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Abstract

The South Tianshan orogen (northwest China) comprises a thick volcanoclastic HP-
UHP metamorphic belt, the Akeyazi (high-pressure) metamorphic complex (AMC),
exhibiting well-preserved eclogite- and blueschist-facies rocks and pervasive deformation
throughout all units. In order to clarify the tectonic evolution of this fossil subduction zone,
which remains controversial due to the lack of systematic field observations combining
structural and petrological data, we herein present the results of extensive mapping of
lithologies, deformation patterns and petrological evolutions.

The AMC is composed of a high-pressure (HP) to ultra-high-pressure (UHP) central
domain — the HP-UHP unit — separated in the North by a major detachment from a

greenschist-facies domain. A gradational transition in lithologies (i.e., interlayered
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micaschists, volcanoclastic, and mafic rocks) is observed within the HP-UHP unit, from
more pelitic in the North to more mafic in the South. Tectonic patterns and contrasting
lithologies allow to recognize five distinct sub-units stacked at HP to UHP conditions.
Pervasive ductile deformation revealed by penetrative schistosities, folding, shear planes and
boudinage structures is characterized by successive deformation stages which are attributed
to burial (Dy.1), peak deformation accompanying detachment from the slab and/or deep
nappe stacking (D,, Dy+1) and exhumation (Dpi2, Dpnt3). During exhumation under
blueschist-facies conditions, the HP-UHP nappe stack underwent pervasive shearing, in
particular across km-scale extensional shear zones with consistent top to the north shear
senses reworking inherited thrust contacts. The entire HP-UHP unit reached peak-
metamorphic conditions at ~2.5 GPa and ~540 °C. Peak pressures of 2.52 + 0.25 GPa,
consistent with the widespread occurrence of coesite in the HP-UHP unit, suggest a
maximum burial depth of ~80 km which is thought to reflect a transition between
mechanical coupling and decoupling at the plate interface. This tectono-metamorphic

evolution is set back in a tentative geodynamic model.

1. Introduction

Over the past three decades numerous occurrences of ultra-high-pressure terranes have
been reported worldwide (Chopin, 1984; Gillet et al., 1984; Kylander-clark et al., 2012;
Liou et al., 2014, 2004; Smith, 1984), continuously questioning the mechanisms of burial
and exhumation (e.g., Agard et al., 2009, 2018; Chopin, 2003; Guillot et al., 2009). By
influencing viscosity and density, and thus buoyancy, the diversity of subducted material
can lead to contrasting mechanical and chemical behaviors along the plate interface (Bebout,
2007; Bebout et al., 2013; Yamato et al., 2007; Behr and Becker, 2018).

Subducted material derived from the lower plate consists of the uppermost part of the

subducting oceanic slab, i.e. pelagic sediments with basaltic oceanic crust and/or seamounts
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(e.g., Ranero et al., 2008). Additional contribution from the upper plate may consist of ashes
from arc-volcanism (e.g., Kutterolf et al., 2008b), pelagic and detrital sediments located in
the accretionary prism or in the trench, and/or basement or mantle wedge material if basal
erosion occurs (Polino, 1990; Roda et al., 2012; Scholl et al., 1980). Whether subduction is
primarily in accretion or erosion mode thus partly controls what kind of material is supplied
to the plate interface (Clift and Vannucchi, 2004; Cloos and Shreve, 1988a, 1988b) and
partly returned in exhumed high-pressure ophiolite sequences (e.g., Angiboust et al., 2009;
John et al., 2010; Luoni et al., 2018).

Whatever their respective contributions, materials from the lower and upper plate will
be transported on top of the downgoing plate into subduction and may be stripped from the
slab as tectonic slices (e.g., Angiboust and Agard, 2010; Laurent et al., 2016; Roda et al.,
2012), mélanges (Festa et al., 2012; Grigull et al., 2012; Lazaro et al., 2009) and/or possibly
get mixed via deformation and fluid-rock interaction processes (e.g., Bebout and Penniston-
Dorland, 2016; Marschall and Schumacher, 2012). Burial and exhumation at the plate
interface are accompanied by intense deformation, so that the plate interface is regarded by
many as a large-scale shear zone (e.g., Cloos and Shreve, 1996; Raimbourg et al., 2007;
Rowe et al., 2013; von Huene et al., 2004; Wakabayashi, 2015; Agard et al., 2018).

To unravel the fate of subducted material during burial and further constrain
exhumation processes, we herein present a tectono-metamorphic study of the the Akeyazi
(high-pressure) metamorphic complex (AMC, northwestern China), which is characterized
by an unusually ca. 4-5 km thick pile of well-preserved high- to ultra-high-pressure (HP-
UHP) metasedimentary and metavolcanoclastic rocks with numerous coesite findings (Bayet
et al., 2018; Chen et al., 2011; Li et al., 2012; Lii et al., 2009; Lii and Zhang, 2012; Tian and
Wei, 2013). Former studies focused on individual pressure-temperature-time paths (e.g., Tan

et al., 2017 and references therein; Fig. 1a) and on detailed geochemical and petrological
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investigations (Beinlich et al., 2010; Gao et al., 1995; Gao and Klemd, 2001; John et al.,
2012; Klemd et al., 2002; Li et al., 2016; Lii et al., 2009; van der Straaten et al., 2008; Wei
et al,, 2003). In contrast, the regional structures and tectonic evolution remain poorly
studied, except from local studies in the Kebuerte and Atantayi valleys (Soldner et al., 2017;
Tan et al., 2017, 2019, Fig 2c¢). The lack of systematic petrostructural data over the entire
area, along with scattered P-T-t estimates, has led to two contradictory concepts for the
structural evolution of the AMC. It is considered either as 1) a tectonic mélange, with rocks
originating from various depths and subsequently juxtaposed during exhumation (e.g.,
Klemd et al., 2011, Fig. 1b), or as 2) consisting of two sub-units separated by a km-scale
shear zone: a HP-UHP unit in the North (based on coesite findings) and a HP unit (coesite-
free) in the South (e.g., Lii et al., 2012a, Fig. 1b).

We herein present a detailed study of the structural and lithological relationships
together with peak P-T estimates and propose a new geodynamic evolution for the AMC.
Extensive mapping of tectonic boundaries, structures, deformation stages and systematic P-
T determinations allow to place constraints on accretion mechanisms and the regional-scale

tectono-metamorphic evolution.

2. Geological overview

The Tianshan orogenic belt was formed by the collision of the Tarim, Yili-Kazakh and
Junggar plates during the Paleozoic (Gao et al., 2009; Han et al., 2011; Long et al., 2011;
Xiao et al., 2009) and extends east-west over ~2500 km in central Asia. This orogen is part
of the southwestern Central Asian Orogenic Belt (CAOB) (e.g., Jahn et al., 2000; Fig. 2a).
The CAOB is referred to as a “tectonic collage” of several subduction zones. In the
southwestern Tianshan, the suture between the Yili-Tianshan and Tarim plates exposes a
metamorphic belt over ~1500 km from NW China to Tajikistan (Gao et al., 1998, 1995;

Hegner et al, 2010; Volkova and Budanov, 1999; Fig. 2b). The subduction polarity
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associated with this metamorphic belt is still debated, with some studies suggesting a
northward polarity, i.e. underneath the Yili plate (e.g., Charvet et al., 2011; Wang et al.,
2011), while others argue for a southward polarity, i.e. underneath the Tarim plate (e.g., Gao
et al., 1998, 1995; Soldner et al., 2017; Xiao and Santosh, 2014).

The area studied here is located in northwestern China and is part of this metamorphic
belt. It is bordered by two main structures: the south Central Tianshan Suture (SCTS) in the
North and the Northern Haerkeshan Peak Fault in the South (Fig. 2c; Gao et al., 1999; van
der Straaten et al., 2008). After being activated as a thrust contact, the SCTS was reactivated
with a dextral strike slip movement (Gao et al., 1995). It separates the AMC from volcanic
and volcanoclastic rocks belonging to the Yili-Tianshan plate in the North. The Northern
Haerkeshan Peak Fault defines the boundary between the metamorphic belt and the marbles
of the Tarim plate in the South.

