, and thick inclusion-free rims. No compositional
difference between plagioclase core and rims was noticed. Thin
symplectite, generally comprising magnesio-hornblende, anorthite
(An93e94), and albite (Ab91e95), developed at contacts between
amphibole and other phases.

In the garnet amphibolite SIV1301, the assemblage
GrteCpxeAmp1ePl1eIlm is inferred to have been stable at peak
conditions (Fig. 4). It was overprinted by thin Amp2ePl2eAb sym-
plectite possibly caused by ‘reversal reaction’ between the peak
phases and a crystallising, voluminously subordinate silicate melt
phase (Kriegsman, 2001; Brown, 2002). Supra-solidus peak meta-
morphismwould be somehow consistent with the high Ti-contents
of Amp1, and is tested below in light of equilibrium phase diagram
calculations. By contrast with other Anatolian localities of sub-
ophiolitic amphibolite (Önen and Hall, 1993; Dilek and Whitney,
1997; Plunder et al., 2016), the metamorphic sole at Memik dis-
plays no blueschist-facies overprint.

5.1.2. Epidote eclogite (HAL1255)
This sample is composed of euhedral to subhedral porphyro-

blasts of garnet (up to 2 mm in diameter) in a matrix of omphacite,
epidote, rutile (rimmed by titanite), phengite, and accessory quartz
and zircon (Fig. 2b). Veinlets of un-oriented chlorite andwhite mica
cut across the sample. Garnet is concentrically zoned with two
main successive, conformable growth phases (Fig. 3b). The pro-
grade Grt1 core (Alm54e61Prp7e18Sps2e13Grs21e28) shows an out-
ward decrease in Fe# and Mn content. A very thin Grt2 rim on Grt1
accounts for a small increase of Mn, Ca, and Fe#
(Alm50e52Prp15Sps4e5Grs28e31; Fe# ¼ 0.77e0.79; Fig. 3g). In-
clusions in garnet are quartz, epidote, rutile, and zircon. Matrix
omphacite (Jd13e44Aeg2e23; Fe# ¼ 0.18e0.32) displays complex
compositional zoning (Appendix E), which generally makes its
textural relationship with garnet difficult to determine. Neverthe-
less, omphacite in clear textural equilibrium with garnet (Omp2:
Jd19e31Aeg2e13, Fe# ¼ 0.26e0.31) occasionally has a more jadeitic
core (Omp1: Jd31e41Aeg4e23). Two texturally-late Fe3þ-richer
groups (Jd23e28Aeg17e23; and Jd13e23Aeg6e17, respectively) might
have formed alongwith or after Grt2. Matrix epidote occurs as small
(w0.15 mm) anhedral grains that display either pulsed, core-to-
rim increase of XFe3þ or irregular zoning resulting from several
resorption events within XFe3þ ¼ 0.18e0.29. Titanite is absent in
garnet but ubiquitous in thematrix, where it commonly rims rutile.
Rare white mica in the eclogitic paragenesis is highly substituted
phengite (Si ¼ 3.29e3.48 a.p.f.u. and Fe# ¼ 0.27e0.38). No
amphibole was found in this sample.

In contrast to the other samples, HAL1255 and its retrogressive
rind contain no lawsonite, pseudomorphs after lawsonite, or
glaucophane. The entire metamorphic history of this epidote
eclogite was thus likely confined to the stability field of epidote.

5.1.3. Lawsoniteeepidote blueschist (HAL1243)
The main mineral assemblage in HAL1243 (Fig. 2c) consists of

garnet, glaucophane, actinolite, lawsonite, omphacite, epidote,
rutile (rimmed by titanite), phengite, chlorite, and accessory zircon.
Subhedral to euhedral garnet porphyroblasts tend to concentrate
along layers. Garnet displays concentric zoning (Fig. 3c) with three
distinct growth stages. The prograde Grt1 core (Alm48e53
Prp8e17Sps5e15Grs25e30) shows a general rimward decrease in Fe#
(from 0.86 to 0.76; Fig. 3h). Within Grt1, a slight but sharp Ca and
Mn increase marks the transition from Grt1a to Grt1b across which
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Fe# decreases steadily. Both Grt1a and Grt1b are in turn partially
resorbed and overgrown by a rim of Grt2
(Alm54e56Prp7e8Sps11e12Grs25e2; Fe# ¼ 0.88e0.89). Inclusions in
garnet are epidote (XFe3þ ¼ 0.15e0.18), quartz, glaucophane
(XFe3þ ¼ 0.08, Fe# ¼ 0.38), phengite (Si ¼ 3.50 a.p.f.u.), chlorite
(Fe# ¼ 0.26), euhedral titanite near the core and rutile in outer part
of Grt1. Rutile is also present in Grt2, occasionally rimmed by
titanite. In the matrix, glaucophane has Gln1 cores (XFe3þ < 0.07;
Fe# ¼ 0.27e0.30) overgrown by Gln2 rims (XFe3þ ¼ 0.11e0.21;
Fe# ¼ 0.29e0.32). Actinolite (NaB ¼ 0.22e0.47; Fe# ¼ 0.18e0.23;
XFe3þ ¼ 0.10e0.58) is observed in textural equilibrium with Gln2.
Matrix epidote is anhedral and shows mainly bimodal composi-
tional zoning: Ep1 (XFe3þ ¼ 0.10e0.19) overgrown by Ep2
(XFe3þ ¼ 0.25e0.27). Lawsonite forms euhedral porphyroblasts up-
to-1-mm long, and aggregates up-to-2-mm across. Lawsonite
crystals are generally aligned with the weak matrix foliation. In-
clusions in lawsonite have the following compositions: glauco-
phane Gln2 (occasionally with Gln1 cores), omphacite Omp2
(Jd20Aeg20), and epidote Ep2. Clinopyroxene, which occurs as iso-
lated euhedral to subhedral grains, defines a compositional trend
from omphacite Jd37Aeg13 to aegirineeaugite Jd16Aeg22. Because of
complex zoning, chronological relationships are generally difficult
to determine. However, the highest jadeite contents are found in
anhedral inclusions in the outer part of Grt1. Comparison with the
progressive Fe3þ enrichment of amphibole and epidote suggests a
progressive increase in aegirine and decrease in jadeite. Sharp grain
boundaries indicate textural equilibrium between lawsonite and
garnet rims. Inclusions in lawsonite are predominantly actinolite
and subordinate glaucophane Gln2 (occasionally with Gln1 cores),
omphacite Omp2 (Jd20Aeg20), and epidote Ep2. White mica is highly
substituted phengite (Si ¼ 3.48e3.52 a.p.f.u.; Fe# ¼ 0.32e0.35).
Less-substituted phengite (Si ¼ 3.42 a.p.f.u.) is locally intergrown
with unzoned chlorite (Fe# ¼ 0.32e0.33). Rutile in the matrix, in
contrast to rutile in Grt1, is rimmed by titanite.

Textural relationships suggest that the assemblage
Grt1eOmpeGln1eEp1eQzeTtn-(later Rt)�Chl formed during
prograde-to peak metamorphic stages, and was overprinted by the
assemblage Grt2eGln2eActeLwseEp2ePheTtn (Fig. 4). This
sequence points to a counter-clockwise PeT path with entry into
the lawsonite stability field during the retrograde evolution.

