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a  b  s  t  r  a  c  t

In the  South  Tien  Shan  range  (Kyrgyzstan),  the  Late  Paleozoic  geodynamic  evolution  remains  debated
especially  to the  west  of  the  Talas-Fergana  fault  (TFF)  fault  where  suture-related  high-pressure  (HP)
rocks  are  scarce.  We  provide  new  petrological  and  geochronological  data  on  garnet  amphibolites  from
the  Chatkal  range,  to the  west  of the  TFF,  northwest  of the  South  Tien  Shan  suture.  These  rocks  are retro-
gressed  eclogites.  We  used  a micro-mapping  approach  combined  with forward  modeling  and  empirical
thermobarometry  to decipher  the  P–T path  of  these  amphibolitized  eclogites.  The  metamorphic  peak
conditions  culminated  at 490  ± 50 ◦C and  18.5  ±  2 kbar  and  were  followed  by higher  temperature  retro-
gression  (∼560 ◦C at 11–7  kbar).  In order  to  constrain  the  age  of  the HP  stage,  we  dated  allanite  crystals
texturally  coeval  to the HP  mineral  assemblage.  Allanite  grains  dated  in  situ  with  a  U–Pb  LA-ICPMS
methodology  yield  an  age  of 301 ± 15 Ma.  Compared  with  previously  published  data  for  the  east  of  the
TFF,  these  P–T constraints  allow  improving  the  understanding  of the  Late  Paleozoic  geodynamic  evo-
lution  of the  South  Tien  Shan.  To the  east  of  TFF,  the Turkestan  Ocean  closed  around  320  Ma  with  the
collision  of  the  Tarim  Craton  with  the  Kazakh  microcontinent.  To the  west  of TFF,  the  Turkestan  Ocean

closed  around  300  Ma,  when  the Alai  block  collided  with  the  Kazakh  microcontinent.  This  later  collision
involved  nappe-stacking  and  intense  subvertical  folding  in  the  western  South  Tien  Shan.  This  complex
folding  explains  the  S-shape  of  the  suture  to the  west  of  the TFF  that  cannot  be observed  in the  eastern
part.  These  new  data  allow  us to propose  a distinct  tectonic  evolution  of  the  two  sides  of the TFF,  which
suggests  that  this  fault  was  a major  transform  fault  before  being  a strike-slip  intra-continental  fault.

© 2015  Elsevier  Ltd.  All  rights  reserved.
. Introduction

The understanding of subduction, collision and accre-
ion dynamics relies on the reconstruction of precise
ressure–Temperature (P–T) paths of high-pressure (HP) rocks
aving undergone a complete burial-exhumation cycle. Dating
uccessive stages (−t) of the evolution of such rocks is essential to
stimate the timing and rates of such mechanisms (Rubatto and
ermann, 2001). Constraining the age of the HP metamorphic peak
n continental unit and the onset of exhumation is particularly
mportant as it generally corresponds to the subduction-collision
ransition with continental subduction (Agard et al., 2009). If the

∗ Corresponding author.
E-mail address: chloe.loury@geoazur.unice.fr (C. Loury).

ttp://dx.doi.org/10.1016/j.jog.2015.06.005
264-3707/© 2015 Elsevier Ltd. All rights reserved.
P–T–t paths of HP rocks of the most studied collisional orogens, as
the Alps or the Himalayas, are quite well constrained (e.g. Berger
and Bousquet, 2008; Guillot et al., 2008), it is not the case for
other accretionary orogens such as the Central Asia Orogenic Belt
(CAOB) where a lack of petrochronological data prevents a good
understanding of the geodynamic evolution of the area.

The CAOB results from multiple collages of Precambrian micro-
continents, Paleozoic volcanic arcs, ophiolites and accretionary
complex from the Neoproterozoic to the Late Paleozoic times
(e.g. Windley et al., 2007; Xiao et al., 2013; Kröner et al., 2014).
The most widely accepted accretion model for the CAOB is an
archipelago-type model, similar to that of the circum-Pacific

Mesozoic–Cenozoic accretionary orogens (Coleman, 1989; Jolivet
et al., 1989; Filippova et al., 2001; Windley et al., 2007; Xiao et al.,
2013; Rojas-Agramonte et al., 2014). During the late Carbonifer-
ous to Early Permian, these multiple accreted blocks, constituting

dx.doi.org/10.1016/j.jog.2015.06.005
http://www.sciencedirect.com/science/journal/02643707
http://www.elsevier.com/locate/jog
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jog.2015.06.005&domain=pdf
mailto:chloe.loury@geoazur.unice.fr
dx.doi.org/10.1016/j.jog.2015.06.005
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ig. 1. (a) Location of map  (b) in Central Asia. (b) Geotectonic map  of the western Tien
fter  Rolland et al., 2013). The black box indicates location of Fig. 2. Abbreviations 

ikolaev Line.

he Kazakh microcontinent, collided with the Siberia, Baltica, Tarim
nd Alai cratons (Filippova et al., 2001; Heubeck, 2001; Windley
t al., 2007). The collision of the Tarim Craton and Alai microconti-
ent with the Kazakh continent led to the formation of the South
ien Shan fold-and-thrust belt during Late Carboniferous (e.g. Biske
nd Seltmann, 2010). From the Late Permian to the Early Mesozoic
imes, during the post-collisional evolution, the CAOB was affected
y transcurrent tectonics along major ENE and NW striking strike-
lip faults (Fig. 1) (e.g. Allen and Vincent, 1997; Laurent-Charvet

t al., 2003; Wang et al., 2009, 2010). In the Tien Shan range,
he largest of these faults, the Talas-Fergana fault (TFF), cross-
uts the south-western Kazahkstan and western Kyrgyzstan for
ver 2000 km (Burtman, 1964, 1980). The TFF was  initiated in Late
and the southern Kazakhstan (late Mesozoic and Cenozoic cover removed) (modified
lts names: TFF – Talas–Fergana, NNF – North Nuratau, DNF – Djalair-Naiman, NL –

Carboniferous and Permian times and was reactivated several times
(Konopelko et al., 2013; Rolland et al., 2013 and references therein).
It is currently reactivated due to the India-Asia collision since at
least 10 Ma.  Consequently, the structures formed prior to the fault
activation, especially the South Tien Shan suture (STSs), between
Middle Tien Shan and South Tien Shan, are offset on both sides of the
fault (Fig. 1). It is therefore difficult to reconstruct the pre-Permian
evolution of the Tien Shan and more particularly the last collisional
event leading to the STSs formation.
To the east of the TFF, HP rocks are exposed along the STSs in the
Atbashi range and in Chinese Western Tien Shan (Bakirov, 1978;
Bakirov and Kotov, 1988; Tagiri et al., 1995; Gao and Klemd, 2003;
Simonov et al., 2008; Hegner et al., 2010; Tian & Wei, 2013; Loury
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t al., 2015). Petrological and geochronological data available for
hese rocks show a coherent Late Carboniferous P–T evolution with
P peak ranging from ca. 330–340 Ma  in the east (Kekesu river,
hina) to ca. 320 Ma  in the west (Atbashi range, Kyrgyzstan) and
xhumation at the surface at ca. 300 Ma  (e.g. Simonov et al., 2008;
egner et al., 2010; Wang et al., 2010; Tian and Wei, 2013; Liu et al.,
014).

To the west of the TFF, relicts of oceanic rocks, such as serpen-
inites or gabbros, are exposed along the STSs (Burtman, 1975;
hristov and Mikolaichuk, 1983; Tursungaziev and Petrov, 2008;
lexeiev et al., 2015a,b). In this area there are no preserved HP
ocks (similar to the eclogites found to the east of the TFF) exposed
long the STSs. However, relicts of HP rocks are suspected in the
hatkal range (Bakirov et al., 2003), tens of kilometers west of the
TSs (Fig. 1). However, only few structural data are available and the
–T–t history of such HP rocks remains unknown. The geodynamic
istory of this range is difficult to decipher as geochronological
ata for surrounding rocks are scarce and controversy (Bakirov
t al., 1996; Rojas-Agramonte et al., 2014). In this study we provide
ew data on garnet amphibolite of the Chatkal range, which have
een identified as strongly retrogressed eclogite. As they under-
ent subduction before collision their metamorphic history brings

nsights for the subduction and the following collision history of
he Middle and the South Tien Shan blocks. To decipher the P–T
ath of these retrogressed HP rocks we used a micro-mapping
pproach which is particularly relevant for this kind of texturally
omplex rocks (Lanari et al., 2013). We  obtained a P–T path from
he HP peak to the late exhumation stages. This study was  comple-

ented by allanite U–Pb in situ LA-ICPMS dating to constrain the
iming of the HP stage corresponding to the onset of exhumation.
he obtained petrological and geochronological data can be com-
ined to obtain a P–T–t path for the HP rocks of the Chatkal range.
hese new petrochronological data improve our understanding of
he Chatkal range in the context of the CAOB and provide sig-
ificant constraints for lateral correlations on both sides of the
FF.