The AMC (Klemd et al., 2015; Li et al., 2016; Meyer et al., 2016) consists of a high-
to ultra-high-pressure (HP-UHP)/low temperature unit in its center, and a greenschist-facies
unit separeted in two parts: one located in the North and another in the South (e.g., Gao and
Klemd, 2000; this study). The HP-UHP unit mainly consists of metavolcanoclastic and
metasedimentary rocks varying in composition (e.g., Gao and Klemd, 2003; this study). The
southernmost parts of the Akesayi and Atantayi valleys host a large body of eclogite to
blueschist-facies pillow basalts (Bayet et al., 2018; Gao et al., 1999), is correlated to the EB
unit of Tan et al. (2019). Available structural data is very limited at the scale of the studied
area (Gao et al., 1999). Only few schistosity measurements are reported, mostly in the
western part of the AMC, with a main ENE-WSW strike trend (Soldner et al., 2017; Tian
and Wei, 2013). Previous studies indeed focused mainly on single outcrops with detailed
reconstructions of pressure-temperature-time (P-T-t) paths, investigations of fluid-rock

interaction processes, or recovery of the geochemical budget in the HP-UHP unit (Beinlich
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et al., 2010; Li et al., 2016; Lii et al., 2012b; Robinson et al., 1984; Tian and Wei, 2014; van
der Straaten et al., 2008).

P-T metamorphic peak conditions in the studied area have been constrained using
conventional geothermobarometry based on textural equilibrium, average P-T (using
Thermocalc; Holland and Powell, 1998), and pseudosection modelling. The results of these
studies provide very scattered estimates in the range of 330 to 650 °C at 1.4 to 3.2 GPa for
peak metamorphic conditions, with the most accepted value at ~530 °C and ~2.1 GPa (e.g.,
Gao and Klemd, 2000; Klemd et al., 2011, 2005, Lii et al., 2012b, 2009, Wei et al., 2009,
2003).

Radiometric data on the dynamics of the belt span a wide range of ages. Peak burial of
rocks now exposed in the AMC is estimated to have occurred between ~315 Ma and ~326
Ma with a main cluster at ~319 Ma, based on Lu-Hf and Sm-Nd dating of garnet and U-Pb
zircon and rutile ages (e.g., Klemd et al., 2011; Liu et al., 2014; Soldner et al., 2017; Tan et
al., 2017). Exhumation is less well constrained, with blueschist-facies to greenschist-facies
conditions around ~310-305 Ma, based on Rb-Sr and Ar-Ar dating of white mica (Klemd et

al., 2005).

3. Field observations: lithologies and structural data

Structural and lithostratigraphic data are shown in figures 3 to 6 through outcrop-scale
observations of the different lithologies (Fig. 3), panoramic views of the Muzetekezie and
Akesayi valleys (Fig. 5) and synthetic maps and cross-section (Figs. 4, 6). The link between
lithologies, structures, metamorphism and deformation stages is summarized in Table 1.

The AMC can be divided into two major units: the high- to ultra-high-pressure (HP-
UHP) unit in the south and a greenschist-facies (GS) unit in the North (Figs. 4a & 5a). The
GS unit also crops out south of the AMC in the Kebuerte Valley (van der Straaten et al.,

2008; Tan et al., 2019). The GS and HP-UHP units identified here are spatially correlated,
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toward the west, with the GS1 and UH units of Tan et al. (2019), respectively. The GS and
HP-UHP units are separated in the north by a large-scale tectonic contact extening from
west to east for ~13 km, namely the greenschist/high-pressure detachment (GHPD; Figs.
5a). The GHPD is marked by a ~50-100 m thick zone of intense deformation (Fig. 5a). This
contact was relocated slightly northward with respect to its former location based on our
field observations (Fig. 6a). While the contact is conspicuous in the western and central
parts it is more diffuse in the east, due to the tectonic imbrication of greenschists with higher
grade metamorphic rocks close to the contact (Fig. 6a). In our study area the GS unit is
mainly composed of metapelites containing chlorite-albite-actinolite + white mica but
lacking garnet (Fig. 31). Schistosity measurements in the GS unit reveal a gentle synclinal
fold in its central part vanishing towards the east. In the central part, the GS unit is
unconformably overlain by unmetamorphosed micro-conglomerates and silts over a ~1 km®
large area representing the remnants of a former sedimentary basin (Figs. 4a, 5a, 3m). We

focus in the following on the HP-UHP unit.

3.1 Lithologies in the HP-UHP unit

The HP-UHP unit consists of a ~4-5 km-thick metavolcanoclastic sequence with great
lithological variability: (i) ‘pure’ mica-rich metasediments (Fig. 3a), (ii) ‘pure’ mafic rocks
(Fig 3c,d), both being often interlayered (Figs. 3f,g), (iii) layers of volcanoclastic rocks with
intermediate composition (Fig. 3b,e), also interlayered with more pelitic (Fig 3 e, i, k) or
mafic (Fig 3h, j) layers and (iv) carbonates and marbles present as veins (cm-dm), layers and
bodies intercalated with volcanoclastic rocks (Fig. 3n).

To evaluate lithological variations within the HP-UHP unit, we classified lithologies
according to the proportion of volcanic and sedimentary components, ranging from a
‘purely’ mafic metavolcanic rock (hereafter referred to as M-type) to a ‘pure’ micaschist (S-

type), with intermediate metavolcanoclastic compositions (V-type). V-type rocks generally
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contain a high proportion of white mica and lesser amounts of amphibole and/or
clinopyroxene compared to purely mafic rocks.

Micaschists dominate in the North, with a small proportion of mafic components and
mafic rocks, only present as thin layers or small boudins (Fig. 4b; topmost part of section).
Across the study area, the lithology varies gradually from more pelitic in the North to more
mafic in the South (Figs. 4a,b). The mafic component increases southward through the
presence of large-scale lenses and m- to km-thick continuous mafic horizons, which can be
mapped for up to a few kilometers. The southernmost accessible part of the HP-UHP unit
consists of a large body, trending E-W over 3-4 km, of pillow basalts (Fig. 3p), and pillow
breccias interlayered with radiolarian cherts (Fig. 3q). Due to the presence of glaciers and
very difficult access further south, its southern extension remains ill-constrained.

Rocks in the HP-UHP unit underwent blueschist- to eclogite-facies metamorphism, as
indicated by the occurrence of index HP and UHP minerals (e.g., omphacite, glaucophane,
garnet, coesite), the presence of formerly lawsonite-bearing blueschist (Fig. 3d),
glaucophanite (Fig. 30) and eclogite s.s. (Fig. 3c). An occasional greenschist-facies

overprint can be found in the HP-UHP unit.

3.2 Tectonic overview and sub-units within the HP-UHP unit

The HP-UHP unit experienced intense deformation marked by penetrative
schistosities, folding, boudinage and stretching lineations (Figs. 5 to 8). Schistosity, folding
and shearing tend to localize in the more pelitic lithologies, while the mafic lithologies are
less affected by deformation (Fig. 3). At the km-scale, the attitude of the main schistosity
(hereafter termed S,) appears relatively monotonous (Figs. Sb,c, 6a), with an average
schistosity pole value around N085 30N (Fig. 6b). This apparent continuity is interrupted by
several km-scale, mappable shear zones with systematical top to the north shear senses, and

thus normal kinematic (Fig. 6a, c), which locally deflect the main schistosity and some
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large-scale markers such as carbonate horizons. These large-scale shear zones are meter to
several meter wide, highly deformed zones outlined by an increase in the density of shear
bands and/or overprinting crenulation. Ductile shearing is marked at all scales by S/C fabrics
and fish structures (e.g. Figs. 3k, 6e). C' planes strike ~N060 on average throughout the area
(Fig. 6¢), with consistent top-to-the-north shear senses, and thus apparent normal kinematics
(Figs. 6e). C' planes commonly evidence recrystallization of blue amphibole and dominantly
N-S directed lineations (Fig. 6d). A synthetic cross-section for the area is shown in figure 6f.
The large-scale shear zones, together with some changes in lithology (i.e., no marbles in
sub-unit 4), allow to define five sub-units from north to south (Figs. 6a,f): sub-units 1 to 4
are characterized by metasedimentary to metamafic sequences while sub-unit 5, in the
southernmost part of the study area, corresponds to a large, km-scale body of pillow basalts

and associated radiolarian cherts.

3.3 Deformation stages and characteristic outcrop-scale deformation patterns

The main schistosity shown in figures 6e,f is in fact composite in many places,
particularly near mafic boudins or shear zones: it is made of a dominant schistosity variably
overprinted by crenulation, in places so pervasive that both cannot be distinguished. These
planar structures are termed Sn and Sn+1, respectively. Ductile shear bands and C' planes
cross-cutting them are therefore referred to as Dn+2 (Fig. 6e). For the sake of clarity, figure
6g features the various deformation stages found across the study area and their cross-
cutting relations. Table 1 provides a more detailed account of the systematic characteristics
allowing to define successive deformation patterns.

Boudinage, crenulation schistosity and C’ structures reworking the main schistosity,
and minerals associated with these successive deformation steps, are best observed in the

HP-UHP unit at the outcrop scale and/or in thin-section. Figures 7a,b show the shear zone
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separating units 1 and 2, which consists of a ~1 m thick mylonitic shear band with S/C
structures in metapelitic rocks and boudinaged mafic rocks. Figures 7c,d show a typical
boudin wrapped into a more pelitic lithology and features characteristic of successive
deformation events.