5.1.4. Lawsoniteeepidote interlayered blueschist and eclogite
(HAL1241)

This sample displays alternating blueschist (omphacite-poor),
and eclogitic (glaucophane-poor) domains and comprises garnet,
lawsonite, omphacite, glaucophane, actinolite, epidote, rutile
(rimmed by titanite), phengite, quartz, and chlorite (Fig. 2d). Garnet
porphyroblasts (up to 3 mm in diameter) exhibit similar features in
the blueschist and eclogite domains, with a prograde Grt1 interior
(Alm56e60Prp8e22Sps2e7Grs23e28; Fe# ¼ 0.77e0.88) and a rimward
decrease in Mn content and Fe# (Fig. 3d). The Grt1 domains are
slightly resorbed and overgrown by a Grt2 rim
(Alm61e65Prp7e8Sps2e6Grs26e30), which marks a sharp increase in
Fe# (0.89e0.90) and Mn and Ca contents (Fig. 3i). Garnet contains
inclusions of epidote (XFe3þ ¼ 0.19e0.21), quartz, omphacite
(Jd26e27Aeg19e21 and Fe# ¼ 0.18e0.19; Jd37e41Aeg5e13 and
Fe# ¼ 0.33e0.39), titanite (in garnet cores), rutile (in garnet rims),
phengite (too small for analysis), and accessory apatite and zircon.
Lawsonite and chlorite were also observed in the innermost core of
one garnet crystal (Fig. 2e and f). In the matrix, omphacite (Omp1
cores, Jd38e48Aeg2e16; Omp2 rims, Jd23e30Aeg9e37) and epidote (Ep1
cores: XFe3þ ¼ 0.16e0.19; Ep2 rims: XFe3þ ¼ 0.24e0.26) are bimodally
zoned. Amphibole has glaucophane cores (Fe# ¼ 0.35e0.39;
XFe3þ ¼ 0.00e0.04) overgrown by winchiteeactinolite (Act) rims
(NaB ¼ 0.41e0.52; Fe# ¼ 0.25e0.26; XFe3þ ¼ 0.27e0.54). Lawsonite,
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forming coarse xenomorphic porphyroblasts up to 2 mm across,
contains inclusions of glaucophane, actinolite, two generations
each of omphacite and epidote, and titanite with occasional rutile
in its core. White mica Ph2 associated with Grt2, Omp2, and Act has
an Si content of 3.49e3.51 a.p.f.u. and an Fe# of 0.36e0.42. Rutile in
the matrix, in contrast to rutile inclusions in garnet, is rimmed by
titanite.

Three successive metamorphic stages are thus identified in
HAL1241: a possible early prograde assemblage containing
Lws1eEp1eChlePh1, the prograde-to peak paragenesis
Grt1eOmp1eGlneEp1ePh1eQzeRt, and the retrogressive para-
genesis Grt2eOmp2eActeEp2eLws2ePh2eTtn (Fig. 4). As for
HAL1243, the lawsonite blueschist-facies overprint points to
exhumation along a lower thermal gradient than during burial.
Nevertheless, the early growth of lawsonite (observed in a single
garnet grain) suggests initial burial through the stability field of
lawsonite.

5.1.5. Lawsonite blueschist (HAL1304)
The dominant assemblage of HAL1304 consists of glaucophane,

lawsonite, clinopyroxene, garnet, and rutile (Fig. 2g). Garnet
(Alm31e65Prp3e10Sps2e40Grs23e28) forms idiomorphic porphyro-
blasts (up to 3mm in diameter) that comprise a single growth stage
characterised by rimward decreases in Mn and Fe# from 0.93 to
0.87 (Fig. 3e and j). Garnet hosts pristine, commonly idiomorphic
lawsonite (up to 200 mm across; Fig. 2h), sodic pyroxene
(Jd10e30Aeg18e28; i.e., omphacite and aegirineeaugite composi-
tions), titanite (in cores), rutile (in rims), apatite in variable
amounts, and rare glaucophane (Fe# ¼ 0.38e0.43;
XFe3þ ¼ 0.10e0.16). Lawsonite inclusions (within garnet) them-
selves host glaucophane (too small for analysis), omphacite
(Jd26e28Aeg17e22), quartz, and trace calcium carbonate. The matrix
is generally fine-grained and consists of 50e100 mm grains of sodic
clinopyroxene, glaucophane, and lawsonite. Coarse-grained do-
mains in HAL1304 comprise lawsonite crystals up to 500-mm in
length and sodic pyroxene aggregates up to 1-mm across, elon-
gated parallel to the foliation. Sodic pyroxene in the matrix (indi-
vidual grains and up-to-1-mm-thick aggregates) is omphacite
(Jd23e33Aeg10e16) and displays a core-to-rim increase in jadeite
content and Fe# (0.13e0.36). Rare inclusions of phengite in sodic
pyroxene (Si ¼ 3.52e3.55 a.p.f.u.; Fe# ¼ 0.33e0.35) and chlorite
(Fe# ¼ 0.35) are observed. Matrix glaucophane is slightly zoned
with Fe# values (0.28e0.35) and XFe3þ (0.07e0.25) that decrease
from core to rim. Thus, in contrast to the other samples, sodic py-
roxene and glaucophane display a progressive decrease in Fe3þ from
core to rim. Lawsonite, which is typically idiomorphic, commonly
features a core rich in inclusions of glaucophane (Fe# ¼ 0.32e0.35;
XFe3þ ¼ 0.05e0.10), titanite, omphacite (Jd26e29Aeg13e22), and
quartz, and a clearer rim. Iron zoning in lawsonite grains exhibiting
an inclusion-rich core and an inclusion-free rim, as reported by
Çetinkaplan et al. (2008), was not observed in this sample. Impor-
tantly, no epidote and only minor retrograde quartz were observed.

Petrographic observations thus indicate that sample HAL1304
records prograde HP/LT metamorphismwithin the stability field of
lawsonite (Fig. 4), with no hint of a retrograde overprint as garnet
seems to have remained in equilibrium with the matrix over its
entire growth interval. Lawsonite remained stable during exhu-
mation, suggesting a “hairpin-type” PeT path (Ernst, 1988).

5.2. Lutetium distribution in garnet

The geological meaning of LueHf dates largely depends on the
volumetric distribution of Lu within garnet. Garnet is a major sink
for Lu, as illustrated by the typically elevated concentrations in
garnet cores (e.g., Lapen et al., 2003; Skora et al., 2006). However,
the contribution of the Lu-rich garnet core to the bulk-garnet Lu
budget can be minor in comparison to Lu-poorer, but volumetri-
cally more substantial, outer ‘shells’ (Kohn, 2009; Baxter et al.,
2017). Garnet resorption, observed in some of our samples, may
cause some Lu redistribution and further skew LueHf dates to-
wards the time of garnet rim growth or re-equilibration (Kelly et al.,
2011).