. Geological setting

.1. General framework

The Tien Shan range constitutes the southwestern part of the
AOB (Fig. 1). It extends for 2500 km from Uzbekistan to the Xin-

iang Province in western China. In Kyrgyzstan, the Tien Shan range
s divided into three parts: the North Tien Shan (NTS), the Mid-
le Tien Shan (MTS) and the South Tien Shan (STS) (Fig. 1). The
TS is made of two domains: the Kokchetav-North Tien Shan and

he Karatau-Talas domain. The Kokchetav-North Tien Shan con-
ists of Precambrian continental fragments, early Paleozoic island
rcs, ophiolites and HP metamorphic complexes that were amal-
amated prior to the Middle Ordovician (Mikolaichuk et al., 1997;
aksumova et al., 2001; Ghes, 2008; Alexeiev et al., 2011; Kröner

t al., 2012). During Middle Ordovician to Early Silurian, this domain
as intruded by a large volume of granitoids firstly in a continental

rc setting and then in a collisional setting (Mikolaichuk et al., 1997;
aksumova et al., 2001; Konopelko et al., 2008; Degtyarev, 2012;
e Grave et al., 2012; Kröner et al., 2014). The Karatau-Talas domain

s mainly made of unmetamorphosed shallow marine and conti-
ental sediments of Neoproterozoic age, Cambrian to Ordovician
arbonates, and of low-grade turbidites and shales probably Cam-
rian to Ordovician in age (Maksumova et al., 2001; Ghes, 2008;

ursungaziev and Petrov, 2008). The origin of the Karatau-Talas
omain is debated: it could represent either the marginal part of
he MTS  (Kröner et al., 2013) or a microcontinent, between KNT and

TS  (Maksumova et al., 2001).
namics 96 (2016) 62–80

The MTS  represents the southern part of a 2000 km long Precam-
brian microcontinent, called the Ishim-Middle Tien Shan, which
extends to the western part of northern Kazakhstan (Avdeev and
Kovalev, 1989). It was accreted to the NTS during the Early Ordovi-
cian following the closure of the Terksey Ocean (Lomize et al., 1997;
Mikolaichuk et al., 1997; Burtman, 2006). Detrital zircon ages sug-
gest that the MTS  was rifted from the Tarim, which itself derived
from the northern margin of Gondwana (Rojas-Agramonte et al.,
2014). The oldest rocks are gneisses and amphibolites exposed in
the Kuilyu complex and dated at 2.4–1.8 Ga (Kiselev et al., 1993;
Bakirov and Maksumova, 2001; Maksumova et al., 2001; Glorie
et al., 2011). This basement is overlain by Neoproterozoic to Middle
Ordovician sedimentary series, similar to those of the Tarim craton
(Eganov and Sovetov, 1979; Osmonbetov, 1982; Maksumova et al.,
2001; Tursungaziev & Petrov, 2008). From the Late Ordovician to
the Upper Carboniferous, thick sedimentary series mainly made of
carbonates were deposited (e.g. Maksumova et al., 2001; Alexeiev
et al., 2015a,b). In the Chatkal range, the southwestern part of the
MTS is characterized by arc-related magmatic rocks cross-cutting
this sedimentary cover and by a metamorphic complex (e.g. Biske,
1996; Seliverstov and Ghes, 2001; Filippova et al., 2001; Bakirov
et al., 2003; Alexeiev et al., 2009a; Seltmann et al., 2011).

The STS is a fold-and-thrust belt formed during the Late Paleo-
zoic. It is mainly composed of Silurian to Late Paleozoic marine
deposits as well as oceanic and continental eclogites and ophiolites
exhumed along top-to-the-north thrusts (Bakirov, 1978; Bakirov
and Kotov, 1988; Loury et al., 2015; Jourdon et al., this volume).
The STS resulted from the Late Carboniferous collision of the early
Paleozoic Kazakhstan microcontinent to the north with the Alai
block and Tarim craton to the south-west and south-east respec-
tively (e.g. Biske, 1995, 1996; Filippova et al., 2001). The polarity
of the subduction leading to this collision is debated: either south-
directed (e.g. Wang et al., 2008; Charvet et al., 2011; Loury et al.,
2015) or north-directed (e.g. Windley et al., 1990; Biske, 1996;
Makarov et al., 2010). Another model, with two antithetic subduc-
tions under the Kazakhstan microcontinent and under the Tarim,
is also proposed (Ge et al., 2012; Alexeiev et al., 2015a,b; Jourdon
et al., this volume).

In western Kyrgyzstan, the Tien Shan range is cross-cut by the
2000 km long NW striking TFF. This fault is still active and has a
long and complex history. Although the apparent slip is dextral
(Fig. 1), some evidence for left-lateral displacement during the ear-
liest phases of deformation is also documented (Galitskiy, 1967;
Allen et al., 2001; Alexeiev et al., 2009a). The maximum total offset
along this fault from its activation during the Late Carboniferous
(c.a. 312 Ma,  Rolland et al., 2013) to its current activity is of about
200 km (Burtman, 1964, 1980). The TFF seems to represent a major
discontinuity between east and west Tien Shan as suggested by
the distribution of arc magmatism in the MTS: to the west, in the
Chatkal Range, a magmatic arc is well-developed whereas to the
east the MTS  is characterized by a lack of arc magmatism (Fig. 1,
Tursungaziev & Petrov, 2008).

2.2. The Chatkal range

The Chatkal Range lies in the MTS  to the west of the TFF and to
the north of the Fergana basin (Fig. 1). The range is thrusted toward
the south upon the Fergana basin along a Cenozoic thrust. The
Chatkal Range is mainly made of Upper Paleozoic sediments and
metamorphic rocks intruded by Carboniferous arc-related granites
and granodiorites (Fig. 2).

During the Silurian, Early and Middle Devonian and during

the Pennsylvanian, short-lived arcs evolved in the Chatkal and
adjacent areas east of the Talas-Fergana Fault (e.g. Biske, 1996;
Seliverstov and Ghes, 2001; Filippova et al., 2001; Alexeiev et al.,
2009a; Seltmann et al., 2011) whilst, from the Givetian to the Late



C. Loury et al. / Journal of Geodynamics 96 (2016) 62–80 65

F  and lo
a atkal 

M
s
e

f

e
a
t
c

i
6
a

4
s
a
fl
T
z
t
a
p
T
a
c

w
u
S

t
p

ig. 2. (a) Geological map of the Chatkal range (modified after Bakirov et al., 2003)
re  the name of unit after Bakirov et al., 2003. (b) Schematic cross-section of the Ch

ississippian, the area represented a passive margin of the Kazakh-
tan continent (Maksumova et al., 2001; Cook et al., 2002; Alexeiev
t al., 2015a,b).

The metamorphic rocks of the Chatkal Range are divided into
our units described as follows by Bakirov et al. (2003):

The Shaldyr unit is made of schists, gneisses and amphibolites
xposed in the core of an anticline. The amphibolites occur as lenses
nd could contain eclogite facies mineral relics. This unit is thought
o be Archean in age (Bakirov et al., 2003) and thus to constitute the
ontinental basement.

The Tereksai formation lies upon the Shaldyr unit along a sed-
mentary unconformity (Turbin, 1962). This formation is made of
00 m thick marbles with rare lenses of quartzite, which were prob-
bly deposited in a passive margin setting.

The Tereksai unit is overthrusted by the Semizsai unit. It is a
000 m thick unit made of mafic and ultramafic rocks, metapelitic
chists and migmatites. Bakirov et al. (2003) interpreted this unit as

 metamorphosed ophiolitic sequence reflecting an ancient ocean
oor despite the alkaline chemical signature of the metabasites.
he migmatites were initially dated at 1920 ± 20 Ma by U–Pb on
ircon (Bakirov et al., 1996). However new U–Pb data on detri-
al zircon grains in a volcanic-derived schist of this unit yield an
ge of 460.6 ± 1.4 Ma  which constrains the maximum age of the
rotolith to the Middle Ordovician (Rojas-Agramonte et al., 2014).
hese authors ascribed this volcano-sedimentary unit to volcanic
rc activity in this part of the MTS  at the end of the Middle Ordovi-
ian.

Finally, the Semizsai unit is overlain by the Ishtanberdy unit,
hich is made of low- to medium-grade schists. The base of this
nit is made of conglomerates containing pebbles of the underlying

emizsai unit (Bakirov et al., 2003).

As geochronological and petrological data are scarce and con-
roversial, the geodynamic evolution of the Chatkal range remains
oorly constrained, especially the tectonic significance of the
cation of samples cited in the text. Location of the map  in Fig. 1. Gray italic names
range.

presence of the metamorphic rocks. This study aims to provide new
structural, geochemical, petrological and geochronological data for
the metamorphic rocks of the Chatkal range, especially for the HP
relicts of the Shaldyr unit, in order to better understand the geody-
namic history of the range.

3. Structure and geochemistry of geological units

3.1. Results of structural and geochemical analysis

Based on previous work (Bakirov et al., 2003), field inves-
tigations were carried out and provided new structural data.
Representative rocks of each unit were sampled in order to obtain
petrological and geochemical data to characterize these units. Fresh
samples were crushed and powdered in an agate mill. Bulk-rock
analyses were performed at the CRPG of Nancy following the pro-
cedure of Carignan et al. (2001). Major-element concentrations
were obtained by ICP-OES analyses. The analytical uncertainties are
lower than 1% for SiO2 and Al2O3, 2% for Fe2O3, MgO  and CaO, 5%
for MnO, K2O, Na2O and TiO2, and 10% for and P2O5. Trace-element
concentrations were obtained by ICP-MS analyses. The analytical
uncertainties are lower than 5% except for Th, Pb, Zr, Hf and Tm
(<10%) and U and Ta (<15%). Results are presented in Table 1 and
Fig. 4.