The crenulation schistosity (Sc) is observed across the entire area (e.g., Fig. 7d). As
for S, Sc strikes ENE-WSW but with a higher dip angle. It fully overprints S, in strongly
deformed areas or along shear bands so that the main schistosity there is in fact S, (e.g.,
Figs. 7e,f). Tight and recumbent folding visible at the cm- to km-scale, commonly with axial
planes parallel to S,.1, is therefore mostly associated to the Dn+1 deformation stage (e.g.,
Fig. 7h; Table 1). Large-scale folds, most obvious for metacarbonate horizons, strike N0O80
on average (Fig. 6a). Most of these recumbent folds rework peak burial eclogite-facies
parageneses (see § Petrology below), suggesting that Dn+1 occurs at least partly during (the
start of) exhumation. Some cm-scale sheath folds accompanied by blue amphibole
overgrowths may correspond to Dn+1 and/or Dn+2 (Fig. 71).

Figure 7g,j show C and C' planes of Dn+2 stage reworking the Sn+n+1 composite
schistosity with blue amphibole lineation. Some minor, less pervasive shear zones display
blue-green-amphibole (greenschist-facies) lineations with more randomly dispersed
directions (Fig. 6d). They commonly occur as cm- to meter-scale brittle to ductile, high-
angle C’ structures, oblique to C,, planes (Fig. 7k, 1), and are dominantly associated with
chlorite overgrowths. These greenschist-facies shear zones cutting across or overprinting
blueschist-facies ones define a Dn+3 stage, possibly marking the transition from blueschist-

to greenschist-facies conditions (Table 1).

3.4 Deformation patterns at thin-section scale
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Mafic rocks show little internal deformation, even at smaller scale (cm to mm),
particularly when surrounded by metasediments: most minerals are euhedral and there is no
foliation (Fig. 8a). Deformation intensifies together with an increasing white mica
proportion in mafic rocks, both under eclogite- (Fig. 8b, c¢) and blueschist-facies conditions
(Fig. 8d). Omphacite-bearing mafic rocks show much less deformation than amphibole-
bearing mafic rocks.

At the hand specimen or thin-section scale, deformation is accommodated by the
development of a schistosity (Dn to Dn+1) composed of white mica, quartz + acicular
amphibole. Pressure shadows develop around garnet (Figs. 8e,f). In the most deformed
samples, quartz presents undulose extinction and dynamic recrystallization (Fig. 8e). In
addition to deformation stages recognized in the field, a former deformation stage D,_; can
be identified in these garnets (Figs. 8g,h): quartz inclusions in garnet define an older
schistosity, Sy.i, rotated as garnet grows and commonly at an angle with S, (Fig. 8f). The
crenulation schistosity (Sc, Fig.7e,f) develops in both V- and S-type rocks (Fig. 8g).
Shearing associated with Dy, is expressed as S/C structures, quartz pressure shadows

around garnet, foliation fishes, boudinage and rotated garnets in shear bands (Fig. 8h).

4. Methodology: estimation of P-T conditions and analytical techniques

4.1 Estimation of peak pressure-temperature conditions

To assess metamorphic conditions of the area and reconstruct the tectono-
metamorphic history, we estimated peak pressure-temperature conditions (P-T) of samples
evenly distributed across the entire area using four different methods: 1) Raman
spectroscopy on carbonaceous material (RSCM) thermometry, 2) Zr-in-rutile thermometry,
3) quartz-in-garnet (QuiG) barometry and 4) phengite (-garnet-omphacite) barometry.

The RSCM method (T¢) is based on the temperature dependent crystallinity of

carbonaceous material, which irreversibly increases with increasing temperature. RSCM
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thermometry thus allows to estimate peak temperatures and was calibrated over the 330-650
°C range (e.g., Beyssac et al., 2002). The Zr-in-rutile thermometry (Tz) is based on the Zr
content in rutile and measured using the electron microprobe. With increasing temperature,
rutile can incorporate more Zr into its structure, independently from the rock type (S, V or
M). When quartz and zircon buffer the system the corresponding temperature can be
calculated purely based on Zr-content in rutile (e.g., Zack et al.,, 2004). The Zr in rutile
thermometer allows broad applications on various rock types over a large temperature range
(430-1100 °C). We used the calibration of Ferry and Watson (2007). All measured rutiles
have zircon in their close vicinity to buffer the Zr system. Inasmuch as possible, we avoided
rutile with zircon exsolution or inclusions, which may bias the calculated temperatures
(Meyer et al., 2011). We measured as many grains as possible from 10-15 pm up to a few
centimeters to obtain better statistics and homogeneous results. Both thermometers are
restricted by an absolute uncertainty of about + 50 °C. Their precision, however, is estimated
to be = 10 °C, which reflects their high reproducibility (Beyssac et al., 2002; Zack et al.,
2004).

Minimum peak pressures (Pg) were estimated using quartz-in-garnet (QuiG)
barometry following the method of Enami et al. (2007) and Ashley et al. (2014b). This
method is based on the different elastic moduli of garnet and quartz, resulting in less
compression of the garnet lattice with increasing pressure compared to the quartz lattice.
Pressure at the time of formation of the minerals is stored as residual stress in the quartz
lattice enclosed by the stiff garnet container, which can be quantified using Raman
spectroscopy. The stressed quartz lattice results in a shift of the 464 cm™ peak of quartz
(Av464), reflecting the residual confining pressure (Ashley et al., 2016). However, change in
garnet composition induces a modification of its elasticity, leading to subsidiary quartz

lattice relaxation (Rosenfeld, 1969). Accordingly, we measured garnet compositions near all
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inclusions. Pressures (Pg) were then determined using the QuiBCalc program (Ashley et al.,
2014b), with the equation of state of Van der Molen and Van Roermund (1986). The
program requires three input parameters: 1) the quartz Raman shift (Av464), 2) the relevant
garnet composition, and 3) the temperature of entrapment. Garnet compositions were
determined by single spot EMPA near the location of the inclusion or by extrapolation using
chemical maps in combination with line scans from EMPA. The individual entrapment
temperatures for the inclusions have been carefully calculated by: 1) determining the
temperature of the initial stage of garnet growth using pseudosection modeling (Perple X
6.7.3; Connolly, 2005, 1990); 2) considering the previously determined peak temperature of
each sample for garnet rim growth (Tc¢ and Tz) and 3) evaluating the distance of each
inclusion from the garnet core and interpolating the temperature linearly from core to rim.
The distance to the garnet core of each inclusion was determined using element distribution
maps. Quartz inclusions should be small in comparison to the thin section thickness (< 1/3
of about 30 pm) and not exposed to the surface or at the bottom of the thin section to ensure
good confinement conditions. Only maximum estimates of Pq were considered, as this value
may have been decreased by elastic and viscous relaxation.

Peak pressures were also estimated using the phengite barometry based on the
assemblage garnet—clinopyroxene—phengite (Pgop), using the equilibrium described in
Waters and Martin (1996):

6 diopside (Di) + 3 muscovite (Ms) = pyrope (Py) + 2 grossular (Grs) +3 celadonite (Cel) (1)

Equilibrium conditions are estimated following the activity models and method of
Ravna and Terry (2004), based on transfer reactions between the different end-members.
Temperatures estimated through this method, however, essentially rely on Fe-Mg
equilibrium (e.g., Ellis and Green, 1979; Ravna, 2000), which is known to overestimate

temperatures by about 50 °C (e.g., Klemd et al., 2011; Lii et al., 2009; Nakamura, 2009), and
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standard deviations are large (£82 °C and £65 °C in the quartz and coesite stability fields,
respectively), in part due to the unreliable estimation of the Fe®*/Fe,, by charge balance. To
circumvent these problems, the peak pressure was herein calculated from independent Zr-in-
rutile and RSCM thermometry, since reaction (1) above can be used independently as a

phengite geobarometer for a given temperature. To estimate the peak recorded pressure

grt

(Pgor), garnet with maximum (agrs )Zagrf

. . . . CcCpx
py » omphacite with minimum adzi) (and

correspondingly maximum Xj4) and phengite with maximum azlh_ec ., (maximum Si-content)

were considered (Carswell et al., 2000; Ravna and Terry, 2004).
4.2 Electron microprobe analyses (EMPA)

Concentration of Zr in rutile was determined by EMPA performed on a JEOL JXA
8900 Superprobe electron microprobe at the Institute for Mineralogy at the Westfilische
Wilhelms-Universitit Miinster. Operating conditions were 15 kV accelerating voltage, 120
nA beam current and a beam diameter of 3 um. To achieve low detection limits (35 pg/g) of
Zr, peak counting rates were 30 s and 15 s for background for Si, Nb and Zr with 5
accumulations. To avoid boundary effects, we measured rutiles >10 um. We used the quality
control after Zack et al. (2004), by measuring the Si concentration, ensuring a maximum
limit for the Si content of 250 pg/g.