In garnet amphibolite SIV1301, garnet and the other phases are
REE poor (<10 ppm total REE). The distribution of Lu in garnet
cannot be precisely determined but seems to show a slight inward
enrichment (from 0.2 ppm to 0.4 ppm; Appendix C). In epidote
eclogite HAL1255, garnet has the highest Lu content (>13 ppm) in
its core, a minor peak (w5 ppm) in the mantle, and another peak
(w6 ppm) at the rim, corresponding to the Grt2 overgrowth (Fig. 5).
Plotting fraction of the porphyroblast Lu in 10% volume shells re-
veals that the outer 50 vol.% of the porphyroblast contains 63% of
the Lu budget. Lawsoniteeepidote blueschist HAL1243 garnet dis-
plays a sharp central Lu peak (w35 ppm) and some highs
(17e21 ppm) in the core region, and decreases in the outer parts of
Grt1 (<2 ppm). However, the increasing Lu content towards the rim
(up to w20 ppm) has a strong effect on the overall Lu distribution,
such that the outer 50 vol.% of the garnet porphyroblast contains
72% of its Lu (Fig. 5). Garnet in lawsoniteeepidote interlayered
blueschist and eclogite HAL1241 is characterised by a sharp central
Lu peak, a high in the garnet mantle, and a further increase towards
the Grt2 rim. As a consequence, 64% of Lu resides in the outer
50 vol.% (Fig. 5). Lawsonite blueschist sample HAL1304 yields a
(half-) bell-shaped Lu profile with a broad central peak (up to
66 ppm) grading outwards into a Lu-depleted mantle and rim
(<2 ppm). This Lu zoning pattern mimics the smooth zoning in Mn.
A minor Lu high (w5 ppm) towards the rim correlates with the
transition from titanite-to rutile inclusions (Fig. 5). Unlike the other
garnet samples described so far, the Lu distribution is skewed
strongly towards the core, with 87% of the Lu in the inner 50 vol.% of
garnet.

5.3. LueHf geochronology results

All concentrations and isotope ratios are given in Table 2. Re-
gressions were calculated using the model-1 fit of Isoplot/Ex
(Ludwig, 2012, version 4.15) and a 176Lu decay constant of
1.867 � 10�11 yr�1 (Scherer et al., 2001; Söderlund et al., 2004).
Uncertainties on dates are quoted as 95% confidence intervals. For
all samples, garnet, matrix-phase separates, and autoclaved whole-
rock powder (hereafter ‘wr’) cover a large range in 176Lu/177Hf
(Fig. 6).

Garnet amphibolite SIV1301 is REE- and Hf poor, presumably
because its protolith was a cumulate gabbroic rock. Despite the
increased amounts of sample digested (700 mg of wr and up to
240 mg of garnet), some fractions yielded imprecise analyses
owing to overspiking and low sample-to-blank ratios for Hf (e.g.,
17e74; Table 2). The wr and the hornblende fractions do not lie
on the same regression line, with hornblende having much lower
176Lu/177Hf and 176Hf/177Hf than the wr (Fig. 6a). Contrasting
dates are obtained when pairing garnet with the whole rock
instead of the hornblende. A regression of the wr and all three
garnet fractions yields a date of 104.6 � 3.5 Ma (MSWD ¼ 39),
and two-point wregarnet isochrons range between
103.47 � 0.38 Ma and 105.62 � 0.37 Ma. The hornblendeegarnet
regression gives 109.5 � 1.5 Ma (4 points, MSWD ¼ 7.6) and two-
point isochron dates are between 108.78 � 0.36 Ma and
109.78 � 0.36 Ma.

Epidote eclogite HAL1255 yields a well-constrained
matrixegarnet LueHf date of 92.38 � 0.22 Ma (5 points,
MSWD ¼ 1.4; Fig. 6b). The autoclaved wr contains substantially



Figure 5. Lutetium distribution in the investigated HP/LT garnet porphyroblasts. Left-hand panels show Lu concentration half-profiles. Right-hand panels show the distribution of
the bulk-garnet Lu in concentric shells representing 10% volume steps from core to rim. Shaded regions behind the graphs indicate the locations of garnet growth zones defined
mainly by Mn zoning and changes in inclusion assemblages (see Fig. 3bee). Dashed vertical lines mark the 50:50 dividing line of the porphyroblast Lu budget.
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Table 2
LueHf isotope data for amphibolite, eclogite, and blueschist from the northern Sivrihisar Massif.

Sample and fraction Sieved size Lu (ppm) Hf (ppm) 176Lu/177Hf Est. 2 s.d. uncert. (%) 176Hf/177Hf 2 s.e. in 6th digit Est. 2 s.d. uncert. (%)

SIV1301dgarnet amphibolite
wr powder 0.0290 0.0231 0.1780 0.44 0.284755 (18) 0.0092
Hbl-a 250e500 mm 0.0138 0.0468 0.04175 0.25 0.283447 (5) 0.0031
Hbl-b 250e500 mm 0.0164 0.0497 0.04691 0.43 0.283518 (13) 0.011
Grt-a 250e500 mm 0.510 0.00543 13.40 0.25 0.310855 (35) 0.019
Grt-b 125e250 mm 0.411 0.00612 9.573 0.25 0.302948 (29) 0.041
Grt-c 125e250 mm 0.437 0.00590 10.55 0.26 0.304811 (20) 0.015

HAL1255depidote eclogite
wr powder 0.530 4.65 0.01618 0.25 0.282756 (4) 0.0028
mat 250e500 mm 0.212 0.284 0.1056 0.48 0.282963 (4) 0.0018
Grt-a 500e1000 mm 2.74 0.203 1.921 0.25 0.286079 (5) 0.0070
Grt-b 500e1000 mm 2.68 0.127 2.997 0.26 0.287949 (4) 0.0038
Grt-c 500e1000 mm 2.85 0.127 3.180 0.26 0.288279 (5) 0.0048
Grt-d 500e1000 mm 2.83 0.134 3.001 0.26 0.287969 (6) 0.0069

HAL1243dlawsoniteeepidote blueschist
wr powder 0.790 3.08 0.03644 0.28 0.282958 (3) 0.0024
Mat 125e250 mm 0.0945 0.108 0.1247 0.76 0.283189 (4) 0.0019
Grt-a 500e1000 mm 7.13 0.193 5.258 0.28 0.291828 (6) 0.0051
Grt-b 500e1000 mm 6.97 0.143 6.931 0.31 0.294716 (4) 0.0030
Grt-c 500e1000 mm 6.72 0.158 6.068 0.32 0.293175 (4) 0.0027
Grt-d 500e1000 mm 7.17 0.155 6.595 0.33 0.294086 (4) 0.0030

HAL1241dlawsoniteeepidote interlayered blueschist and eclogite
wr powder 0.623 2.90 0.03048 0.27 0.283167 (3) 0.0024
mat 500e1000 mm 0.136 0.121 0.1593 0.38 0.283694 (7) 0.0055
Grt-a 500e1000 mm 2.23 0.139 2.280 0.26 0.287142 (5) 0.0050
Grt-b 500e1000 mm 2.26 0.118 2.729 0.26 0.287895 (4) 0.0030
Grt-c 500e1000 mm 2.32 0.119 2.760 0.27 0.288186 (4) 0.016
Grt-d 500e1000 mm 3.11 0.169 2.608 0.28 0.287681 (3) 0.0027

HAL1304dlawsonite blueschist
wr powder 0.326 1.87 0.02470 0.25 0.283200 (4) 0.0027
mat 250e500 mm 0.0690 0.0622 0.1575 0.25 0.283430 (6) 0.0046
Grt-a 500e1000 mm 3.70 0.0380 13.87 0.34 0.305592 (8) 0.0090
Grt-b 500e1000 mm 3.81 0.0540 10.04 0.55
Grt-c 250e500 mm 3.91 0.0393 14.18 0.35 0.305974 (10) 0.0059
Grt-d 250e500 mm 3.22 0.0307 14.97 0.55 0.308065 (7) 0.0042
Grt-e 250e500 mm 3.56 0.0586 8.644 0.50

wr ¼ whole rock, Grt ¼ garnet, mat ¼ non-garnet and, to a certaint extent, non-lawsonite matrix minerals.
Lower case letters in the name denote separate aliquots of a given batch of mineral separate grains.
Whole rocks were all fully digested in Teflon vials placed in high-pressure autoclaves (Parr bombs).
All other samples were digested on a hotplate in closed Teflon vials.
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more Hf than hotplate digested mineral separates (4.65 vs.
0.13e0.28 ppm, respectively; Table 2). This reflects that zircon and
rutile, the two main Hf-rich phases, were fully digested in the
autoclaved wr aliquot but not during the selective hotplate diges-
tion procedure used for mineral separates. The wr plots slightly
below the matrixegarnet isochron, suggesting that zircon
(observed by EPMA) has a partly inherited (pre-metamorphic)
LueHf isotopic signature. Part of the offset of the wr could poten-
tially be due to late-grown veinlets of chlorite and phengite, which
could not be completely avoided during preparation of the whole-
rock powder. Nevertheless, chlorite and phengite are Lu- and Hf-
poor phases (Spandler et al., 2003; Spandler and Pirard, 2013), so
their contribution to the wr analysis is most likely negligible.