The results lead to revise the geological map and the geodynamic
significance of the Chatkal units as follows (Fig. 2):

The lower unit, referred as the Shaldyr unit by Bakirov et al.
(2003), crops out in the core of a WNW-ESE trending anticline
(Fig. 3a). It is made of pelitic schists containing quartz, white

and black micas, feldspar and millimeter-scale garnet. These
schists are strongly foliated in a WNW-ESE direction. Micaschists
contain stretched boudins of garnet amphibolites. They contain
garnet with amphibole corona and plagioclase, which is typical of
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Fig. 3. Field photographs of the studied area. (a) Westward view of an anticline structure with micaschists containing garnet amphibolites lenses in the core. (b) Contact
between micaschists (light gray) and a garnet amphibolite lens (dark gray). The lens is pluri-metric in size and is stretched in the lineation strike. (c) Contact between
greenschist, in the border of the micaschist/garnet amphibolite unit, and marble showing top north thrusting shearing criteria. (d) Sample of garnet amphibolite (KG-12-16)
mainly  made of garnet (brownish), and amphibole/diopside/plagioclase symplectite (green, see also Fig. 5d and e). (e) Alternation of amphibolitic (dark) and quartzo-feldspatic
( m. Ev
b interp
w

light)  layers in the volcano-sedimentary unit indicating a bimodal source volcanis
iotite, muscovite, garnet and staurolite typical of a Barrovian metamorphism. (For 

eb  version of this article.)

retrogressed eclogites (Fig. 3b and d). Lenses are about 10 m in
width and are several decameters in length. The contact of this
unit with the overlying marbles is underlined by a greenschist
facies high strain shear zone. Shear criteria at the contact sug-
gest a top-to-the-north sense of shear (Fig. 3c). It indicates that if
the initial contact was an unconformity, as suggested by Bakirov
et al. (2003), it has been later reactivated as a thrust. The marbles,
i.e. the Tereksai formation of Bakirov et al. (2003), are folded in
the same WNW-ESE anticline fold as the micaschists. Whole rock
geochemical analyses of garnet amphibolites indicate an alkaline

composition (Table 1). Total alkali versus silica diagram (Fig. 4a)
suggests that the protolith of these metabasites is an alkaline
basalt, with 43–48% of SiO2, 10–18% of Fe2O3 and 2–4% of TiO2.
The spider-diagram of garnet amphibolite suggests an OIB-like
idences of migmatization are seen in the top-left corner. (f) Micaschist containing
retation of the references to color in this figure legend, the reader is referred to the

composition with very high concentration in Light Rare Earth
Elements (LREEs) and lithophile Elements (LILEs), and a rel-
ative depletion in Heavy Rare Earth Elements (HREEs) with
[(La/Yb)N = 5.97–6.09] (Fig. 4b).
The volcano-sedimentary unit or Semizsai unit (Bakirov et al., 2003)
is made of an alternation of amphibolites, micaschists and lep-
tynites. In some places, the schists are migmatized. This unit
does not represent a full ophiolite sequence. In contrast, alter-
nations of feldspar-rich leptynites with more mafic metric layers
composed of amphibole and plagioclase could correspond to a vol-

canic environment with a bimodal source. These volcanic layers
alternate with detrital layers of mica-rich metasediments. Such
volcano-sedimentary deposits may suggest a volcanic arc setting.
In addition, the chemical composition of the amphibolites is in
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Table  1
Chemical composition of garnet amphibolites (KG-12-13 and KG-12-16) and amphi-
bolites (KG-12-04 and KG-12-08) from the Chatkal range. La/Yb and Nb/Ce ratios are
normalized to primitive mantle compositions (Sun and McDonough, 1989). Samples
are  located in Fig. 2.

Garnet amphibolite Amphibolite

KG-12-13 KG-12-16 KG-12-04 KG-12-08

Major elements (ox. wt%)
SiO2 44.57 44.98 57.62 44.49
Al2O3 13.21 14.085 17.59 18.178
Fe2O3 17.345 9.81 6.913 12.347
MnO  0.29 0.1721 0.1385 0.1722
MgO  6.683 7.274 2.552 7.544
CaO  9.654 12.838 8.416 8.527
Na2O 2.969 3.531 3.38 2.814
K2O 0.219 0.645 0.652 0.983
TiO2 3.557 1.891 0.537 1.225
P2O5 0.66 0.17 0.18 0.42
PF  −0.03 3.44 1.11 2.02
Total 99.13 98.83 99.08 98.72

Trace elements (ppm)
Cs 0.16 0.34 0.51 0.77
Rb 5.60 8.73 18.43 32.25
Ba  235.70 134.10 154.10 249.00
Th  1.99 1.53 4.75 0.33
U  0.62 0.47 1.28 0.20
Nb  26.21 15.17 3.37 3.60
Ta  2.09 0.95 0.27 0.25
La  23.99 18.32 14.85 10.60
Ce  52.06 39.48 29.53 24.83
Pb  3.86 3.33 13.55 1.67
Pr  6.50 4.91 3.39 3.52
Sr  203.40 799.80 479.80 563.40
Nd  30.76 22.94 14.42 17.99
Zr 198.50 143.00 93.85 42.21
Hf  4.71 3.58 2.35 1.17
Sm  7.34 5.44 3.06 4.50
Eu  2.55 2.03 0.90 1.38
Gd  7.72 5.60 2.72 4.53
Tb  1.18 0.85 0.40 0.65
Dy  6.77 5.07 2.38 3.74
Y  34.86 28.47 14.07 19.55
Ho  1.27 0.97 0.48 0.71
Er  3.30 2.61 1.39 1.92
Tm  0.44 0.35 0.21 0.26
Yb  2.83 2.20 1.43 1.64
Lu  0.42 0.31 0.23 0.25
La/Yb 6.09 5.97 7.46 4.63

i
d
t
r

Nb/Ce 1.25 0.96 0.28 0.36

agreement with a volcanic arc setting. Total alkali-silica diagram
suggests that the protoliths were basaltic to andesitic in compo-
sition (45% < SiO2 < 58%), which is consistent with a calc-alkaline
magmatic affinity (Fig. 4a). Spider diagrams show clear negative
Nb-Ta anomalies [(Nb/Ce)N = 0.28–0.36] associated with strong
LILEs and LREEs enrichments [(La/Yb)N = 4.63–7.46], which is a
typical signature for volcanic arc magmas (e.g. Pearce and Peate,
1995).
The uppermost unit, referred to as the Ishtanberdy unit (Bakirov
et al., 2003), is made of micaschists containing various propor-
tions of quartz, plagioclase, biotite, muscovite, chlorite, garnet
and staurolite. This mineralogy indicates a typical Barrovian
type metamorphism linked to a collisional context (e.g., Brown,
1993).
Following these results, the garnet amphibolites lenses wrapped
n the micaschists from the HP unit are excellent targets for a
etailed petrological and geochronological investigation as they are
he unique lithology to preserve both subduction- and collision-
elated metamorphic imprints.
namics 96 (2016) 62–80 67

3.2. Garnet amphibolite description

As described above, the garnet amphibolites crop out as boudins
in a micaschist matrix and have a typical texture of retrogressed
eclogites. The degree of retrogression varies depending on the
samples. The most retrogressed samples contain millimeter-scale
plagioclase and green amphibole, garnet with strongly irregular
rims, quartz, ilmenite, rutile and local occurrences of clinozoisite.
No clinopyroxene was  found. Transitional samples contain plagio-
clase and green amphibole in a first symplectite and clinopyroxene,
amphibole and plagioclase associated in a second finer symplec-
tite. Others minerals are garnet, K-feldspar, quartz, rutile, ilmenite
and clinozoisite (Fig. 5a–c). The well-preserved samples exhibit fine
symplectites of clinopyroxene and plagioclase around garnet, cli-
nozoisite and rutile porphyroblasts. Garnet is surrounded by a thin
corona of green amphibole (Fig. 5d and e).

Two  samples were chosen for further investigations: in the
well-preserved samples, the small size of the symplectite makes it
difficult to perform accurate microprobe analysis, especially micro-
mapping. Consequently they are not the best suited for petrologic
study despite being the best preserved. However, in one of these
samples (sample KG-12-16), allanite was  found in the core of cli-
nozoisite porphyroblasts (Sample KG-12-16, Fig. 5f). Allanite is a
rare earth element rich end-member of the epidote solid solution
series: [Ca,REE,Th]2[Fe,Al]3Si3O12[OH]. It can be dated by in situ
U–Pb geochronology and linked to P–T conditions based on textu-
ral associations with rock-forming minerals in order to obtain P–T–t
paths (e.g. Janots et al., 2009; Cenki-Tok et al., 2014). In the stud-
ied rocks, allanite contains omphacite inclusions suggesting that it
is a HP phase. A transitional sample with thicker symplectite was
chosen for petrologic and thermobarometric investigations (sam-
ple KG-12-13). This kind of sample is well suited to decipher the
P–T path of the garnet amphibolites as they contain relicts of the HP
paragenesis and also minerals of the retrogression stages. Samples
are localized on Fig. 2.