We performed EMPA to determine the mineral chemistry and chemical zoning of key
minerals. Most of the EMPA were performed on a JEOL JXA 8200 Superprobe electron
microprobe, equipped with five wavelength-dispersive spectrometers (WDS), at the Freie
Universitdt Berlin, Germany. Some of the analyses were performed on a Cameca SX100 at
Camparis in Université Paris 6. Operating conditions were 15 kV accelerating voltage, 20
nA beam current and a beam diameter of 5 pm for white micas, amphiboles and epidotes,

and of 1 um for all other minerals. Both natural and synthetic standards have been used. The
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raw data were corrected with the ZAF procedure. The relative analytical error for major-
elements is less than 1%. Peak counting times are 10 s for Na, Mg, Al, Si, Ca, K, Ti, and Ba,
30 s for Mn and Fe, and we used half of the peak time for background counting. Element
distribution maps were measured in WDS (Si, Al, Ca, Fe, Mn, Mg, Cr, Ti, Na, K) and
energy-dispersive spectrometer mode with an acceleration voltage of 15 kV, a beam current
of 20 nA. We used different pixel size (1-10 um) and dwell time (70-100 ms) depending on

the mapped area.
4.3 Raman spectroscopy

Raman spectroscopy has been performed to estimate both pressure and temperature
independently. Pressure estimates on quartz inclusions enclosed by garnet were performed at
Freie Universitdt Berlin, Germany using a Horiba ISA Dilor Labram confocal Raman
spectrometer, equipped with a Nd-YAG laser (532 nm wavelength) and temperatures on
carbonaceous material at Ecole Normale Supérieure, Paris, France using a Renishaw in Via
equipped with an Ar ion laser (514.5 nm wavelength). Both Raman spectrometers were
equipped with a CCD detector and laser spot size was focused to 1 um through a microscope
(x100 objective) on the material of interest. With a 1800 grooves/mm and 100 pm slitwidth
the spectral resolution near 464 cm” was around 4 cm’ for quartz measurements.
Calibration was done on a Si standard with a 520.7 cm™ peak in both cases. To ensure good
determination of the quartz band, the 464 cm™ band of an additional quartz standard was
used. Both standards were measured several times during the measuring period to correct for
potential peak shifts with time. To avoid any heating effects on the carbonaceous material
due to the laser, the laser energy on the sample surface was reduced to half of its full power
by introducing adequate filters. To account for structural heterogeneity of the carbonaceous

material, 15-20 spectra were measured for each sample. The spectra obtained with Raman
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spectroscopy was processed using the program PeakFit 3.0 (Jandel Scientific) using Voigt

functions.

5. Petrological characterization of the HP-UHP unit

We investigated 137 representative samples from various lithologies and metamorphic
grades, of which ~30 were selected for petrographic, mineralogical, chemical, and Raman
spectroscopic analysis, from the greenschist-facies unit, the HP-UHP unit with both
metasedimentary, mafic, and intermediate composition rocks (sub-units 1-4), and the pillow-
bearing unit (sub-unit 5). We particularly focused on blueschist- to eclogite-facies rocks to
assess peak metamorphic conditions of the studied area and so essentially present below the
results obtained for the HP-UHP unit.

The grenschist-facies unit is composed of metasedimentary rocks having experienced
greenschist-facies conditions only. These rocks consist of albite + white mica + green
amphibole + chlorite + epidote + quartz (Fig. 9a). Titanite, carbonate and iron oxides are
present as minor phases. Albite and white mica present a poikiloblastic texture and are
elongated parallel to the schistosity. Epidote, chlorite, and green amphibole make up the
matrix as patchy small grains. Quartz forms large grains in the matrix. Omphacite, blue
amphibole, rutile, and garnet are systematically absent, suggesting peak metamorphism at
greenschist-facies conditions. The same mineral assemblage has been determined for

samples belonging to the greenschist-facies unit in the south of the belt.

5.1 Mafic rocks

Pure mafic rocks show eclogite-facies conditions and are of two types:

— Blueschists (s.s.) consist of glaucophane (up to 70 vol. %) + garnet + white mica +
epidote + quartz £ omphacite (Fig. 9b). Omphacite, when present, is in equilibrium with

glaucophane. Garnet porphyroblasts (0.5-1 cm) are euhedral to subhedral. Garnet contains
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variable amount of inclusions of quartz + epidote + omphacite + amphibole + chlorite +
carbonate and numerous Ti-phases. Glaucophane composes the matrix as elongated crystals.
The Ti-phase is mainly rutile and occasionally titanite. Some samples contain carbonate.
Apatite, zircon, and iron oxide represent the accessory minerals.

— Eclogites (s.s.) consist of omphacite (up to 80 vol. %) + garnet +£ amphibole +
white mica + epidote + rutile (Figs. 3c, 9c). Omphacite is mostly interstitial and either
patchy or found as rare prisms. Is also occurs as small inclusions in garnets. Garnet occurs
as euhedral to subhedral porphyroblasts of 0.5 mm to 3-5 cm size and contains similar
inclusions to those of garnets in blueschists (Fig. 9d). Chlorite is commonly found in the
core of garnet, epidote is located between the core and mantle, while omphacite is mainly
found in the mantle to rim of garnet, suggesting prograde garnet growth. Garnet has often
inclusion-free rims (Fig. 9d). Matrix omphacite is anhedral and forms patchy and fibrous
grains. When present, matrix amphibole is sub- to euhedral with a prismatic to needle shape.
White mica is present as euhedral lamellae. Euhedral rutile occurs as inclusion in garnet,
amphibole, white mica, epidote and in the matrix (up to 5%) and is in places rimmed by
titanite, when found in the matrix assemblage. Some samples contain carbonate as a minor

phase. Accessory minerals include apatite, pyrite, zircon, and iron oxide.

5.2 Volcano-clastic rocks

Volcano-clastic rocks are characterized by a mineral assemblage of white mica +
garnet + quartz + albite plus minor and accessory phases such as omphacite, amphibole and
epidote. The presence of omphacite, amphibole or epidote shows that these rocks are impure
metasediments with a variable psammitic and/or mafic fraction. Garnet size and shape vary
significantly among samples, from euhedral to anhedral. The small garnet crystals (0.1-1
mm in size) are mostly inclusion free, while the larger porphyroblasts (0.5-1 cm size) show

the same inclusion pattern as the more mafic rocks. Volcanoclastic rocks present a more or
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less pronounced schistosity (S,) depeding on the proportion of white mica present in each

sample. Albite always displays a poikiloblastic texture.

5.3 Metasedimentary rocks

Metasedimentary rocks are mainly commposed of white mica + garnet + quartz +
albite plus minor and accessory phases. Mafic minerals, such as omphacite, amphibole or
epidote are absent or present in negligeable proportions. Garnets are often euhedral to
subhedral small (0.1-0.2 mm in size) crystals and mostly inclusion free. Metasedimentary
rocks always evidence a strong schistosity (S,), mainly marked by phengite and stretched

quartz crystals. Albite displays a poikiloblastic texture.

5.4 Retrograde blueschist-facies to greenschist-facies metamorphism

Blueschist-facies retrogression is indicated by the replacement of omphacite and/or
glaucophane by blue-green amphiboles (Fig. 9e), with rare relicts of glaucophane in
amphibole cores. Retrogression is also indicated by large (up to 0.5 cm) albite grains (Fig.
9e) and titanite as the main Ti-phase, although a few rutile grains remain in some samples.
The greenschist-facies retrogression is marked by further chloritisation of various Mg-Fe-

rich minerals such as amphibole, omphacite and garnet (Fig. 91).

6. Mineral chemistry

Representative analyses of major element composition of minerals are shown in Fig.
10 and given in Table 2 (more data are avalaible in Table S1). Table S2 shows some XRF
data of the composition for the different rock types. Mineral abbreviations are after Whitney

and Evans (2010).
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6.1 Garnet

Garnet is found in all rock types in the HP-UHP unit. Most garnet porphyroblasts
show a typical prograde chemical growth zoning, characterized by almandine (Fe) and
spessartine (Mn) components decreasing from core to rim, while the pyrope (Mg) and
grossular (Ca) components are increasing (Table 2; Fig. 10a). Some samples nevertheless
exhibit garnet with different zoning patterns, such as oscillatory zoning, two step growth, or
embayments due to corrosion followed by a phase of new garnet growth. The various
zonings are not specific to a rock-type. Garnets in eclogite-facies V-type rocks, blueschist-
facies V-type rocks, and micaschists samples have an average composition of Almss_g>—Pyr;.
15—Grs1441 (except sample FTS 2-7: Almsy.63—Pyri425—Grsaz.25), Almey ga—Pyrs.15—Grsy6 and
Almgo.g2—Pyrs.19—-Grseas, respectively (Fig. 10a; Table 2). Garnets containing inclusions
systematically display a prograde pattern, with greenschists-facies minerals near the core
(chlorite) to blueschist-facies minerals (epidote, blue-amphibole) from core to mantle, and
eclogite-facies minerals (omphacite, epidote) from mantle to rim. Quartz inclusions are
located throughout the whole garnet, while coesite inclusions have been found only in the

garnet mantle.