For lawsoniteeepidote blueschist HAL1243, the matrixegarnet
regression yields 90.19 � 0.54 Ma (5 points, MSWD ¼ 4.5;
Fig. 6c). The high MSWD stems from the highest-176Lu/177Hf
garnet aliquot (Grt-b) being offset slightly above the regression line.
The other three aliquots yield a well-constrained matrixegarnet
isochron at 90.03 � 0.18 Ma (MSWD ¼ 0.49). For HAL1243, the
wr Hf content is again significantly higher than that of the mineral
separates (3.08 vs. 0.11e0.19 ppm, respectively) and the wr lies
slightly below the matrixegarnet regression. Again, we attribute
these features to an inherited Hf component hosted by zircon
(observed by EPMA) in the whole rock.

The lawsoniteeepidote interlayered blueschisteeclogite
HAL1241 gives a matrixegarnet date of 87.3 � 1.2 Ma (4 points,
MSWD ¼ 2.1; Fig. 6d). The garnet aliquot with the highest
176Lu/177Hf ratio (Grt-c) lies distinctly above this isochron and was
therefore not included in the calculation. The autoclaved wr aliquot
is significantly richer in Hf than the mineral separates (2.90 vs.
0.12e0.17 ppm, respectively) and plots far below any
matrixegarnet isochron. The LueHf isotopic signature of zircon is
therefore predominantly inherited.

For lawsonite blueschist HAL1304, the garnet analyses have
consistent 176Lu/177Hf (13.8e15.0) and Lu contents
(3.22e3.81 ppm; Table 2) but do not lie on a single isochron: A
garnet-only regression yields an MSWD of 19. Thus, the
matrixegarnet date of 86.9 � 3.3 Ma (4 points, MSWD ¼ 55) is
only loosely constrained (Fig. 6e). Even when excluding the
main outlier Grt-d (89.00 � 0.49 Ma, relative to the matrix), the
matrixegarnet regression (86.3 � 2.9 Ma) has a high MSWD
value of 4.1. The autoclaved aliquot wr is again signifi-
cantly richer in Hf than the mineral separates (1.87 ppm vs.
0.03e0.06 ppm, respectively), but is not displaced from the
matrixegarnet trend, suggesting that zircon is present in the wr,
but not inherited.

5.4. PeT evolutions

5.4.1. Garnet amphibolite SIV1301
The PeT pseudosection calculated for sample SIV1301 (Fig. 7a) is

characterised by large, high-variance assemblage fields and



Figure 6. Lutetiumehafnium isochron diagrams for the investigated samples. Two-point matrixe or wregarnet isochron dates are given for each garnet aliquot and compiled in (f).
Multi-point regression and two-point isochron dates in grey text (aee) have apparently been affected by protracted garnet growth, disequilibrium growth, or incomplete
spikeesample equilibration (see main text for details).
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illustrates that the observed assemblage garneteamphibolee
clinopyroxeneeplagioclaseeilmenite is stable over a large PeT
space on both sides of the H2O-saturated solidus. The absence of
quartz and orthopyroxene narrows down this field to supra-solidus
temperatures >830 �C, and above the orthopyroxene-in reaction
(Fig. 7a). A small volume of melt (w4 vol.%) related to the break-
down of hornblende þ quartz is predicted to be stable with the
observed peak assemblage. The TeM(H2O) phase diagram



Figure 7. Pseudosections calculated for garnet amphibolite SIV1301 using a XRF-based bulk-rock composition and titration-determined Fe oxidation ratio Fe3þ/
P

Fe ¼ 0.23. (a) PeT
diagram assuming excess H2O. (b) TeM(H2O) diagram at P ¼ 0.6 GPa showing that the observed assemblage (in bold) is indicative of a H2O-rich chemical system. Abbreviations of
the modelled phases are given in the main text.
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calculated at 0.6 GPa (Fig. 7b) shows that the stability of the
observed, quartz- and orthopyroxene-absent phase assemblage is
restricted to high H2O contents, always above the solidus. This
feature supports our assumption of a fluid-saturated evolution, so
that the prediction of a silicate melt phase co-genetic with the peak
mineral assemblage cannot be ascribed to mistakenly high H2O
contents. We infer that the amphibolite (Amp2)eplagioclase (Pl2)e
albite symplectites observed in SIV1301 (Fig. 2a) are the result of
‘reaction reversal’ (Kriegsman, 2001), i.e. reaction of the crystal-
lising melt with the peritectic phases. This phenomenon has been
argued to take place during nearly-isobaric cooling following low
degree of partial melting (see Brown, 2002).

The observed compositions of garnet (Grs21; Fe# ¼ 61),
plagioclase (An90e95 observed vs. An92 predicted) and clinopyr-
oxene (Fe# ¼ 28e31), which arguably were part of the peak
assemblage, are nearly reproduced in the stability field of the
observed phase assemblage (see isopleths on Fig. 7). Un-
certainties on the solid-solution models (especially for amphi-
bole) might be invoked but, owing to the flat compositional
profile of garnet (Fig. 3f) and the rather uniform composition of
clinopyroxene, we infer that these two phases were homogenised
through intra-crystalline and intergranular diffusion at near-peak
conditions. Clinopyroxene being less homogenised than garnet is
consistent with slower FeeMg diffusion in the former than in the
latter (see e.g., Müller et al., 2013). Using the combined semi-
quantitative calibrations of Ernst and Liu (1998), Al2O3 and TiO2

contents of amphibole (11e12 wt.%, and 1.4e1.8 wt.%, respec-
tively) indicate temperatures and pressures up to around 800 �C
and 0.5 GPa. Overall, the assemblage is stable over a wide PeT
range and is therefore unlikely to yield tight constraints. It is
however consistent with formation along an elevated thermal
gradient (w45 �C/km).
5.4.2. Lawsonite blueschist HAL1304
The equilibrium phase diagram calculated for sample HAL1304

allows investigating the PeTconditions prevailing for the growth of
Mn-rich garnet core in equilibrium with lawsonite, glaucophane
and titanite. When the measured iron redox ratio (Fe3þ/
P

Fe ¼ 0.54) is used for the calculation, garnet core compositions
broadly fall in the stability field of rutile, whereas these cores
typically host titanite inclusions (Fig. 3e). The PeT phase diagram
obtained for bulk-rock Fe3þ/

P
Fe ¼ 0.4 exhibits fields with both

garnet and titanite (Fig. 8a), but lower Fe3þ/
P

Fe values stabilise
diopside with garnet and titanite, which is not observed in this
sample and is regarded an artefact of the clinopyroxene solid so-
lution model. The observed garnet core composition (Sps40Grs28) is
nearly reproduced in the stability field with glaucophane, law-
sonite, titanite, chlorite, and quartz and indicates w420 �C and
w2.1 GPa for the formation of the garnet core (Fig. 8a). The phase
diagram calculated for the matrix NCKFMASHTO composition and
Fe3þ/

P
Fe¼ 0.4 (Fig. 8b) displays a garnet stability field restricted to

higher temperature and pressure as compared to Fig. 8a because of
the subtraction of MnO for this calculation. The observed garnet
rim composition (Grs24drecalculated using an Sps projection;
Fe# ¼ 0.87) is predicted to coexist with the observed phases
glaucophane, omphacite, lawsonite, and rutile at w520 �C and
2.7 GPa.