4. P–T estimates for garnet amphibolites

4.1. Mineral compositions

X-ray maps have been acquired in order to measure the min-
eral compositions in two dimensions, to constrain the relationships
of the different phases and to decipher the P–T path of gar-
net amphibolites. A JEOL JXA-8230 electron probe micro-analyzer
at ISTerre laboratory (Grenoble, France) was used to acquire X-
ray compositional maps and the spot analyses required for the
analytical standardization of the images following the procedure
of De Andrade (2006). Analytical conditions for mapping were
15 keV accelerating voltage and 100 nA specimen current. The
conditions for spot analyses were 15 keV accelerating voltage
and 12 nA specimen current. The maps of 135,000 pixels with
1 �m step size cover an area of 300 �m*450 �m (Fig. 5c). Dwell
times were set at 100 ms  per pixel. These X-ray maps were pro-
cessed using the program XMapTools 1.6.5 (Lanari et al., 2014).
Each pixel is assigned to a mineral phase (classification) and
then the raw X-ray map  is standardized using the spot analy-
ses as internal standards. The intensity maps are converted into
maps of weight-percentage composition for each oxide. Then
structural formulae maps were calculated on the basis of 12
oxygen for garnet, 6 for clinopyroxene, 23 for amphibole and
8 for feldspar. Fe3+ contents were estimated using the method

of Holland and Blundy (1994) for amphibole and using the
acmite end-member proportion for clinopyroxene and charge-
balance. All Fe in garnet is assumed to be Fe2+ (as suggested by
charge balance computations). Representative analyses of garnet,
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Fig. 4. (a) Total alkali-silica diagram interpreted in terms of protoliths for the garnet amphibolites (open and black circles) and amphibolites (triangles). (b) Spider diagram
o hibolites in lenses in micaschists. They have an intraplate composition characterized by
e n is shown (Sun and McDonough, 1989). Open and black triangles are for amphibolites
f  context magmas.
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Table 3
Representative electron microprobe chemical analyses (in oxide wt%) and structural
formulae (in pfu) for clinopyroxene in symplectite in the KG-12-13 sample and for
clinopyroxene included in clinozoisite, allanite and garnet in KG-12-16 sample.

KG-12-13 KG-12-16

Cpx in symplectite Cpx included in czo and all Cpx included in grt

Clinopyroxene
SiO2 52.87 55.59 54.79
Al2O3 5.29 9.28 7.37
FeO 8.61 5.58 10.78
MnO  0.11 0.01 0.04
MgO  10.40 8.60 7.36
CaO  17.93 13.90 13.42
Na2O 3.31 6.81 6.78
K2O 0.01 0.00 0.00

Atoms site distribution (6 anhydrous-oxygen basis)
f  studied samples (located on Fig. 2). Open and black circles are for the garnet amp
nrichment in LREE and depletion in HREE. For comparison, typical OIB compositio
rom  the volcano-sedimentary unit. The depletion in Nb–Ta is typical of subduction

linopyroxene, feldspar and amphibole are reported in Tables 2–5,
espectively.

The sample chosen for thermobarometry (KG-12-13) has an
ntermediate degree of retrogression to properly decipher the
ample history from HP to low-P. It is a fined-grained garnet amphi-
olite mainly made of garnet (20 vol.%), clinopyroxene-plagioclase-
mphibole symplectite (44 vol.%), amphibole-plagioclase sym-
lectite (34 vol.%), ilmenite and rutile (∼2 vol.%) (Fig. 5a).
arnet occurs as 0.3–0.5 mm large anhedral grains and con-

ains inclusions of green amphibole, clinozoisite and rutile
Fig. 5b). Garnet has a homogeneous almandine-rich composi-
ion (Alm66–69–Grs21–23–Pyr08–09–Sps00–01) (Fig. 6a and b). The rim
hows a slightly different composition (Alm65–Grs24–Pyr09–Sps01)
ut this is more likely due to diffusion along fractures rather
han to a growth compositional zoning. Rutile included in gar-

et suggests that it is a HP phase. No omphacite was found in
his rock, thus garnet is the only remaining HP phase. A first fine
ymplectite (symplectite 1) (lamellae of 10–15 �m)  is made of

able 2
epresentative electron microprobe chemical analyses (in oxide wt%) and structural

ormulae (in pfu) for garnet in KG-12-13 and KG-12-16 samples.

KG-12-13 KG-12-16

Garnet
SiO2 37.57 38.15
Al2O3 21.27 22.10
FeO  29.51 30.61
MnO  0.55 0.35
MgO  2.29 2.37
CaO  8.06 7.98
Na2O 0.01 0.06
K2O 0.04 0.00

Atoms site distribution (12 anhydrous-oxygen basis)
Si(O/T) 3.01 2.98
Al(Y) 1.99 2.03
Fe(X) 1.98 2.00
Mg(X) 0.26 0.28
Mn(X) 0.00 0.02
Ca(X) 0.69 0.67
XFe  0.68 0.67
XMg 0.09 0.09
XMn 0.00 0.01
XCa  0.24 0.23

Si(T1) 1.97 2.00 2.00
Al(T1) 0.03 0.00 0.00
Al(M1) 0.16 0.39 0.32
Mg(M1) 0.61 0.46 0.40
Fe(M1) 0.28 0.15 0.14
Ca(M2) 0.76 0.54 0.53
Na(M2) 0.18 0.48 0.48
XMg  0.68 0.75 0.74

Table 4
Representative electron microprobe chemical analyses (in oxide wt%) and structural
formulae (in pfu) for plagioclase in KG-12-13 sample.

Albite Orthoclase

Feldspar
SiO2 62.92 58.12
Al2O3 17.6 18.04
FeO 1.8 1.93
MnO  0.03 0.02
MgO  0.18 0.1
CaO  2.93 0.44
Na2O 9.98 0.55
K2O 0.04 12.42

Atoms site distribution (8 anhydrous-oxygen basis)
Si(T) 2.95 2.9
Al(T) 0.98 1.06
Na(M1) 0.97 0.06
Ca(M1) 0.03 0.02
K(M1) 0 0.89
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Fig. 5. Photomicrographs of studied retrogressed eclogites (garnet amphibolite) studied samples. (a–c) Sample KG-12-13: intermediate degree of retrogression. (a) Garnet
and  symplectites in plane polarized light. Garnet is strongly retrogressed, with irregular rims. Two  types of symplectites can be distinguished: amphibole and albite (small
green  and white grains, Sympl. 1), and diopside, albite and amphibole (dark areas, Sympl. 2). (b) Back-scattered-electron (BSE) image of a garnet with clinozoisite, amphibole
and  rutile inclusions. The two types of symplectites (Sympl. 1 and 2) are visible around the garnet. (c) BSE image of the selected area for micro-mapping (black frame)
with  garnet and the two types of symplectites. (d–f) Sample KG-12-16: less retrogressed sample. (d) Microphotography in plane polarized light. The dark green matrix is
constituted by a very fine-grained symplectite of clinopyroxene and albite. Garnet and clinozoisite occur as porphyroblasts. Garnet is surrounded by a green amphibole
corona. Allanite is found in the core of clinozoisite (dark brown). (e) BSE image of a garnet, its surrounding green amphibole corona and the clinopyroxene-albite symplectite.
Omphacite with high jadeite content is included in garnet. (f) BSE image of an allanite (highly reflective) in the core of a clinozoisite. Both the allanite and the clinozoisite
contain omphacite inclusions with high jadeite contents (Jd36) suggesting that they are HP phases. (For interpretation of the references to color in this figure legend, the
reader  is referred to the web  version of this article.)
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Fig. 6. Mineral compositions of garnet amphibolite (see Section 5.2 for data for KG-12-16 sample). See Tables 2–5 for representative analysis of garnet, clinopyroxene,
albite  and amphibole, respectively. (a) Map  of almandine, grossular and pyrope content of garnet of the KG-12-13 sample. The composition is rather homogeneous with
a  slightly different rim probably due to diffusion. (b) Triangular diagram almandine-pyrope-hedenbergite showing the composition of garnet of the KG-12-13 (red points)
a 13 sam
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nd  KG-12-16 samples (black points). (c) Composition of amphibole of the KG-12-
adeite-hedenbergite showing the composition of clinopyroxene in the first sympl
nd  allanite (blacks points) and garnet (gray points) of the KG-12-16 sample. (For i
eb  version of this article.)

linopyroxene, amphibole and plagioclase (Fig. 5c). Clinopyroxene

as a diopside composition (Di61–70–Jd7–18–Hd22–30) with jadeite
ontent decreasing from the core toward the rim (Jd18→7) (Fig. 6c).
lagioclase has a homogeneous and nearly pure albitic composition
Ab94–98). Amphibole is pale green and has a magnesio-hornblende

able 5
epresentative electron microprobe chemical analyses (in oxide wt%) and structural

ormulae (in pfu) for amphibole in KG-12-13 sample.

Amphibole

SiO2 44.23
Al2O3 10.65
FeO 16.75
MnO  0.14
MgO  10.33
CaO 10.17
Na2O 2.29
K2O 0.25

Atoms site distribution (23 anhydrous-oxygen basis)
Si(T1) 4
Si(T2) 2.92
Al(T2) 1.06
Al(M2) 0.45
Mg(M2) 0.85
Fe(M2) 0.68
Mg(M13) 1.74
Fe(M13) 1.38
Ca(M4) 1.82
Na(M4) 0.18
Na(A) 0.4
Vac(A) 0.6
XMg 0.55
XFe 0.44
ple following the classification of Leake (1978). (d) Triangular diagram diopside-
 of the KG-12-13 sample (purple points) and of clinopyroxene included in epidote
etation of the references to color in this figure legend, the reader is referred to the

composition following the classification of Leake (1978). Minor Ti-
oxides occur in this symplectite such as rutile or ilmenite. A second
symplectite (symplectite 2), wider than the first one (lamellae of
20–40 �m),  is made of amphibole and plagioclase (Fig. 5c) without
any clinopyroxene. Amphibole has a similar magnesio-hornblende
composition as the one of symplectite 1 and plagioclase has also a
nearly pure albitic composition (Ab94–98). Amphibole nearby garnet
has a different chemical composition with higher Al (∼3.0 pfu) and
Fe (∼2.5 pfu) contents indicating a chemical interaction with the
garnet (Fig. 7a and b). Consequently, for the following thermobaro-
metric calculations implying amphibole, only the compositions of
amphibole “away” from the garnet were taken into account as those
close to the garnet may  have been strongly affected by the interac-
tions with it. Based on the textural relationships, the two different
symplectites may  thus represent two stages of retrogression. Sym-
plectite 1, with preserved clinopyroxene, was  probably formed
during early stages of exhumation while symplectite 2, without
clinopyroxene, may  have formed at a later stage. Thus, the gar-
net and the two  symplectites represent three different assemblages
corresponding to distinct stages along the P–T path. The composi-
tional maps also highlighted a K-feldspar corona around the garnet
(Fig. 5c). Although K-Feldspar is rare in mafic lithologies, it might
have crystallized here because of a local excess of potassium due
to the alkaline composition of that rock.
4.2. Thermobarometry