6.2 White mica

White mica occurs as paragonite and/or phengite. They form single euhedral crystals
of paragonite and phengite (or an intergrowth) in mafic omphacite, eclogite-facies and
retrograde blueschist-facies samples. In pelitic rocks, white mica aligns along the schistosity
and forms the matrix. Paragonite and phengite present Na/(K+Na) values of 0.8-1 and 0.1-
0.3, respectively. Phengites show Fe+Mg (pfu) values ranging from 0.37 to 0.67 and a Si
(pfu) content of 3.25 to 3.70 (Fig. 10b). Offset from the tschermak 1:1 line (Fig. 10b) is

likely due to a high Fe’" content. Paragonite displays a Fe (pfu) content < 0.025. Paragonite
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is found is all rock types and is present as a retrograde phase in eclogites. In greenschist

samples, paragonite is the only white mica present.

6.3 Clinopyroxene

Clinopyroxene is classified according to the nomenclature of Morimoto (1988). The
estimation of the ferric iron content is based on the method described in Droop (1987). Most
of the clinopyroxene minerals are omphacite (Jdysss—Ae32—Di-Hdso62), except for two
samples (eclogites s.s.), which are partly in the field of aegerine-augite (Jda;-34—Aesp.36—Di-
Hds347) (Fig. 10c; Table 2). Omphacites form a matrix of intergrown patchy grains, due to
variation of jadeite and aegerine composition (Fig. 9d). Omphacite occurring as inclusion in
garnet and within the matrix display the same compositional range, although inclusions tend

to be closer to the aegirine-augite field.

6.4 Amphibole

Amphibole is classified according to the nomenclature of Leake et al. (1997, 2004)
(Fig. 10d) and structural formulae are calculated after the procedure outlined by J.
Schumacher (in Leake et al., 1997). Amphiboles are mainly glaucophane and barroisite in
composition, with minor occurences of winchite, richterite, Mg-hornblendeand rare
actinolite (Table 2). They occur as prismatic and acicular euhedral crystals, or as prisms
elongated parallel to schistosity. Blue amphibole in eclogites occurs along the Dn+l
schistosity or in pressure shadows along Dn. They form porphyroblasts floating in the
matrix, as matrix minerals, or as inclusion in other minerals such as garnet. Amphibole
retrogression is marked by thin barroisitic or crossitic rims surrounding glaucophane
porphyroblasts. Amphibole inclusions in garnet have compositions similar to the matrix

minerals.
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6.5 Epidote group minerals

Epidote-group minerals occur as prismatic and acicular shape large grains of various
sizes in the matrix or as inclusions in garnet. Some epidotes, mainly in mafic samples,
contain quartz, rutile and amphibole inclusions. Most matrix epidote-group minerals present
a core to rim zoning varying from allanitic or epidotic (LREE- or Fe’*-rich) to clinozoisite
(AP"-rich). In the sample M 14.8 from the greenschist-facies unit, their composition is

closer to the clinozoisite end-member, with X 5 (Al/(Al+Fe’")) values of 0.7-0.9 (Table 2).

6.6 Chlorite

Chlorite, when present, is commonly associated with garnet and appears in garnet core
regions as inclusion, or filling fractures across garnet, or replacing garnet at garnet rims. In
retrogressed samples, chlorite is present in the matrix as elongated or patchy crystals. Their

Xmg varies between 0.2 and 0.6 in the HP-UHP unit, while chlorite in the greenschist-facies

unit has an Xy;=0.64-0.67 (Table 2).

6.7 Rutile/Titanite
In pristine high-pressure rocks, the main Ti-phase is rutile, occurring in the matrix and
as inclusion in garnet, white mica, amphibole, epidote. Matrix rutile may develop a titanite

rim when significant retrogression affected the rock.

6.8 Other minerals

Carbonate minerals have compositions between ankerite and calcite (Table 2). They
occur as vein filling, single crystal in the matrix or as inclusions. Albite (Xap> 0.98, Table 2)
formed during retrogression and is mostly found in mica-rich samples and occasionally in
more mafic ones. Pyrite crystals occur as matrix mineral as well as inclusion in various
minerals. Apatite is mostly present in the matrix as rounded grains. Zircon is present as rare

small grains (few pm).



511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

7. Estimation of peak P-T conditions

7.1 Peak temperature estimates

The thermometer based on graphitization of the carbonaceous material (T¢) could be
applied to 24 samples in the HP-UHP unit, mainly V- and S- type, as the M-type rarely
contains carbonaceous material, and one sample in the Greenschist Unit (M 14.10; to assess
its peak metamorphic condition). The proportion of carbonaceous material varies between a
few percent to up to 10-20 % of the mineral assemblage (garnet + carbonaceous material +
white mica + quartz + feldspar + amphibole + omphacite). The thermometer based on Zr
content in rutile (Tz) was applied to 10 samples (Table S3). This allows comparison of both
thermometers and a temperature estimate for samples lacking carbonaceous material.

Estimated T¢ values range between 525 °C and 553 °C (with 15 to 32 °C intra-sample
error) with an average of 539 + 13 °C (Fig. 11a). Two samples exhibit slightly off range Tc
estimates of 509 + 20 °C (AT 14.30) and 573 + 29 °C (AK 14.10-1), although remaining in
the range within error of the method. Tz estimates display slightly lower values than T¢
(Fig. 11a). Tz estimates range from 520 °C to 543 °C (with 14 to 22 °C intra-sample error),
with 530 = 7 °C on average (Fig. 11a). The combination of both thermometers results in an
average temperature of 538 + 12 °C for the entire HP-UHP unit with a rather homogeneous
distribution throughout the studied area (Fig. 11b). No significant difference is observed
between samples with distinct apparent metamorphic grade (blueschists, mixed
blueschists/eclogites, eclogites; Fig. 11c). Sample M 14.10 exhibits a T¢ value of 180 + 35
°C with a maximum of 235 °C, consistent with maximum low-grade greenschist-facies

conditions.

7.2 Pressure estimates
The QuiG barometer was applied to 18 samples from various rock types to estimate

minimum values of the peak pressure (Pr) in the HP-UHP unit. Garnets used for QuiG
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barometry have an average composition of Alme7s-Spsz4-Pyroo-Grsyos, with core to rim
variations ranging between Almgso-Spsy.1-Pyrse-Grsios and Almgs o-Spsa2-Pyrioo-Grsys 4.
Most garnets present a prograde growth zoning, allowing to correlate the temperature
linearily from core to rim for each mineral inclusion. The Av464 value (and accordingly
pressure) increases from garnet core to garnet mantle, with a slight decrease towards the
garnet rim (Fig. 11e). Estimated values of P vary from 1.5 to 2.8 GPa with an error of 0.2
GPa.

For the sake of comparison (and for samples lacking suitable quartz inclusions for the
QuiG barometry) we applied the phengite barometer (Pgop) to 6 samples in the HP-UHP
unit. Pgop values obtained range from 2.3 to 3.0 GPa, with 3 samples exhibiting values
above the quartz-coesite transition (>0.6 GPa, Richter et al., 2016).

Coesite inclusions in garnet were identified by Raman spectroscopy by their main
bands at 521 cm” (Fig. 11d) and are mainly found in the mantle zone of garnet. The
presence of coesite implies a minimum pressure of ~ 2.6 GPa for the determined regional
temperature of ~540 °C (Richter et al., 2016). We considered a minimum peak pressure of
2.6 GPa for coesite-bearing samples, when the estimated pressure with QuiG (Pg) and/or
phengite barometry (Pgop) was < 2.6 GPa.

The combination of Pr ,Pgop, and coesite occurrence for each sample provides a new
range of minimum peak pressures of 2.1 to 3.0 GPa, with an average of 2.5 + 0.2 GPa. This
restricted pressure range reveals a rather homogeneous distribution throughout the sampled
area (Fig. 11e). No variations in pressure are observed across the observed km-scale shear

zones (Fig. 12d).
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8. Discussion

8.1 Peak metamorphic conditions across the HP-UHP unit

Peak P-T conditions in the HP-UHP unit (Table S4) were investigated on continuously
distributed samples across the entire Akeyazi metamorphic complex (AMC), using the same
combination of methods.