6. Discussion

6.1. Geological significance of the LueHf dates

Hafnium-rich phases that preserve inherited Hf isotopic com-
positionsdespecially zircon, which commonly buffers the Hf
budget of a rockdmay dramatically impact the LueHf systematics



Figure 8. Pressureetemperature equilibrium phase diagrams for lawsonite blueschist HAL1304 assuming excess H2O and bulk-rock Fe3þ/
P

Fe ¼ 0.4. (a) Phase assemblage for a
MnNCKFMASHTO bulk-rock composition (essentially the XRF analysis) prevailing during the formation of the garnet innermost core (prograde stage). (b) Phase assemblage for the
NCKFMASHTO effective bulk composition (corrected for the chemical fractionation of MnO in garnet) prevailing during the growth of the garnet outermost rim (peak stage).
Abbreviations of the modelled phases are given in the main text.
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if they are digested along with the target phases (Scherer et al.,
2000; Lagos et al., 2007). If these minerals have the same age as
garnet, then the bulk-garnet analysis will be shifted down the
isochron relative to the composition of pure garnet. This results in
shorter isochrons and decreased dating precision, but does not
affect the age (Scherer et al., 2000; Baxter and Scherer, 2013; Baxter
et al., 2017). If, on the other hand, zircon inclusions are older
(inherited), then garnet-controlled mineral isochrons may yield
ages that are too young in addition to being less precise (Scherer
et al., 2000). The low-pressure, hotplate digestion that we used
here for mineral separates avoids such problems by leaving zircon
and rutile intact. In contrast, the wr fractions, including any zircon
and rutile, were completely digested with high-pressure autoclave
digestions. The presence of significant inherited or younger zircon
in the wr can therefore be detected, e.g., if the wr plots off an
isochron among other minerals that were initially in isotopic
equilibrium. In such cases, the wr should be excluded from iso-
chrons: When the zircon is significantly older than the garnet, the
garnet-wr and garnet-matrix-wr isochronswill yield spuriously old
LueHf dates (e.g., Fig. 5a of Scherer et al., 2000), with the latter also
exhibiting excessive scatter.

For garnet amphibolite SIV1301, the autoclaved wr fraction has
a lower Hf concentration than hornblende and plots above the
hornblendeegarnet regression line. This, as well as the very low
bulk-rock Zr (Appendix A) and Hf (Table 2) contents, indicates
that there is little or no zircon in this rock. In SIV1301, garnet
contains a significantly larger fraction of the whole-rock Hf than
the HP/LT samples (HfGrt/Hfwr ¼ 0.26 vs. 0.02e0.06), further
suggesting that SIV1301 is essentially zircon-free. Consistent with
this, no zircon could be found in the thin sections prepared from
this rock. We therefore infer that the wr aliquot is not affected by
an inherited, zircon-hosted Hf component. The hornblende lies
below the garnet-wr tie line. It is not clear why this is the case, but
because hornblende formed predominantly after garnet (see
Fig. 4), we chose to reference the LueHf garnet dates to the
(apparently zircon-free) whole rock instead. The resulting
104.5 � 3.5 Ma date (Fig. 6a) is inferred to reflect peak meta-
morphism in SIV1301.

Autoclaved wr aliquots of all the HP/LT samples yield Hf con-
tents at least an order of magnitude greater than those of the
mineral separates (Table 2), indicating that the hotplate digestion of
the latter excluded most, if not all, of the zircon from the analysis.
Nevertheless, garnet fractions from all samples except epidote
eclogite HAL1255 show resolvable scatter on isochron diagrams.
Some of this may result from variable proportions of core and rim
material in the bulk garnet aliquots if the growth interval exceeded
the typical age uncertainty on two-point matrixegarnet isochrons
(e.g., Dragovic et al., 2012; Schmidt et al., 2015). In addition, scatter
can also be caused by variable timing of nucleation within the
garnet population of a single sample (e.g., Skora et al., 2009). The
well-defined multi-point isochron obtained for HAL1255
(92.38 � 0.22 Ma) suggests that the garnet aliquots had similar
proportions of core and rimmaterial and/or that garnet growthwas
so rapid that the two distinct generations (Fig. 3b) have the same
age within analytical resolution. This would be consistent with
w1 Myr prograde garnet growth intervals for HP/LT metamorphic



Figure 9. (left) Hypothetical PeTet evolution of the studied samples and progressive cooling of the subduction interface (right) Tentative tectonic model evolution for the Halilba�gı
Complex, from subduction initiation at an oceanic transform fault around 104 Ma to incipient continental subduction at ca. 87 Ma.
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rocks (Dragovic et al., 2012). For lawsoniteeepidote blueschist
HAL1241, an isochron (MSWD ¼ 2.1) is obtained if outlier Grt-c is
excluded, suggesting that the high-176Hf/177Hf of the latter is
anomalous. The Lu contents of Grt-c and two out of the three other
aliquots are similar. We therefore assume that the Hf concentration
of Grt-c was biased by incomplete spikeesample equilibration and
consider the matrixethree garnet isochron date of 87.3 � 1.2 Ma
as the best estimate of the average garnet age in HAL1241.

Sample HAL1304 does not yield a well-defined LueHf isochron.
Because the Lu in HAL1304 garnet mostly resides in its cores
(Fig. 5), any garnet aliquot containing an unusually high proportion
of core material would be enriched in Lu. However, the measured
Lu concentrations (3.22e3.91 ppm; Table 2) are similar to the bulk
porphyroblast Lu content of HAL1304 garnet (3.47 ppm), calculated
using the LA-ICPMS data (Fig. 5; Appendix C). We therefore infer
that HAL1304 Grt-d was probably affected by incomplete
spikeesample equilibration for Hf and that most of the garnet in
HAL1304 grew at w86 Ma.

6.2. Comparison of metamorphic evolutions

The investigated metamafic rocks were selected for geochro-
nology on the basis of their contrasting petrological evolutions (see
Fig. 4), which were deciphered by petrographic observations and
phase compositions (Figs. 2 and 3).