In order to reconstruct the P–T path of the garnet amphibo-
lite, rock-specific equilibrium phase diagrams (elsewhere called
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Fig. 7. Compositional maps of amphibole compared with temperature and pressure maps. Gray area represents the present garnet. White dashed line represents the supposed
initial  border of garnet. Map of total iron (a) and aluminum (b) contents in amphibole. Fe and Al contents strongly increase toward the garnet (shaded gray area) suggesting a
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hemical interaction between garnet and amphibole. (c) Temperature map  for amph
f  plagioclase. The temperature estimates in the area of chemical interaction betw
ressure map  for clinopyroxene obtained with the calibration of Waters (2002, 200

seudosection) and empirical and semi-empirical calculations
ere used. The P–T equilibrium phase diagram was  calculated
ith the Theriak-Domino software (De Capitani & Petrakakis, 2010)
sing the internally consistent thermodynamic data set of Berman
1988) and subsequent updates (JUN92.bs). The chemical system
onsidered was NCFMASHTO (Na2O, CaO, FeO, MgO, Al2O3, SiO2,
iO2, H2O, O). As K-feldspar is the only K-rich phase and only occurs
s the result of ultra-local equilibria, the system was  simplified by
xcluding K2O. The same simplification was done for MnO, which
as negligible amount in all measured phases. The solid solution
odels used were those of Berman (1988) in JUN92.bs except for

mphacite (Meyre et al., 1997), chlorite (Hunziker, 2003) and white
icas (Keller et al., 2005).
In a first step, the effective bulk composition used for phase

iagram calculation was supposed to be the bulk-rock composi-
ion measured by ICP-OES. However, the model did not match
he observations, especially concerning the garnet compositions.
herefore we used another composition based on mineral abun-
ance and their composition of each local assemblages (Warren &
aters, 2006; Lanari et al., 2013). The modal abundance of garnet

∼20%), fine symplectite (∼45%) and wide symplectite (∼35%) were
alculated by a thin-section optical image analysis and their com-
osition was calculated from the standardized X-ray map  using the
unction local effective bulk available in XMapTools. The obtained
ocal effective bulk composition was used for phase diagram calcu-
ation over a pressure range of 1–25 kbar and a temperature range

◦
f 350–600 C.
The equilibrium phase diagram is shown on Fig. 8. For

he metamorphic peak conditions, garnet composition iso-
leths were calculated to determine the P–T conditions of
 obtained with the calibration of Holland and Blundy (1994) with fixed composition
rnet and amphibole seem to be higher and are thus considered as no relevant. (d)
h fixed composition of amphibole and plagioclase.

their crystallization. The garnet composition observed on the
map  (Alm66–69–Grs21–23–Pyr08–09) is best modeled at 490 ◦C and
18.5 kbar (Alm71–Grs21–Pyr08). The corresponding stable assem-
blage at these conditions is garnet, omphacite, chlorite, rutile,
quartz, paragonite and H2O. However, only rutile was preserved
as inclusions in garnet.

During a first stage of retrogression, omphacite was retrogressed
into diopside, amphibole and plagioclase forming symplectite 1.
The temperature conditions for the crystallization of this symplec-
tite were estimated using the calibration of Holland and Blundy
(1994) based on the distribution of Na and Ca between plagioclase
and amphibole. Calculations were performed for each amphi-
bole pixel with a fixed plagioclase composition determined from
the map  (Ab97–An03). The obtained temperature is 560 ± 40 ◦C
(Fig. 7c). The higher temperatures (>620 ◦C) obtained at the garnet
rim are explained by the compositional variability in amphibole
caused by its chemical diffusion exchange with garnet. The pres-
sure was then estimated for the average temperature of 560 ◦C
using the calibration of Waters (2002, 2003) based on the reac-
tion jadeite + tremolite = albite + edenite. Activities of involved end
members were calculated following the models of Dale et al. (2000)
for amphibole and Holland (1990) for clinopyroxene and were con-
sidered as ideal for plagioclase. Calculations were performed for
each clinopyroxene pixel with a fixed plagioclase and amphibole
compositions determined from the map  (details in Lanari et al.,
2013). Pressure estimates range from 11 to 8 kbar from clinopy-

roxene core to rim (Fig. 7d). In complement, the isopleths of jadeite
content in clinopyroxene were modeled in the P–T section (Fig. 8).
The jadeite content of clinopyroxene varies from 0.19 to 0.09 at
11 and 8 kbar, respectively. This result is in line with observations
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Fig. 8. Pseudosection calculated in the NCFMASHTO system using the Theriak-Domino software (De Capitani & Petrakakis, 2010) from the effective composition: Si(0.823)
Al(0.249) Fe(0.192) Mg(0.172) Ca(0.181) Na(0.130) Ti(0.007) H(0.25) O(?). The numbered gray areas represent P–T estimates for the three paragenesis represented on the
right  (only the phases used for P–T estimations are shown): 1-garnet, 2-clinopyroxene-amphibole-plagioclase symplectite, 3-amphibole-plagioclase symplectite (P conditions
are  not constrained directly). The obtained P–T path is drawn in bold black line. Pyrope and grossular content in garnet and jadeite content in clinopyroxene isopleths are
represented in red, blue and green dashed lines, respectively. Feldspar-in and garnet-out reactions are shown in light blue and red solid lines, respectively. Numbered fields:
1-Grt  Omp  Chl Lws Rt Coe Gln, 2-Grt Omp  Chl Lws  Rt Qz H2O, 3-Grt Omp  Rt Tlc Qz H2O, 4-Grt Omp  Cld Lws  Rt Qz, 5-Grt Opx Omp  Gln Rt Qz H2O, 6-Omp Chl Cld Ilm Rt Gln,
7-Grt  Omp  Chl Qz Pg Ilm, 8-Grt Opx Amp  Omp  Rt Qz H2O, 9-Grt Fsp Opx Amp  Omp  Rt Qz H2O, 10-Grt Fsp Omp  Chl Qz Ilm H2O, 11- Fsp Grt Omp  Opx Chl Amp  Ilm H2O, 12-Fsp
Grt  Omp  Opx Amp  Ilm H2O, 13-Fsp Grt Omp  Amp  Ilm H2O, 14-Grt Omp  Chl Ilm Pg Gln, 15-Grt Fsp Omp  Chl Ilm Qz Pg Gln, 16-Grt Fsp Omp Chl Ilm Pg Gln, 17-Fsp Omp  Opx Chl
Amp  Ol Ilm, 18-Fsp Omp  Chl Amp  Fprg Ol Ilm H2O, 19-Fsp Omp  Opx Amp  Ol Ilm H2O. Abbreviations used are after Whitney and Evans (2010): Amp-amphibole, Chl-chlorite,
C -garn
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ld-chloritoid, Coe-coesite, Fprg-fero-pargasite, Fsp-feldpar, Gln-glaucophane, Grt
g-paragonite, Qz-quartz, Rt-rutile. (For interpretation of the references to color in

Jd18→7 from core to rim) and with the pressure estimates from the
alibration of Waters (2002, 2003).

Symplectite 2 was formed during a second stage of retrogres-
ion. The absence of clinopyroxene in this symplectite prevents
he estimation of pressure using the calibration of Waters (2002,
003). However the temperature can also be estimated with the
alibration of Holland and Blundy (1994). Similar to symplectite 1,
alculations were performed for each amphibole pixel with a fixed
lagioclase composition (Ab97–An03). The estimated temperatures
f 560 ± 30 ◦C, are similar to those obtained for amphibole of sym-
lectite 1. The pressure cannot be directly estimated. However, the
im of amphibole 2 (Fetot = 2.3, Altot = 1.8) is slightly enriched in
e and Al compared to its core (Fetot = 1.9, Altot = 1.2, Fig. 7a and

). This suggests that the rim of amphibole 2 crystallized during
arnet breakdown, precisely when more Al and Fe are available,
hich corresponds to pressure lower than 7 kbar according to the

–T section (Fig. 8).
et, Ilm-ilmenite, Lws-lawsonite, Ol-olivine, Omp-omphacite, Opx-orthopyroxene,
gure legend, the reader is referred to the web  version of this article.)

5. Allanite dating

5.1. Methods

Allanite is a rare earth element (REE) rich end-member of
the epidote solid solution series ([Ca,REE,Th]2[Fe,Al]3Si3O12[OH]).
The mineral is key to the storage and mobility of REE, Th and U
(Hermann, 2002; Giere and Sorensen, 2004), and offers geochrono-
logical information that can be linked with physico-chemical
conditions (e.g., pressure, temperature conditions), based upon
petrological observations.

LA-ICPMS U–Pb dating of allanite was  performed in situ on ca.
100 �m thick thin sections. Allanite was analyzed at the University

of Montpellier 2 (Géosciences Montpellier, AETE regional facility)
using a Thermo-Finnigan Element XR sector field ICPMS (Ther-
moFisher Scientific, Germany and USA) coupled to a GeoLas Q+
CompEx-102 193 nm ArF excimer laser ablation system (Lambda
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Table  6
LA-ICPMS allanite isotopic data for garnet amphibolite sample KG-12-16 and for
reference material BONA.