Peak-temperatures estimated by RSCM spectroscopy, T, yielded a tight cluster at
~540 °C (Figs. 11a,b). Only two samples deviate significantly from this average value (AT
14.30, Tc=509 °C and AK 14.10-1, Tc=573 °C) and may record local temperature
deviations, possibly as a result of fluid-rock interactions. Tz yields slightly lower values
than T, although overlapping within error. Minor Zr diffusion out of rutile grains during
cooling may have lowered Tz estimates (Cherniak, 2000; Zack et al., 2004), which seems
supported by the observation of local zircon or baddeleyite exsolutions within rutile.
Interestingly, Tz displays no difference in temperature for eclogites or blueschists (Fig.
11c). This confirms that the distinct mineral assemblages of these rocks reflect individual
bulk composition rather than different P-T conditions (e.g., Beinlich et al., 2010; Tian and
Wei, 2014).

Estimated pressures, Pr and Pgop, range from 1.48 GPa to 2.81 GPa and 2.31 GPa to
2.98 GPa, respectively. It should be recalled that Pr values determined through the QuiG
barometry correspond to minimum estimates of Pmax, since estimated pressures only reflect
the residual pressure preserved by the quartz inclusion, whose relaxation in turn depends on
the elasticity of its host (Enami, 2012). The discrepancy, in some samples and in the same
garnets (e.g., AK 14.66), between very low Pr estimates around 1.5 GPa and the presence of
coesite inclusions implying P > 2.6 GPa (Richter et al., 2016), could therefore result from
cracks in the vicinity of the measured quartz inclusions (thereby altering quartz relaxation;

Angel et al., 2015; Ashley et al., 2014a) or inclusions being located too close to the thin
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section edge. This is corroborated by the observation of many cracks in garnets, especially
the large ones, in addition to a large amount of inclusions very close to each other in many
of the garnets. In particular, the dilatant transformation of coesite inclusions to quartz can
fracture garnet (Chopin, 1984; Gillet et al., 1984; Van der Molen and Van Roermund, 1986),
leading to partial decompression of quartz inclusions. Interestingly, the quartz maximum
shift, peak Pr and coesite findings are mainly located in the garnet mantle zone, followed by
a slight Pr decrease towards the rim.

Pressures estimated using the phengite barometry (Pgop) are calculated based on
textural equilibrium between phengite-ompacite-garnet minerals (using only euhedral garnet
devoid of rim corrosion to ensure equilibrium between the last growth stage and the matrix
minerals). We only considered maximum Si contents of phengite to estimate the peak
pressure, as phengite may have recrystallized to lower Si contents during retrogression. Two
of the samples recording Pgop >2.6 GPa contain coesite, suggesting that one may rely on this
method to estimate pressure conditions if the minerals chosen really grew in equilibrium at
peak conditions.

Combining Tz and Tc yields a regional average of ca. 540 °C for the HP-UHP unit,
with no significant variations in temperature along and across the area (Figs. 11a, b, 12d).
Therefore this indicates that both thermometers seem to record peak temperatures and that
Zr concentrations (for Tz) or carbonaceous material (for T.) were not affected by later
retrogression (e.g., Beyssac et al., 2002), whatever the lithology (mafic, volcanoclastic, or
micaschist) and effective bulk composition (Beinlich et al., 2010).

The distribution of global effective pressure Pes, taken as the maximum value of
pressure estimates (i.e., out of QuiG barometry, phengite barometry and coesite occurrence),
is rather uniform though less homogeneous, ranging from 2.1 GPa to 3.0 GPa, with an

average of 2.5 GPa (Fig. 11e). The regional average of ca. 2.5 GPa for the given peak
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temperatures of ca. 540 °C suggests that the whole area had been at a depth close to or at the
quartz-coesite transition zone (Fig. 12d), a conclusion supported by the many coesite
findings (e.g., Lii et al., 2009; Lii and Zhang, 2012, this study). The values around 2.5-2.8
GPa are also in agreement with recent pseudosection modelling in the AMC (Lii et al., 2009,
2012a; Soldner et al., 2017; Tan et al., 2017).

These results demonstrate that the sub-units of the HP-UHP sequence were subducted
and detached from the downgoing slab to form a single nappe stack near peak burial UHP
conditions (Fig. 12). The continuous temperature increase from garnet core to garnet rim,
and slight pressure decrease from garnet mantle to garnet rim, indicates partial exhumation

of this unit at a slightly higher level, while heating up to 540 °C.

8.2 Tectonic implications at the scale of the area

8.2.1 Nature and origin of the lithologies

Detailed mapping reveals that the HP-UHP unit is composed of a ~4-5 km-thick
metasedimentary and metavolcanoclastic sequence grading southward from more pelitic to
more mafic (Fig. 4b). The N-MORB, E-MORB, OIB and/or arc geochemical signatures of
the mafic rocks (Gao et al., 1995; Gao and Klemd, 2003; Liu et al., 2014; van der Straaten et
al., 2012) testify the existence of a complex oceanic crust (i.e., with seamount-like
heterogeneities and/or subduction related arc-volcanism), while metasedimentary
components (carbonates and micaschists) may correspond to the sedimentary cover of the
subducting oceanic crust and/or trench or fore-arc basin sediments (Ai et al., 2006; Gao et
al., 1995; Liu et al., 2014; Meyer et al., 2016).

Intercalated radiolarian cherts, pillow basalts and pillow breccias (with N-MORB to E-

MORB signature; Gao et al., 1995) of the southernmost and last accreted unit (sub-unit 5)
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represent the upper portion of the oceanic slab. We suggest that the north to south
lithological and compositional gradient documented here (in sub-units 1 to 4; Figs. 5, 6)
reflects the incorporation of increasing amounts of trench material of volcanoclastic origin
(likely upper plate derived, for example as a result of large volcanic eruptions; Kutterolf et
al., 2008a, 2008b; Scudder et al., 2009) as the subduction system evolves.

This increasing input of volcanoclastic material may also reflect an evolution from
subduction accretion (with only thin veneers of deep-sea sediments, as in sub-unit 1, making
their way into subduction) to subduction erosion: the more psammitic and mafic components
would correspond to large pieces of the accretionary prism and arc-derived material
shovelled into subduction. Such an evolution was suggested for the Apennines to explain the
change in slope basin deposits and the removal of the toe of the Ligurian accretionary prism
(Remitti et al., 2011) and subduction erosion was previously proposed for the AMC (Ai et

al., 2006; Liu et al., 2014).

8.2.2 Tectonic mélange or sub-belt model?

Two contradictory concepts were so far proposed for the structural evolution of the
AMC (Fig. 1b).

On the one hand, the AMC was regarded as a block in matrix tectonic mélange,
assuming eclogite boudins and bodies are embedded in “country rock™ metapelites (e.g.,
Klemd et al., 2015, 2011; Li et al., 2016; Meyer et al., 2016). Our findings conflict with such
a mélange structure, as mapping reveals km-scale lateral continuities and interlayering of
mafic and sedimentary rocks (Figs.4, 5; see also Gao and Klemd, 2003; Liu et al., 2014).
Some rocks (mostly from loose blocks and/or river beds in fact) seem to have experienced a
complex P-T evolution (e.g., Li et al., 2016). This could tentatively be reconciled with our
findings by thinking these may have been incorporated between tectonic slices, i.e. along

major shear zones of the nappe stack.
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On the other hand, the AMC was described as consisting of two units: a ultra-high-
pressure unit to the North, separated from a high-pressure unit in the South by a ~10-15 km
shear zone (Lii et al., 2012a; Tian and Wei, 2014). The lack of pressure gradient across the
area (Figs. 11e, 12d), and across a particular contact, does not support the existence of this
boundary (which was progressively shifted on the maps, as more and more coesite was
discovered in the area; Lii et al., 2012a; Tian and Wei, 2014 and references therein).

Overall, the intimate layering, homogeneous peak P-T estimates (irrespective of
sedimentary or mafic protoliths) and almost ubiquitous coesite occurrences throughout the
entire study area stand in contradiction with both concepts. Contrary to earlier suggestions
(e.g., Klemd et al., 2011; Lii et al., 2012a; Tian and Wei, 2014), large-scale shear zones do
not separate units or individual blocks from various depths (Fig. 12a), , but rather

accomodate deep stacking and minor later offsets during exhumation.