6.2.1. Garnet amphibolite SIV1301
Garnet amphibolite SIV1301 evolved along an elevated thermal

gradient (w45 �C/km), typical of sub-ophiolitic metamorphic soles.
The equilibrium phase diagram together with garnet and clino-
pyroxene isopleths calculated for SIV1301 (Fig. 7a) suggest peak
metamorphism around 800e850 �C and w0.6e0.7 GPa. Discrep-
ancy between observations and model predictions in terms of
garnet and clinopyroxene compositions can be argued to result
from nearly complete chemical re-equilibration of those two pha-
ses after their growth at HT. Cation diffusionwould thus modify the
mineral compositions, preventing precise comparison to the
calculated isopleths (Fig. 7a). The inferred PeT conditions are
compatible with results of empirical geothermobarometric cali-
brations using systems with low diffusivity such as Al and Ti in
amphibole (see section 5.4.1.). We envisage that significant lattice
and grain-boundary diffusion of major divalent cations in garnet,
and possibly diopside, was favoured by the protracted (>10-Myr-
long) cooling of the metamorphic soles of Western Anatolia (see
discussion below). Conversely, similar rocks from the metamorphic
soles of the Semail ophiolite (Oman), for which much quicker
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cooling has been demonstrated (Hacker et al., 1996), comprise
garnet with well-preserved growth zoning (Soret et al., 2017). High
cooling rate might therefore have inhibited mineral re-
homogenisation in these rocks, so that mineral assemblage and
phase compositions could be well reproduced by Soret et al. (2017).
Note that we used the same modelling approach (including iden-
tical solid-solution models) as in their study. We therefore consider
0.6e0.7 GPa and 800e850 �C as the best PeT estimate for the
SIV1301 metamorphic peak.

The absence of a blueschist-facies overprint on the upper-
amphibolite-facies mineral assemblage is in contrast with the
other metamorphic-sole localities in the Tavşanlı Zone and Afyon
Zone (Önen, 2003; Plunder et al., 2016) where, hornblende,
plagioclase, and clinopyroxene were partly overgrown by glauco-
phane, lawsonite and occasionally jadeite. Garnet amphibolite
SIV1301 therefore appears to record isobaric to syn-decompression
cooling similar to other metamorphic soles exposed below the far-
obducted Tauride ophiolites (see Plunder et al., 2016).

6.2.2. Blueschist and eclogite samples
The rimward decrease of Fe# and, to a lesser extent, Ca content

in Grt1 of samples HAL1255, HAL1243, and HAL1241 (Fig. 3) is
characteristic for garnet grown during prograde HP/LT meta-
morphism. Prograde garnet Grt1 was partly resorbed and over-
grown by Grt2, which appears to have been in equilibriumwith the
matrix assemblage (Figs. 2 and 3). The slight- (in HAL1255) to
pronounced (in HAL1243 and HAL1241) enrichment in Mn (Fig. 3)
and Lu (Fig. 5) across the Grt1eGrt2 boundary is inferred to result
from the breakdown and re-growth of garnet, the preferential Mn
and HREE host amongst the observed mineral assemblages. In
these three samples, the record of garnet grown at the meta-
morphic peak therefore was lost, in contrast to HAL1304 garnet,
which has preserved intact rims of prograde Grt1. Combined with
major element zoning patterns (Fig. 3), the volumetric distribution
of Lu in garnet (Fig. 5) indicates that the bulk-porphyroblast garnet
LueHf dates (Fig. 6) for HAL1255 (92.4Ma), HAL1243 (90.2Ma), and
HAL1241 (87.3 Ma) represent weighted averages between the dates
of peak Grt1 and retrograde Grt2 growth, respectively, whereas the
bulk-garnet date for HAL1304 (w86 Ma) marks the start of pro-
grade garnet growth around 420 �C and 2.1 GPa (Fig. 8a).

The investigated blueschist and eclogite samples were selected
on the basis of their relative timing of epidote- and lawsonite for-
mation, regarded as diagnostic of contrasting PeT evolutions. In the
absence of reliable quantitative PeT estimates for garnet growth, it
admittedly remains uncertain to what extent the contrasting
petrological evolutions reflect different PeT evolutions rather than
variations of the bulk-rock composition, oxidation state, fluid
composition and availability, or open-system behaviour. Amongst
our samples, we note that the formation of blueschist vs. eclogite
(i.e. the relative abundance of glaucophane and omphacite) might
reflect different bulk-rock compositions. For instance, epidote
eclogite HAL1255 has lower Al2O3/(CaO þ Na2O þ K2O) (XAl2O3

) and
higher CaO/(CaO þ FeOT þ MnO þ MgO þ Na2O) (XCaO) than the
glaucophane-bearing samples (Appendix A), which according to
Tian andWei (2014) would favour the formation of omphacite over
glaucophane. These ratios however do not influence the stability of
lawsonite vs. epidote at given P and T. Thermodynamic calculations
have suggested that epidote stability expands towards higher
pressures with increasing bulk-rock Fe3þ content (Diener and
Powell, 2012). However, large variations in Fe3þ content between
samples are required to account for the observed differences (Fig. 4),
whereas Fe3þ contents of epidote, glaucophane, and clinopyroxene
in our blueschist and eclogite samples are broadly similar. Eventu-
ally, the availability of water during metamorphism might have
favoured the formation of epidote over lawsonite in some samples
(Clarke et al., 2006). It might thus be envisaged that the absence of
lawsonite as well as amphibole in epidote eclogite HAL1255 reflects
“dryer” retrogression in this sample as compared to the blueschists.
In summary, we cannot completely rule out that differences in the
effective bulk composition, especially the amount of free water
present during metamorphism, are responsible for the observed
petrological differences. Nevertheless, we emphasise that the trend
of garnet LueHf dates we obtained does support the working hy-
pothesis of a progressively decreasing geothermal gradient along
the former subduction interface. Prograde- and peak mineral as-
semblages and garnet compositions as observed in lawsonite
blueschist HAL1304 were reproduced at 2.1 GPa, 410 �C and 2.6 GPa,
530 �C, respectively (Fig. 8). At these conditions, and despite the
high iron oxidation state of this rock (Fe3þ/

P
Fe ¼ 0.4), the rock

evolved far from the stability field of epidote. It therefore seems
reasonable to consider that HAL1304 was buried along a distinctly
lower thermal gradient than HAL1255, HAL1243, and HAL1241.
6.3. Tectonic implications

6.3.1. Subduction initiation
Sub-ophiolitic LP/HT metamorphic soles, such as at Memik

(Fig. 1b), are commonly interpreted to form during the initial
stages of subduction, or ‘intra-oceanic thrusting’ (e.g., Woodcock
and Robertson, 1977; Boudier et al., 1988; Hacker, 1990). The
two metamorphic-sole localities of the Tavşanlı Zone previously
yielded a garneteamphibole SmeNd regression date of
102 � 33 Ma (Memik; Sarıfakıo�glu et al., 2010), and hornblende
AreAr isochron date of 101.1 � 3.8 Ma (Orhaneli, 200 km further
west; Harris et al., 1994), respectively. These dates are within error
of our 104.5 � 3.5 Ma LueHf date for the garnet amphibolite
SIV1301. Despite their uncertainties, the LueHf dates stand out of
the 95e90 Ma cluster (mainly AreAr in hornblende) obtained
from the ophiolite emplaced further south, on the Afyon Zone and
on top of non-metamorphosed continental units (Önen, 2003;
Daşçı et al., 2015, and references therein). The temperatures
reached during sub-ophiolitic metamorphism (650e850 �C; see
van Hinsbergen et al., 2015; Agard et al., 2016; Plunder et al., 2016;
this study) typically exceed Ar closure in hornblende
(w530 � 50 �C; Harrison, 1982). Therefore, we regard the pub-
lished AreAr hornblende dates as record of the metamorphic-sole
cooling, whereas LueHf in garnet approximately dates near-peak
conditions. This is corroborated by similar (105e100 Ma) garnet
LueHf dates and 99e95 Ma zircon dates that were recently ob-
tained for a metamorphic sole emplaced on top of the non-
metamorphosed continental units in southern Central Anatolia
(Pınarbaşı ophiolite; Peters et al., 2017).