Identifier Raster (�m) U238/Pb206 1 � perc Pb207/Pb206 1 � perc

ALLANITE KG12-16
hc 1 26*40 5.933 0.665 0.622 1.068
hc  2 26*40 5.436 0.669 0.645 1.067
hc  3 26*40 5.536 0.670 0.643 1.069
hc  4 26*40 4.652 0.693 0.675 1.084
hc  5 26*40 4.869 0.677 0.660 1.072
hc  6 26*40 3.876 0.674 0.695 1.065
hc 7 26*40 4.537 0.685 0.679 1.075
hc 8 26*40 3.682 0.685 0.720 1.071
hc  9 26*40 4.092 0.692 0.702 1.075
hc  10 26*40 5.244 0.687 0.646 1.074
hc  11 26*40 4.020 0.687 0.703 1.070
hc  12 26*40 4.319 0.713 0.707 1.086
hc  13 26*40 5.403 0.686 0.640 1.070
hc  14 26*40 5.195 0.691 0.665 1.071
hc  15 26*40 3.986 0.702 0.703 1.075
na 1 26*40 5.529 0.818 0.671 1.048
na  2 26*40 5.979 0.813 0.648 1.045
na  3 26*40 2.478 0.895 0.786 1.099
na  4 26*40 5.801 0.806 0.664 1.041
na  5 26*40 6.085 0.797 0.636 1.036
na  6 26*40 4.769 0.806 0.705 1.046
na  7 26*40 5.183 0.793 0.672 1.037
na 8 26*40 4.753 0.794 0.683 1.037
na  9 26*40 0.411 1.443 0.851 1.285
na  10 26*40 0.326 2.143 0.830 1.717
na  11 26*40 3.947 0.793 0.701 1.040
na  12 26*40 0.366 1.130 0.864 1.109
na 13 26*40 2.316 0.806 0.772 1.043
na  14 26*40 4.668 0.784 0.688 1.036
na 15 26*40 0.327 1.852 0.846 1.351
na  16 26*40 0.422 0.976 0.847 1.071
na  17 26*40 0.100 3.526 0.853 1.556
na  18 26*40 0.230 1.500 0.869 1.165
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of allanite included in garnet is on the same line as the allanites
included in clinozoisites (Fig. 9). Moreover, as the MSWD  is lower
than 3, from a statistical point of view we can assume that the
hysik, Germany). Analytical protocols and instrument conditions
ollowed those described in detail by Darling et al. (2012). Key
oints of the methodology are: (a) 40-�m long line-raster abla-
ion, in order to minimize time-dependent elemental fractionation;
b) external normalization of the 206Pb/238U ratios using the zircon
tandard 91500 (Wiedenbeck et al., 2004). The laser was gener-
lly operated at a repetition rate of 6 Hz, beam diameter of 26 �m
ith a density of c. 10 J/cm2. Each analysis was preceded by a
re-ablation of the surface using a beam diameter of 77 �m.  He
as used as a cell gas. The ThO+/Th+ ratio was  optimized to be

1.0%. The acquisition times for the background and the ablation
nterval amounted to about 15 and 45 s, respectively. Data were
educed using the Glitter program (Jackson et al., 2004). Intervals
f 30 s were selected in the signal and checked before the inte-
ration of time-resolved signals to avoid possible contamination
y mineral inclusions. As allanite is generally enriched in com-
on  Pb, Tera–Wasserburg diagrams (Tera and Wasserburg, 1972)
ere employed and generated by Isoplot version 3.41 (Ludwig,

003). Because we used a non-matrix-matching standard for allan-
te, accuracy of the results was monitored by several analyses of a
econdary reference material BONA (Gregory et al., 2007). During
he course of this study, analyses of the BONA reference mate-
ial yielded a Tera–Wasserburg regression age of 39.9 ± 5.3 Ma
MSWD  = 3.5), which is within uncertainties of reference values
see Darling et al., 2012). Common lead uncorrected 238U/206Pb and
07Pb/206Pb ratios obtained for the BONA allanite standard during
he past 2 years are 31.056 ± 1.074% and 0.691 ± 1.318% (n = 32),
espectively (Table 6).
Fig. 9. Tera–Wasserburg diagram for allanite grains (sample KG-12-16) dated in
situ  on thick sections by LA-ICPMS.

5.2. Age of the HP stage

The sample chosen for U-Pb geochronology (KG-12-16) is a very
fine-grained garnet amphibolite composed of a matrix made of
clinopyroxene-albite symplectite as well as garnet, clinozoisite and
Ti-oxides porphyroblasts. The clinopyroxene and albite symplectite
is very fine grained (5–10 �m).  Clinopyroxene has a diopside com-
position (Di79–Jd08–Hd11). In this matrix garnet and clinozoisite
occur as porphyroblasts. Garnet is 0.5–2 mm  in width and has
an almandine composition (Alm67–Grs23–Pyr09, Fig. 6b, Table 2).
It contains inclusions of green amphibole and omphacite with a
jadeite content ranging from 32 to 40% (Fig. 6d, Table 3). Gar-
net is surrounded by a green amphibole corona of 0.1–0.3 mm in
width. Clinozoisite occurs as porphyroblasts 1–2 mm in length and
0.5–1 mm in width. Allanite occurs in the core of clinozoisite crys-
tals and sometimes as inclusions in garnet (Fig. 5d and f). These are
brownish crystals, 50–80 �m long and 30–60 �m wide. Allanites
included in garnet are generally too small to be dated, thus only
one such allanites was analyzed. Both clinozoisite and allanite con-
tain omphacite inclusions with jadeite contents ranging from 30 to
40%.

Empirical thermobarometry was performed on this sample in
order to link geochronological data with the more detailed P–T esti-
mates obtained from the other sample. The garnet-clinopyroxene
thermometer of Ravna (2000) yields temperature ranging from 440
to 524 ◦C. A minimum pressure can be estimated from the reaction
albite = jadeite + quartz (Holland, 1983). In the absence of prograde
albite, the maximum jadeite content of omphacite included in
allanite and garnet of 40% indicates minimum pressure of 11 and
12 kbar at 440 and 525 ◦C respectively. These P–T estimates are con-
sistent within errors with previous P–T estimates for the sample
KG-12-13 (490 ± 50 ◦C and 18.5 ± 2 kbar). These results suggest that
the allanite crystallized during the high-pressure stage.

In situ U–Pb dating of these allanite grains yield a lower intercept
Tera–Wasserburg age of 301 ± 15 Ma  (MSWD  = 2.8; n = 33; Fig. 9;
Table 6). The data points are scattered along a discordant line in the
Tera–Wasserburg diagram because the allanite grains could have
incorporated variable amounts of common Pb upon crystallization
or variable amounts of U leading to variable amounts of radiogenic
Pb and thus variable fractions of common Pb. The only analysis
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nalyses can all be modeled with two end-members. Consequently
t suggests that the allanite have crystallized at the same time and
rom a well homogenized common lead composition at the sample
cale.

The regression of the analyses in a Tera–Wasserburg diagram
ields an initial 207Pb/206Pb ratio of 0.8646. This result is in accor-
ance with the ratio predicted by Stacey & Kramers (1975) at
00 Ma  indicating that the allanite crystallized from a Pb compo-
ition close to the Earth Pb evolution model. It strengthens the
ypothesis that data scattering is due to incorporation of variable
mounts of common Pb upon crystallization rather than opening
f the system during retrogression. The omphacite inclusions with
igh jadeite contents in allanite and the results of empirical ther-
obarometry suggest that allanite growth is related to the HP stage.
e therefore consider this Tera-Wasserburg lower intercept U–Pb

ge obtained for allanite as the age for the HP stage.

. Discussion

.1. Deciphering the P–T–t path of retrogressed eclogites

Deciphering the P–T–t path of HP rocks brings important infor-
ation about vertical motions in the lithosphere during subduction

nd collision processes (e.g., Duchene et al., 1997). However, when
hese rocks subsequently suffer a collisional event, the HP meta-

orphism can be strongly overprinted by amphibolite or granulite
acies metamorphism (e.g., Mercier et al., 1991; Lanari et al., 2013).
n this case it remains difficult to determine both (i) the P–T con-
itions that affected the rock before its retrogression and (ii) the
ge of the HP stage. The micro-mapping approach (Lanari et al.,
012, 2014) combined with in situ dating of preserved HP phases
e.g., Rubatto and Hermann, 2001) is well adapted to solve these
roblems.