8.2.3 Succession and significance of deformation stages

Five stages of deformation were identified, the first one being only identified in thin
section (Dy.1) as quartz inclusion trails in garnet (Figs. 6g, 8f. Garnets enclosing S,.; exhibit
prograde growth zoning and preserve increasing pressures from core to rim (Pgr), suggesting
that this deformation stage developed during burial. The pervasive, dominant schistosity S,
(stage D) strikes approximately E-W. A similar ~ENE-WSW trend was reported from a few
scattered schistosity measurements in the study of Tian and Wei (2013). Soldner et al.
(2017) recently reported foliation and schistosity measurements with (i) a chaotic ENE-
WSW trend in Atantayi, (ii) an E-W striking trend north of Kebuerte turning into (iii) a NW-
SE trend towards the South.

Later Dy to Dp:3 fabrics show very homogeneous N-S trending lineations with top to
the north shear senses (Fig. 7k,l). These fabrics (Fig. 12a) are consistent with expected

exhumation dynamics following northward subduction (Scheltens et al., 2015; Soldner et al.,
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2017). D, and Dy likely occurred at eclogite-facies conditions, prior to retrograde
blueschist-facies conditions. Dy, reflects exhumation at blueschist-facies conditions, as
shown by the ubiquitous glaucophane lineations along (mm- to km-scale) shear planes (Fig.
7j). Blue- and green-amphibole lineations associated to C’ planes (i.e., extensional
crenulation cleavage; Dyi3) suggest exhumation from blueschist- to greenschist-facies

conditions.

8.2.4 Juxtaposition of the HP-UHP unit with other units

The northern greenschist-facies (GS) unit is bound in the North by the south Central
Tianshan Suture (e.g., Gao et al., 1999) and in the South by the greenschist/high-pressure
detachment (GHPD; this study). This study reappraises the location of the GHPD slightly
further to the North with respect to former ones.

While the distinction between the HP-UHP unit and the GS unit is sharp in the West, it
is less clear in the East, as samples close and on either side of the contact may contain
garnet. We propose that the GHPD is more diffuse in the East because it branches into
several fault strands. The eclogite sample located immediately north of the GHPD (AK
15.20), with T¢ ~544°C, would thus represent a tectonic sliver sheared off the HP-UHP unit
along the contact during the juxtaposition of the two units. Contrary to Gao et al. (1999),
describing greenschist-facies rocks as “country rocks” containing garnet and muscovite and
possibly retrogressed from higher pressure conditions, only typical low-grade mineral
assemblages and peak temperatures < 250°C were indeed found in this study.

In the central part of the GS unit a unit comprising unmetamorphosed and mostly
undeformed sedimentary rocks unconformably overlains the GHPD. No age constraints

could be obtained, unfortunately, for what was likely a small molasse-type continental basin.
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8.3 Geodynamic evolution of the southern Chinese Tianshan metamorphic belt

Using the above petrological and structural constraints, we tentatively reappraise the

geodynamic evolution of the southern Chinese Tianshan metamorphic belt (Fig. 12).

8.3.1 Initial stage: ongoing subduction

The nature of the AMC material indicates that trench infill, during subduction
(whether or not an accretionary wedge developed), comprised pelitic and carbonate-rich
sediments and variable amounts of volcanoclastic material. Based on (i) the observed
lithological gradient from more pelitic in the north to more volcano-clastic and mafic
towards the south, (ii) assuming northward subduction (see Geological setting) and
recognizing that (iii) the 4-5 km thick sequence is made of a stack of (successive) tectonic
slices, it may be argued that pelitic rocks in the north were incorporated first in the
subduction zone and that the nature of the original material evolved slightly over time,

comprising more volcanic fragments/ashes (Fig. 12a).

8.3.2 Detachment and accretion

Pieces dragged down into subduction get sequentially detached and stacked at
eclogite-facies HP-UHP conditions, with average peak pressures around 2.5-2.7 GPa (Fig.
12b). This is supporting the existence of a critical point at ca. 80 km depth (Agard et al.,
2009) and of coupling/decoupling level from numerical models (e.g., Syracuse et al., 2010;
Wada and Wang, 2009). We suggest that the observed sequence was detached and stacked
as several slices. The first slice comprises more metapelitic trench infill material, possibly
from a still sediment-dominated margin. Successively detached slices reflect the continuous
incorporation of an increasing volcano-clastic component into the trench, as a result of

subduction erosion and/or increased volcanic activity (Agard et al., 2018; see discussion in §
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6.2.1). The detachment of each slice is associated with thrust contacts now bounding the
structural sub-units observed in the field (Figs. 12a,b). Although residing at ca. 80 km depth,
temperatures were buffered and the HP-UHP unit remained relatively cool. This absence of
significant heating after peak burial might be explained by shielding of the AMC from heat
transfer from the overlying mantle (e.g., fluid circulation along the plate interface or
presence of a mantle wedge “cold nose”; Abers et al., 2006; Bayet et al., 2018; van der
Straaten et al., 2008).

Detachment and stacking of the last tectonic slice with abundant pillow basalts (i.e.,
sub-unit 5; Fig. 6f) remains enigmatic, as no peak pressure could be estimated for these
rocks (Figs. 1le, 12d): this tectonic slice was either detached from the slab at UHP
conditions, or later accreted to the rest of the sequence at eclogitic yet not UHP conditions.

Since the GS facies unit did not experience any HP-LT metamorphism, juxtaposition
between the HP-UHP and GS units occured late or even postdated the subduction history.
Despite the lithological homogeneity of the GS unit and the fact that it is only underlain by
HP-LT sub-units, its paleogeographic significance and whether it was subducted is still

unclear.

8.3.3 Exhumation

Exhumation and pervasive thinning of the HP-UHP sequence occurred at blueschist-
facies conditions, as indicated by ubiquitous glaucophane lineations, most likely through the
reactivation of the former thrusts as shear zones (Fig. 12c). As only top to the north shear
senses are observed and given the inferred northward subduction, this means that (i) shear
zones are extensional (at least in a relative sense) and exhumation-related, and (ii) because
they separate units with slightly contrasting lithological content they may have corresponded

to the original (thrust) boundaries between the tectonic slices.
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From that stage onwards the nappe stack behaved as a single unit, which is supported
by the homogeneous distribution of the peak P-T values throughout the entire area (Fig.
12d). Sub-unit 5, if not yet part of the nappe stack (see above), most likely was detached by

then from the descending slab, welded and exhumed together with the HP-UHP sequence.

8.3.4 Present day configuration

The greenschist unit was either exhumed prior to exhumation of the HP-UHP unit or
coevally, yet, during ongoing subduction. In both cases, the AMC developed a dome-like
structure with the GS unit on top of the HP-UHP unit and 'detachment' faults on each side.
This metamorphic dome may have formed while the UHP unit was exhumed throughout the
greenschist unit, as in metamorphic core-complexes (e.g., Jolivet et al., 1998), or may
represent later folding of previously exhumed units. Owing to the lack of diagnostic shape
for the exhumation P-T path in support of the first hypothesis, folding is most likely
postdating much of the exhumation. Both units were later tilted and subsequently eroded. A
small molasse basin formed on top of the GHPD after all metamorphic units had reached the

surface, and was later squeezed during (possibly Cenozoic) compression (Fig. 12d).

9. Conclusions

The systematic study of structural and lithological relationships tied to peak P-T
estimates across the whole Southern Tianshan metamorphic belt allows to draw the
following conclusions:

1. The lithology in the HP-UHP unit exhibits a north to south gradient, from more

pelitic to more mafic. This is thought to reflect an increasing amount of
volcanoclastic component in subducted material and/or a shift to subduction

erosion mode through time. The studied area does not represent a block-in-matrix
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tectonic mélange, as continuous layers of mafic rocks are intimately interlayered
with metapelitic layers.

The HP-UHP unit underwent rather homogeneous peak P-T conditions around
~2.5 GPa and ~540 °C and reached uniform UHP or near UHP conditions, as
attested by the ubiquitous presence of coesite. Subducted trench infill was thus
detached at HP-UHP conditions and stacked as several individual tectonic slices

(sub-units 1-4) to form the present-day nappe stack.

. Pervasive deformation occurs in the HP-UHP unit through five deformation stages:

(i) Dn-1 records burial and is only visible at mm-scale as inclusion trails in garnet;
(i) Dn is represented by the penetrative north dipping schistosity striking ~ENE-
WSW and most likely coincides with the nappe stacking of the sub-units
recognized in this study (i.e., initial thrust contacts); (iii) Dn+1, corresponds to the
eclogite to blueschist-facies crenulation and folding of the schistosity; (iv) Dn+2 is
marked by distributed blueschist-facies shearing during exhumation and is
reworking earlier, large-scale shear zones as extensional structures; (v) Dn+3 is
characterized by ductile to brittle C’ structures locally cutting across all previous

structures.

. No gap in peak pressure or temperature is observed across the large-scale shear

zones operating during retrograde blueschist-facies conditions. This observation
suggest that they separate sub-units stacked at similar depths and accomodate only

minor offsets during later exhumation.