Our estimates of the peak PeT conditions in the Sivrihisar
metamorphic sole (Fig. 7) point to a thermal gradient ofw1400 �C/
GPa, or w45 �C/km. According to recent numerical modelling
(Grose and Afonso, 2013) and disregarding heat production due to
shear heating along the nascent subduction plane, this ratio is
equivalent to the geothermal gradient of <15-Myr-old oceanic
lithosphere. Subduction initiation therefore likely took place in the
vicinity of an active mid-oceanic spreading centre, especially since
oceanic spreading in the western Neotethys is largely accepted to
have been slow (e.g., Dilek et al., 1999; Nicolas et al., 1999; Stampfli
and Borel, 2002; Müller et al., 2008).

Subduction initiation around 104 Ma reconciles the initiation of
intra-oceanic subduction with the kinematic switch, during the
Albian (112e100 Ma), of the African Plate’s motion relative to
Eurasia from a tangential trajectory to sub-orthogonal convergence
(Dewey et al., 1989; Rosenbaum et al., 2002). Plate reorganisation in
the western Tethys realm might thus have triggered the
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simultaneous inception of several intra-oceanic subduction zones
from western Anatolia to Oman (e.g., Boudier and Nicolas, 1985).

The available temporal constraints on the Mesozoic tectonic
events in Anatolia allow us to speculate about the locus of sub-
duction initiation. Subduction initiation near oceanic spreading
centres might take place at the spreading centre itself (Spray,
1983), along oceanic detachments (Maffione et al., 2015), and
along transform faults (Stern and Bloomer, 1992). The former two
candidates imply that the new trench forms parallel to the pre-
existing spreading centre and that, over the w15e20 Myr-long
history of oceanic subduction, the age of the incoming oceanic
slab increased as the continental margin (of the
AnatolideeTauride Block) approached the trench. The ocean floor
at the continental margin can be inferred to be Late Triassic in age
(230e210 Ma; Sengör and Yilmaz, 1981; Göncüoglu et al., 2010;
Speranza et al., 2012), i.e., w106e126 Myr-old when subduction
started (w104 Ma; this study) and w124e144 Myr-old when it
reached the trench (around 86 Ma). Considering the overall
w20 mm/yr of AfricaeEurasia convergence during the Late
Cretaceous (Rosenbaum et al., 2002), no more than 360 km of
oceanic lithosphere can have been consumed along this subduc-
tion zone between w104 Ma and w86 Ma. Assuming that, at
104 Ma, subduction initiated where the oceanic crust was 15 Myr
old (i.e. formed at 119 Ma), extremely slow mid-oceanic half-
spreading (w3e4 mm/yr) would be required to generate 360 km
of oceanic lithosphere between 230e210 Ma and 119 Ma. Even
lower rates should be envisaged given that, during the Late
Cretaceous, two to three coeval subduction zones were likely
active coevally along the Anatolian segment of the Neotethys
Ocean (see Aygül et al., 2016; Çetinkaplan et al., 2016; Pourteau
et al., 2016; van Hinsbergen et al., 2016). Such oceanic
spreading, as required if the subduction zone was orthogonal to
the mid-oceanic ridge, is an order of magnitude slower than
assumed for the Neotethys (Müller et al., 2008). We therefore
favour a scenario where intra-oceanic subduction was initiated
along a transform fault in the vicinity of a mid-oceanic spreading
centre, as depicted in Fig. 9. This view seems to reconcile slow
regional convergence and coeval consumption of several >100-
Myr-old oceanic basins.

6.3.2. Subduction dynamics of the Halilba�gı Complex
Within the Halilba�gı Complex, the blueschisteeclogite domain

and calc-schistemarble unit appear to have evolved separately
(Çetinkaplan et al., 2008; Davis, 2011). Most of the mafic blocks in
the blueschisteeclogite domain (e.g. HAL1255, HAL1243, HAL1241)
were subjected to prograde metamorphism in the epidote stability
field and subsequent pervasive re-equilibration often, but not al-
ways, in the lawsonite-blueschist facies. In contrast, mafic rocks in
the calc-schistemarble unit (e.g. HAL1304) record essentially pro-
grade metamorphism in the lawsonite stability field (Çetinkaplan
et al., 2008; this study). Our garnet LueHf dating results (Fig. 6)
combined with the Lu distribution in garnet (Fig. 5) demonstrate
that prograde metamorphism of HAL1304 (around 86 Ma) post-
dates peak to retrograde stages in the HAL1255 (92.4 Ma), HAL1243
(90.2 Ma) and HAL1241 (87.3 Ma). Assuming the lawsonite blues-
chist HAL1304 is representative of the calc-schist-marble unit, then
the latter was subducted distinctly later than the rocks of the
blueschisteeclogite domain. The sub-division of the Halilba�gı
Complex into two distinct tectonic formations therefore seems
essential for our understanding of its tectonic evolution, with the
blueschisteeclogite domain having formed during oceanic sub-
duction, and the calc-schistemarble unit representing the leading
edge of the AnatolideeTauride continental margin (Fig. 9).

The epidote eclogite HAL1255, lawsoniteeepidote blueschist
HAL1243, and lawsoniteeepidote interlayered blueschist and
eclogite HAL1241 yielded distinct garnet LueHf dates (Fig. 6), albeit
weighted towards similar stages of garnet growth, i.e. between
outer Grt1 and inner Grt2 (Fig. 5). Tectonic blocks within the
blueschisteeclogite domain of the Halilba�gı Complex that under-
went different HP/LT metamorphic histories (Davis and Whitney,
2006; this study) therefore appear to have decoupled evolutions
(Fig. 9). We note that prograde lawsonite, indicative of burial
along a very low thermal gradient, is not restricted to the calc-
schist-marble unit, as has been reported from the (northern)
blueschisteeclogite domain (Davis and Whitney, 2006; this study).
The array of PeT paths retrieved for different tectonic blocks (Davis
and Whitney, 2006) and the distinct garnet LueHf dates obtained
for rocks with contrasting evolutions (this study) seem to preclude
that the blueschisteeclogite domain constitutes a dismembered
ophiolitic sequencedwhich would have a unique metamorphic
evolution. We instead suggest that the blueschisteeclogite domain
formed progressively over a few Myr through the accretion, at
w70e80 km depth, i.e. near the down-dip end of slabemantle
decoupling (see Wada and Wang, 2009), of subducted oceanic
sedimentary and mafic material, as previously proposed by
Whitney et al. (2014).

Blueschist-facies retrogression in HAL1241 coeval with the
prograde evolution of the lawsonite blueschist HAL1304 around
86 Ma (Fig. 9), as well as the widespread occurrence of pristine
lawsonite, both prograde and retrograde, point to early exhumation
in the active subduction channel. Lenses of HP/LToceanic rocks thus
appear to have been carried back along the plate interface as sub-
duction progressed, so that the subduction channel may have been
partitioned into a lower domain of descending material partly
coupled to the down-going slab, and an upper domain of ascending
material as theorised by England and Holland (1979), Shreve and
Cloos (1986), and Gerya and Stöckhert (2002). Continuous return
flow driven by buoyancy during on-going subduction (see Cloos,
1982; Gerya et al., 2002) was likely the main exhumation mecha-
nism. Although no matrix (typically serpentinite or shale) seems to
surround the HP/LT tectonic lenses (Fig. 1c), highly-strained, hy-
drated mafic and sedimentary rocks (now lawsonite blueschist)
may have served as a low-viscosity, buoyant matrix, enabling mass
return flow of hydrated, hence buoyant HP rocks. Such an inter-
action between mafic and sedimentary rocks at HP/LT conditions
has been proposed by a recent oxygen-isotope study in the Hal-
ilba�gı Complex (Gauthiez-Putallaz et al., 2014). Whether and how
the blueschisteeclogite domain itself was compartmented and
subjected to “continuous” return flow, previously envisaged by
Whitney et al. (2014), remains a matter of ongoing research.