.1.1. P–T path obtained from micro-mapping
In this study, micro-mapping of garnet amphibolites highlights

extural relationships between different parageneses and allows
o constrain the P–T conditions of the HP stage and of the sub-
equent retrogression stages (see Section 4.2). The metamorphic
eak conditions are estimated at 490 ± 50 ◦C and 18.5 ± 2 kbar,
hich corresponds to the lower temperature boundary of eclogite

acies following Evans (1990). The HP paragenesis was character-
zed mainly by garnet and omphacite (±chlorite, rutile, quartz),

hich is a typical eclogite facies assemblage. During exhumation,
he eclogite was retrogressed into garnet amphibolite. Two succes-
ive stages of retrogression were preserved in the rock. A first stage,
arked by the breakdown of omphacite into diopside, amphibole

nd Na-plagioclase, occurred between 11 and 8 kbar at 560 ± 50 ◦C.
 second stage, marked by the crystallization of amphibole and pla-
ioclase without clinopyroxene, occurred at lower pressures and
robably ended at pressure less than 7 kbar at a similar tempera-
ure of 560 ± 50 ◦C. The P–T path obtained from these P–T estimates
Figs. 8 and 11) implies a burial along a cold geothermal gradi-
nt of ∼8 ◦C/km, assuming lithostatic pressure, which is typical for
ubduction zones (e.g., Peacock, 1996). During the exhumation fol-
owing the pressure peak until the first retrogression stage, the
emperature increased from 490 to 560 ◦C, and remained at 560 ◦C
ntil at least 7 kbar implying a geothermal gradient of ∼24 ◦C/km at

he second retrogression stage assuming lithostatic pressure. This
ncrease of geothermal gradient from 8 to 24 ◦C/km between the
ubduction and exhumation stages suggests that the HP rocks were
robably exhumed when a significant change in geodynamic set-
ing occurred, such as the transition from subduction to collision
see Section 6.3).
namics 96 (2016) 62–80

6.1.2. Dating HP metamorphism with allanite
In the case of preserved eclogites, the HP stage can be dated

by different systems implying garnet or phengite such as Sm-Nd,
Lu-Hf, Rb-Sr or Ar–Ar or by in situ geochronology such as U–Pb in
zircon (e.g. Hacker and Wang, 1995; Duchene et al., 1997;Rubatto
et al., 1999; De Sigoyer et al., 2000). When the subduction-related
metamorphic assemblages are partially overprinted, garnet and
other HP phases are generally retrogressed and cannot be used
for geochronology (e.g. Schneider et al., 2008). The in situ dating
of preserved HP phases is thus the only way to date the HP stage,
even if it remains difficult due to generally zoned minerals (e.g. Riel
et al., 2008). Allanite is a useful and robust chronometer to date HP
metamorphism in eclogites and felsic gneisses (De Sigoyer et al.,
2000; Parrish et al., 2006; Smye et al., 2011; Regis et al., 2014), as
well as to date prograde Barrovian metamorphism in metapelites
(Janots et al., 2009; Janots and Rubatto, 2014) or mylonites formed
under greenschist facies conditions (Cenki-Tok et al., 2014). In this
study, we  used allanite texturally associated with omphacite in
order to date HP metamorphism in retrogressed mafic eclogites.
Located in the core of clinozoisite, or more rarely in garnet, allanite
has been preserved from retrogression. Chemical and mechanical
shielding of allanite allowing for the preservation of the age record
of early metamorphic events has already been reported (Cenki-
Tok et al., 2011). Our results show the potential of allanite to date
HP events even when subduction-related metamorphism has been
overprinted by a significant high temperature event. In this case,
allanite has been enclosed in the core of clinozoisite and was  thus
preserved from reaction with apatite to form monazite.

The P–T and time constraints were acquired on two different
samples. However these samples came from the same geological
unit. Moreover, the two samples underwent the same P–T condi-
tion as suggested by empirical thermobarometry on the sample
used for geochronology. This suggests that even if P–T and time
constraints were obtained on two  different samples, the results can
be combined to reconstruct a P–T–t path (Fig. 11).

This study brings key information for the geodynamic history
of the area. In the case of the Chatkal range, this is the first
report of HP metamorphism. The obtained age of 301 ± 15 Ma  is
a Tera–Wasserburg lower intercept age and other datings with
different isotopic systems could strengthen this age for the HP
stage. Moreover the obtained P–T–t path considerably improves
the understanding of the area. Our data show that the HP metamor-
phism is significantly younger than previously suggested (Bakirov
et al., 2003) and that it can be correlated with the Late Carbonifer-
ous accretion of the Tarim Craton, which is well established to the
east of TFF (Hegner et al., 2010), as discussed below.

6.2. Geodynamic evolution of the Chatkal range

The obtained petrological and geochronological data provide
further information in order to constrain the Chatklal range history
in the Late Paleozoic times. Combined with previously published
data, they allow to propose a new geodynamic evolution model
for the Middle and South Tien Shan blocks, to the west of the TFF
(Fig. 10).

The northward subduction of the Turkestan Ocean under the
southern margin of Kazakh Platform probably began in the Late
Silurian-Early Devonian (Fig. 10a, Biske, 1996; Seliverstov and Ghes,
2001; Filippova et al., 2001; Alekseev et al., 2009b; Seltmann et al.,
2011) leading to the formation of a continental volcanic arc in the
Middle Tien Shan. The volcano-sedimentary unit observed in the
Chatkal range is dated at 460 Ma  (Rojas-Agramonte et al., 2014).

It is therefore not linked to the Turkestan Ocean closure. Rather,
it might have formed in a previous volcanic arc, when the Middle
Tien Shan was  still attached to the North-Tarim or North-East Gond-
wana margin (e.g. Von Raumer et al., 2002, 2003; Von Raumer and
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Fig. 10. Model of geodynamic evolution of Middle Tien Shan to the west 

tampfli, 2008; Kröner et al., 2014; Rojas-Agramonte et al., 2014).
owever, the age of the high-temperature metamorphic stage and
artial melting of this former arc unit is still unconstrained. It could
e either linked to this Ordovician event or to the collision of the
lai block with the Middle-Tien Shan following the closure of the
urkestan Ocean.

Allanite dating performed in this study gives a first constraint
n the age of the HP stage recorded by the garnet amphibolites
f the Chatkal range, which is of 301 ± 15 Ma  (MSWD  = 2.8). The
lkaline chemical composition of the garnet amphibolites (retro-
ressed eclogites) and their geometry of mafic lenses intercalated
n micaschists suggest that they could be former alkaline magmatic
ykes cross-cutting a tectonically thinned continental margin dur-

ng a rifting event (OCT, Manatschal and Müntener, 2009). These
esults suggest that the Turkestan Ocean subduction ended dur-
ng the Late Carboniferous, when the OCT entered the subduction

one (Fig. 10b). This transition from oceanic subduction to colli-
ion is also marked by the end of the magmatic activity in the
rc (e.g. Seltmann et al., 2011). The P-T estimates for the HP
tage suggest that the OCT was buried at a depth of about 60 km
Talas-Fergana fault in Late Paleozoic. Comments in the text (Section 6.2).

(assuming a lithostatic pressure of 1kbar ∼3.3 km) before its
exhumation within the accretionary prism (Fig. 10c). Then, the col-
lision continued and resulted into crustal thickening, characterized
by nappe stacking and huge isoclinal vertical folds. Barrovian meta-
morphic stage (staurolite-bearing schists), partial melting, and
granitic magmatism occurred during this collisional stage suggest-
ing that the geothermal gradient increased significantly (Fig. 10d).
This stage of collision is responsible for ∼25 km of vertical ascent
of the former eclogite, as suggested by their P–T path showing a
low pressure-high temperature retrogression at 7–11 kbar. These
HP rocks were exhumed at the back of the suture as suggested
by their geographical location tens of kilometers northwest of the
suture front. This exhumation path is observed in many orogens
such as in the Alps or in the Himalayas (De  Sigoyer et al., 2000;
Yamato et al., 2008). This complex Late Carboniferous evolution
on the western side of the TFF could explain the actual distribu-

tion of ophiolites along the South Tien Shan suture (Tursungaziev
and Petrov, 2008). These ophiolites are not aligned contrary to the
eastern side of TFF, but follow a ‘S-shape’. This shape is ascribed
to late-collisional post-nappe folding. As a result, it is difficult to
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Fig. 11. Comparison of P–T path of HP rocks from the Chatkal range (this study)
and  from the Atbashi range (after Hegner et al., 2010 and Loury et al., 2015). Black
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ashed lines are isothermal gradients. Metamorphic facies grid after Evans (1990),
bbreviations: GS – greenschist, A – amphibolite, LBS – lawsonite blueschist, EBS –
pidote blueschist, LE – lawsonite eclogite, E – eclogite.

onstrain the initial position of the subduction front. Later, dur-
ng the Permian, transcurrent tectonics affected the entire CAOB,
esulting in a dextral motion of the TFF mainly at 260–290 Ma
Konopelko et al., 2013; Rolland et al., 2013). Consequently, the
otal offset of the TFF using the position of the suture could be
verestimated.

.3. Comparison with the Atbashi range eclogites

The P–T–t path obtained for HP rocks from the Chatkal range,
o the west of the TFF, can be compared with previously published
ata from the Atbashi range, to the east of the TFF. Both areas lie
long the STSs. Following Loury et al. (2015), we  define the STSs
s the suture resulting from the collision of the Tarim and Alai
lock with the South Kazakhstan margin following the Turkestan
cean closure. It differs from the literature on the Chinese side (e.g.,
harvet et al., 2011), where the South-Tien Shan suture term gen-
rally refers to the closure of a small back-arc domain to the south
f the STSs that we consider.

Considering their P–T conditions, the Chatkal eclogites were
xhumed along a relatively warm geothermal gradient (24 ◦C/km)
xplaining the strong amphibolite facies overprint. On the contrary
he eclogites from the Atbashi range were exhumed along a cold
eothermal gradient similar to the prograde gradient (8–10 ◦C/km),
s shown by slight blueschist facies retrogression (Fig. 11, Loury
t al., 2015). This difference of geothermal gradients during the
xhumation reflects differences in geological histories.
In the Chatkal range, before its collision with the Alai block, the
outh margin of the Middle Tien Shan was an active continental
argin. Moreover, the collision was marked by nappe-stacking,

olding and thickening of the upper plate. Such a collision is
namics 96 (2016) 62–80

generally characterized by a hot geothermal gradient of
30–40 ◦C/km associated with Barrovian metamorphism and
fluid circulation along shear zones (e.g. Le Fort, 1986; Faure
et al., 2009). These features increase the kinetics of metamorphic
reactions and thus favor the retrogression. The HP rocks of the
Chatkal range were thus exhumed in a collisional context that
reworked an already ‘hot’ Andean-type active margin, which
explains the overprint of the subduction metamorphism by a
higher temperature – lower pressure metamorphism. This type of
mid- to high-temperature exhumation is described in many areas
such as in the Himalayas (Le Fort et al., 1997; Guillot et al., 2008;
Lanari et al., 2013), in the European Variscan belt (Mercier et al.,
1991; Schulmann et al., 2009) or in the Andes (Riel et al., 2013).