6.4. Thermal evolution of the subduction interface

The thermal evolution of juvenile subduction zones has been
investigated numerically in several works (e.g., Hacker, 1990;
Peacock, 1990; Kincaid and Sacks, 1997; Gerya et al., 2002), which
demonstrated that the prograde PeT path followed by the top of
the subducted crustal section gets significantly steeper (in PeT
space) during the progressive refrigeration of the base of the
overriding mantle wedge. However, the tempo of this evolution
remains dependent on mechanical parameters and tectonic set-
tings assumed by the models. Kincaid and Sacks (1997) tested
various subduction rates (1.3e10 cm/yr) and suggested that a ju-
venile subduction interface attains thermal steady state after
w500e600 km of subduction, i.e. after only a few Myr for fast
subduction, and over >30 Myr for slow subduction, whereas the
slab age seems to play a secondary role. This result was in agree-
ment with the 10e15 Myr period inferred from the early models of
Peacock (1990) set for an intermediate subduction rate (3 cm/yr). In
the model of Gerya et al. (2002), cooling of the slab interface
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temperature at a depth of 100 km is substantial over at least 10 Myr
after initiation, and continues, at a lower rate, for another 15 Myr.
Taking an upper-mantle perspective, Kelemen et al. (2003) re-
ported that thermal steady-state in the fore-arc mantle wedge is
reached afterw10 Myr for any convergence rate. In their obduction
simulation, Duretz et al. (2016) observed that prograde PeT paths
steepen during at least 12 Myr after subduction initiation. In
contrast to this general agreement between models, Hall (2012)
calculated that the slab interface at 60 km remains significantly
above the equilibrium temperature for tens of Myr.

Petrological and geochronological studies of subduction-related
metamorphic rocks suggest that cooling of a juvenile subduction
interface is a long-lasting process. Anczkiewicz et al. (2004) pre-
sented a range of five garnet LueHf dates from 169 Ma and 162 Ma
for garnet amphibolite to 147 Ma for glaucophane schist of the
Franciscan Complex, California. The authors’ interpretation that
this trend reflects the early cooling of the subduction zone was
challenged by Page et al. (2007), who argued that the regional-scale
distribution of the studied samples allows the possibility that their
respective PeT evolutions are unrelated. The Rio San Juan Complex
on Hispañola is another example of subduction complex
comprising a variety of metamorphic rocks. Krebs et al. (2008)
presented multi-method isotopic dates from three samples
ranging from w104 Ma (LueHf in garnet) for an eclogite that
evolved along a counter-clockwise PeT path to 80e74 Ma (RbeSr
and AreAr in phengite) for an omphacite blueschist, and 62 Ma
(RbeSr in phengite) for a jadeite blueschist. Although the assign-
ment of phengite dates to certain PeT stages might not always be
straightforward, the authors argued for protracted cooling of the
juvenile Lesser Antilles subduction zone.

In this study, we tested and validated the working hypothesis
that the array of PeT paths retrieved for various tectonic blocks
within the Halilba�gı Complex captures the progressive cooling of
the juvenile intra-Neotethys subduction zone. Garnet LueHf
geochronology applied to five samples of mafic amphibolite, eclo-
gite, and blueschist, combined with pseudosection modelling shed
light on 15e20 Myr of gradual steepening of prograde PeT path
followed by the top of the subducting slab from an oceanic-type
geotherm of w45 �C/km to a mature subduction-type thermal
gradient ofw7 �C/km (Fig. 9). We thus support conclusions reached
by previous studies on other subduction complexes that docu-
mented protracted thermal changes (e.g., Angiboust et al., 2016;
Hyppolito et al., 2016), especially soon after subduction initiation
(Anczkiewicz et al., 2004; Krebs et al., 2008).

The progression from the horizontal isotherms of an oceanic
lithosphere to the strongly deflected thermal structure of a sub-
duction zone involves thermal advection and dissipation (e.g.,
Peacock, 1990; Gerya et al., 2002; Kelemen et al., 2003; Hall, 2012).
Crustal underplating at the bottom of the overriding mantle was
also recently put forward as an effective mechanism to rapidly
buffer the temperature in the upper part of the subduction channel,
such that subducted rocks are subsequently dragged down against
a colder upper plate, and thus metamorphosed along a colder HP
path (see Agard and Vitale-Brovarone, 2013). Cooling of the sub-
duction channel by underplating would be consistent with the
metamorphism of the calc-schistemarble unit and possibly some
of the underlying units (89e82 Ma phengite AreAr dates; Seaton
et al., 2009, 2013) along a lower thermal gradient than (the
blocks of) the blueschisteeclogite domain. This scenario predicts
that (i) the “cold” HP calc-schistemarble unit tectonically underlies
the “warmer” blueschisteeclogite unit (so far, this configuration
cannot be unequivocally established; see Fig. 1e and f); and (ii)
“warmer” HP rocks (e.g. epidote eclogite) are concentrated along
the contact with the overriding ophiolite, which detailed field work
has precluded (Davis and Whitney, 2006; Whitney et al., 2014).
Furthermore, cooling through underplating alone does not predict
the occurrence of prograde lawsonite within the blueschiste
eclogite unit (Davis and Whitney, 2006; this study) and the close
proximity in the field of tectonic blocks with contrasting PeT
pathsdunless invoking complete internal reorganisation of the
complex. We therefore suggest that the subduction-channel cool-
ing history inferred in this study (Fig. 9) involved mainly heat
dissipation, which might explain its long duration.

7. Conclusions

In the present study, we tested the hypothesis that accretionary
complexes comprising tectonic blocks with contrasting meta-
morphic PeT evolutions might record the thermal evolution of
ancient subduction interfaces. Our petrochronological approach,
based on petrography, mineral growth zoning, equilibrium phase
diagrams, Lu distribution in garnet, and LueHf geochronology,
allowed deciphering and comparing the metamorphic evolution of
individual HP oceanic blocks in the Halilba�gı Complex (Anatolia).
Our results reveal that HP/LT metamorphism in the mafic blocks of
the Halilba�gı Complex was not synchronous but took place from
w92 Ma to w86 Ma with a progressively-decreasing thermal
gradient. As indicated by the LueHf garnet dates weighted toward
the growth of post-peak rims, exhumation of HP tectonic blocks
seems to have been continuous rather than episodic. “Warm” (i.e.,
prograde epidote-bearing) HP rocks appear to have formed earlier
(w92 Ma) than “cold” (i.e., prograde lawsonite-bearing) ones
(w87e86 Ma). In addition, the LueHf garnet date and PeT esti-
mates for the sub-ophiolitic metamorphic sole indicate that this
intra-oceanic subduction zone initiated around 104 Ma near a mid-
oceanic spreading centre, probably along a transform fault. At
86 Ma, when the leading edge of the continental margin was
buried, the subduction interface was most likely thermally stable at
w7 �C/km. These results reveal 15e20 Myr of gradual cooling of a
subduction interface following its formation. This time scale im-
plies that the response of a subduction zone to changes in its
thermal structure might be a relatively long-lasting process.
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