In contrast, to the east of the TFF, in the Atbashi range, the struc-
ture of the subduction prism is well-preserved (Loury et al., 2015).
The Atbashi range comprises a blueschist-facies accretionary prism
unit, overthrusted by an ophiolite, itself thrusted by a HP sedimen-
tary unit containing mafic boudins of well-preserved eclogites and
then by a continental eclogitic unit exhumed to its south along a
detachment. The preservation of this subduction complex and the
preservation of eclogites without any high temperature retrogres-
sion suggest a rapid exhumation along a cold geothermal gradient
up to the surface or sub-surface. This is also supported by a very
short age difference between. The HP peak is dated at 319 ± 4 Ma
(Sm-Nd whole rock, Hegner et al., 2010) or 323–327 Ma (40Ar–39Ar
on phengite, Simonov et al., 2008) and the blueschist retrogres-
sion is dated at 316 ± 3 Ma  (40Ar–39Ar on phengite, Hegner et al.,
2010). The occurrence of eclogite pebbles in conglomerates dated at
295–303 Ma  (Baslakunov et al., 2007) provides minimum age esti-
mation for the final exhumation at the surface. The deformation and
metamorphic history are linked to the subduction and subsequent
exhumation, but do not feature any collisional nappe-stacking nor
any high-temperature metamorphism like in the Chatkal range.
Furthermore, the structures indicate a south-dipping subduction
in Atbashi (Loury et al., 2015) and a north-dipping subduction in
Chatkal. Consequently, the contexts of exhumation of HP rocks are
different on both sides of the TFF: subduction stacking to the east
and collisional to the west.

Moreover, the age of HP metamorphism appears to be slightly
different. Allanite in garnet amphibolites of the Chatkal range yields
an age of 301 ± 15 Ma.  In the Atbashi range, ages obtained for the
HP stage range from 319 ± 4 (Hegner et al., 2010) to 323–327 Ma
(Simonov et al., 2008). If we  consider the younger age obtained in
Atbashi, the ages for HP stage are the same within errors on both
side of the TFF. However, the important error on the age obtained
for the Chatkal range and the older ages for the Atbashi range sug-
gest that the HP stage could be slightly younger to the west as
compared to the east of the TFF. Consequently, it suggests that the
Tarim collided with Kazakhstan 5–20 Ma  before the Alai block.

6.4. Implications for the evolution of the South Tien Shan suture
in the context of CAOB

On the basis of these new results and previous published works
(Filippova et al., 2001; Windley et al., 2007; Biske and Seltmann,
2010), we  propose a schematic evolution model for the evolution
of the STSs in the Late Paleozoic in the context of CAOB (Fig. 12).

During the Early Carboniferous times (Fig. 12a), the Kazakh
microcontinent was surrounded by the Ob-Zaisan, Junggar-
Balkhash, Turkestan and Uralian oceans, which were all subducting
beneath Kazakhstan. All the continents and microcontinents

migrated northward and rotated clockwise (Filippova et al., 2001).
The oblique collision between the Tarim and the South Kazakh mar-
gin leading to the formation of the STSs could have begun in its
northernmost part but the age of this collision remains debated
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Fig. 12. Schematic tectonic evolution of Central Asia in Late Paleozoic times, modi-
fied from Filippova et al. (2001), Heubeck et al. (2001), Loury et al. (2015), Jourdon
et  al. (this volume). (a) Early Carboniferous, (b) Upper Carboniferous, ∼320 Ma,  (c)
Upper Carboniferous, ∼300–315 Ma  (d) Early Permian. Comments in the text (see
Section 6.4). Red lines represent major strike-slip faults and thrusts or subductions
(with red triangles). Bold black line represents the South Tien Shan Suture (STSs).
Abbreviations used: EUF – East Urals Fault, KAF – Kuznetsky Alatau Fault, TFF –
Talas-Fergana Fault.
namics 96 (2016) 62–80 77

(Xiao et al., 1992; Gao and Klemd, 2003; Zhang et al., 2009; Su et al.,
2010; Charvet et al., 2011; Li et al., 2011; Liu et al., 2014).

During the Upper Carboniferous times, the Uralian and Ob-Zaisan
Oceans were closed to the west and north of Kazakhstan, respec-
tively. At c. 320 Ma  (Fig. 12b), the Turkestan Ocean continued to
close with the collision between the Tarim and the South Kazakh
margin extending the STSs toward the southwest. The HP rocks
from the Atbashi range were formed at that time (Simonov et al.,
2008; Hegner et al., 2010). The Tarim craton was  entirely accreted
to the Kazakhstan but a part of the Turkestan Ocean probably
remained open to the west between the Alai block and the Kazakh
margin. It led to the activation of the TFF as a transform fault
between the Tarim craton and the Alai block. This is in agree-
ment with the minimum initiation age of the TFF constrained at
312 ± 4 Ma  by 40Ar/39Ar on muscovite in mylonites (Rolland et al.,
2013). Around 5–20 Ma  later (Fig. 12c), the Alai block collided with
the South-West margin of Kazakhstan, prolonging the STSs toward
the southwest. This study provides a first estimation for the age
of this collision but it remains to be refined. The HP rocks of the
Chatkal range were probably exhumed rapidly after 300 Ma.  This
collision led to nappe-stacking, crustal thickening and Barrovian
metamorphism during which the eclogites were retrogressed. The
TFF propagated inside the continent toward the north-west and
joined an older early Paleozoic fault corresponding to the boundary
between the Kyrgyz North and Middle Tien Shan (Nikolaev, 1933).

In the Early Permian times (Fig. 12d), all the Oceans were closed
and the continents were amalgamated. The Junggar-Balkhash
Ocean was  closed in the Late Carboniferous or Early Permian
(Charvet et al., 2011). Paleomagnetic data indicates a strong
decrease of northward drifting and clockwise rotation of amalgam-
ated continents (Didenko, 1997; Filippova et al., 2001). A general
transcurrent tectonic context affected the CAOB, which evolved as a
single continental block (e.g. Suvorov, 1968; Burtman, 1980; Buslov
et al., 2004). For example, in the Tien Shan, the TFF began to offset
the STSs, the major offset of which occurred at 260–290 Ma  (Rolland
et al., 2013).

7. Conclusion

In this study, we present new petrochronological data for highly
retrogressed HP rocks in the Chatkal range. A micro-mapping
approach was used to decipher the P–T path of garnet amphibo-
lites (retrogressed eclogites) from the pressure peak to the late
stages of exhumation. The micro-mapping allowed to extract local
chemical compositions to calculate a local effective bulk com-
position used for P–T section calculation. This forward modeling
approach was combined with thousands of P–T estimates obtained
with empirical and semi-empirical thermobarometry applied to the
maps. The results show a HP peak at 490 ± 50 ◦C and 18.5 ± 2 kbar.
Two exhumation stages were preserved, at a constant temper-
ature of 560 ± 50 ◦C and decreasing pressure from 11 to 7 kbar
implying an exhumation along a relatively hot geothermal gradi-
ent (∼24 ◦C/km). These petrological data were complemented with
allanite geochronology in order to date the HP stage. Allanite grains
associated with the HP mineral assemblages yield a Late Carbonifer-
ous age of 301 ± 15 Ma  for the metamorphic peak which is 5–20 Ma
younger than the age of HP metamorphism east of the TFF.

These data allow us to improve the understanding of the geo-
dynamic evolution of South Tien Shan to the west of the TFF. The
northward subduction of Turkestan Ocean ended around 300 Ma,
when the thin continental margin entered in subduction. HP rocks

corresponding to this stage were then exhumed in a collisional set-
ting, in which they were retrogressed into garnet amphibolites.
These results highlight some significant differences for the South
Tien Shan evolution on both sides of the TFF:
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The contexts of exhumation of HP rocks are different, with sub-
uction stacking to the east and collision to the west.

To the west, the north-dipping subduction and subsequent col-
ision with the arc generated strong folding, crustal thickening and
egional Barrovian metamorphism.

This collisional phase considerably deformed the suture making
t difficult to decipher the initial position of the subduction front,

hile the collisional phase is less developed to the east of the TFF.
To the east, the Turkestan Ocean closure ended around 320 Ma

hen the Tarim craton collided with the Kazakhstan microconti-
ent, while to the west, a branch of the Turkestan Ocean probably
emained open at that time. Final closure of the remaining oceanic
asin occurred around 300 Ma  when the Alai block collided with
he Kazakhstan microcontinent. However this timing remains to
e refined, as the error on the age obtained for the HP stage in the
hatkal range is too important to fully distinct differences in the
P stage age on both sides of the fault.

Finally, this study shows that the use of a micro-mapping
pproach combined with in situ geochronology is highly relevant
o study retrogressed eclogites. The understanding of this kind of
ocks is important to reconstruct the history of orogens as they
enerally are the marker of the subduction-collision transition.
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