. Progressive deformation patterns in the area are consistent with a northward

dipping subduction. The HP-UHP sequence was exhumed close to the surface and

juxtaposed to the greenschist facies unit during or after its exhumation.
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Figure captions

Figure 1: (a) Pressure-temperature (P-T) diagram with an estimated P-T-time path for the
rocks of the Tianshan Akeyazi metamorphic complex (AMC), the grey arrow represents the
estimated P-T trajectory from THERMOCALC averagePT, modified after Tan et al. (2017);
peak P-T conditions estimated in this study are reported on the figure (red box). The curve
reflecting the quartz-coesite transition and the jadeite/kyanite-paragonite transitions are after
Richter et al (2016) and (Chopin et al, 1991) et al (1991) (b) Previous geodynamic
interpretations for the AMC: 1) tectonic mélange, with mafic blocks originating from
various depths in a sedimentary matrix (Model 1; bottom left; modified after Klemd et al.,
2011) or sub-belt model, with a high-pressure (HP) unit versus ultra-high-pressure (UHP)

unit (Model 2; bottom right; modified after Lii et al. (2009).

Figure 2: (a) Map of the Central Asian Orogenic Belt modified after Long et al. (2011). (b)
Regional tectonic map of the Chinese Tianshan modified after (Gao et al, 1999). (¢)
Geological map of the Tianshan Akeyazi metamorphic complex in NW China displaying the
suggested “HP/UHP shear zone” modified after Lii et al (2012). Profiles a, b and ¢ represent

localities for field views of figure 4.

Figure 3: Field photographs illustrating the diverse lithologies found in the metamorphic
belt. Photographs a to d show the various main lithologies from metasedimentary (S-type,
a), to intermediate volcano-sclastic (V-type, b), to pure mafic (M-type), with eclogites (ss)
composed of omphacite, garnet, and quartz (¢) and blueschist (ss) with blue amphibole and
pseudomorphs after lawsonite (d). Interlayering between the different rock types (S-, V-, and

M-) are represented here in e to h, with the interlayering of: e) thin S-type layers and thicker
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V-type laryers, f) a mafic blueschistic layer with a pelitic mica-rich layer, g) S-type and M-
type eclogitic layers (omphacite, garnet and glaucophane layers), h) V-type layers with
varying mafic and pelitic mineral components and a thick mafic rocks layer. (i) Large-scale
deformation of volcanoclastic rocks, with the thin and finely schistosed more pelitic layers
and thicker more mafic layers. (j) Shearing of a volcanoclastic rock with fish structure of
amphibole-rich and quartz-rich components. (k) Volcanoclastic rock with an intermediate
composition, in which deformation is accommodated by a white mica and amphibole
schistosity and shearing displayed by quartz fish structures and rotated garnets, with
asymmetric strain shadows around garnet that indicate shearing (I) Greenschist-facies
metasedimentary rock from the northern part of the metamorphic belt, composed of chlorite,
albite, green amphibole, and lacking minerals indicating high-pressure. (m)
Unmetamorphosed micro-conglomerate likely representing the detrital filling of a small
sedimentary basin overlying the greenschist/high-pressure-detachment (GHPD) of the
Muzetekexie valley (see Fig. 4a). (n) Meter-thick carbonate layers intercalated between
volcano-clastic layers. (o) Glaucophanite composed of white mica and ankerite in a
glaucophane matrix (note the presence of an omphacite-quartz vein to the left). (p) Former
pillow basalt, showing a contrast in chemical equilibration and/or composition between core
(blueschist) and rim (eclogite). (q) Blueschistic pillow breccias filled with carbonates,
located in the southeastern part of Akesayi. All mineral abbreviations after Whitney and

Evans (2010).

Figure 4: Field data synthesis of lithology. (a) Lithological map corresponding with data
points (circles); volcanoclastic rocks are divided in three groups, according to their mafic
and pelitic proportion, from mica-rich (light grey) to mafic (black) with intermediate

composition (dark grey); note that some of the carbonates form continuous large mapable
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bodies. (b) Synthetic and schematic lithological profile from north (top) to south (bottom):
1) volcanics of the Yili-Junggar plates, 2) northern folded greenschist-unit, overlain by a
small unmetamorphosed sedimentary basin 3) HP-UHP unit composed of: 3a) a thick
metavolcano-clastic sequence showing a gradient from pelitic to mafic, with occasional
carbonate intercalations, 3b) pillow basalts and breccias under blueschist- and eclogite-
facies conditions. The continuity of the pillow basalts further south is unknown (green

gradient in 5a). The different sub-units of the HP-UHP unit are reported on the sections.

Figure 5: Field views of (a) the Muzetekexie valley and (b) the south-west and (¢) central-
eastern parts of the Akesayi valley. (a) Large detachment fault with an area of ~ 50 m of
deformation — namely the greenschist/high-pressure-detachment (GHPD) — between the HP-
UHP unit in the south and the greenschist-unit in the north (red line), the dotted part of the
line represents a more diffuse nature of this contact, a local unmetamorphosed basin is
unconformably overlying the greenschist-unit. (b), (¢) Clear E-W striking, north dipping
schistosity (black), and km-scale shear zones (red planes). (b) Smaller shear zones with
different orientation are observed in addition to the km-scale shear zone. (c¢) Pluridecametric

fold near the shear zone.

Figure 6: Field data synthesis of structures. (a) Simplified structural map of the studied area
showing a ca. E-W striking north dipping schistosity (black), shearing (red lines) with a top-
to-the-north sense of shearing as indicated by blueschist- (blue arrows) and greenschist-
facies lineation (green arrows), separating structural sub-units (labelled 1 to 5). (b)
Stereoplot showing poles, contours, and average measurements (gray area) of the schistosity

(Dn to Dyy; deformation stage), i.e. with an E-W strike and dipping north (left); stereoplots



1246

1247

1248

1249

1250

1251

1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

are equiareal lower hemisphere projection. (¢) Mean shear plane (C, red line, Dyin
deformation stage) determined after measurements average (red area). (d) Rose diagram
with the cluster of lineation values around a N-S orientation with top-to-the-north shear
senses (Dp2 to Dpi3 deformation stage). N represents the number of measurements. (e)
Schematic illustration of the shearing (Dy2) affecting both S(D,) and Sc(Dy+1), with typical
S/C structures. (f) Synthetic N-S cross section highlighting a lithological gradient from more
mafic in the South to more pelitic in the North, the presence of strongly deformed
sedimentary horizons and pervasive deformation. Modified after Bayet et al. (2018). Labels
1 to 5 correspond to the different units reported on the map (a). Note that this cross-section
is a synthesis of deformation observed from North to South through the entire studied area
and does not represent a specific cross-section. (g) Three-dimension sketch of the different
deformation stages observed in the field, illustrating the crosscutting relations between each
other. Note the difference of deformation between the less (S-type) and more (M-type)

competent rocks.

Figure 7: Photographs of the different deformation features at cm to m scale. (a,b) Shear
band in a volcano-clastic rock depicting mylonitisation in its center with decreasing
deformation outwards. (¢,d) Mafic boudin wrapped in metasedimentary layers, displaying
schistosity (S, black), shearing (C, red), and folding of the schistosity in the volcano-clastic
rock (bottom); quartz veins are present. A zoom of the deformation displays nice S/C
structures at the cm-scale. (e,f) Crenulation schistosity (Sc, orange) overprinting the
previous schistosity Sn in a volcano-clastic rock. (g) Metasedimentary rock presenting
shearing (C) affecting the main schistosity (Sn + Sn+1) at blueschist-facies conditions, as
indicated by ubiquitous glaucophane lineation (j). Normal (h) and disharmonic (i; red dotted

lines) folds in volcano-clastic rocks (blueschist- to eclogite-metamorphism). (k,I)
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Development of C’ structures, oblique to C, with pervasive schistosity in a metasedimentary
rock overprinted by greenschist-facies metamorphism. Greenschist-facies deformation, with

the presence of chlorite, is visible in the zoomed part.

Figure 8: Photographs of typical microstructures: (a) eclogite-facies M-type rock showing
little to no deformation (when ‘purely’ mafic), plane polarised light. (b), (¢) V-type rocks
with increasing deformation displayed by schistosity related to increase of the white mica
content; plane polarised light. (d) Blueschist-facies deformation characterized by white mica
(re)crystallization; plane polarised light. (e) S-type rock presenting a pervasive schistosity
(S, black lines), with quartz inclusion in a garnet host, displaying a former schistosity (Sy.1,
red lines); crossed polars. (g) Crenulation schistosity (Sc, red dashed lines) in a V- type
rock; crossed (top) and plane polariser light with cartoon (bottom). (h) Shearing in a garnet-
bearing S-type rock, represented by the development of asymmetric quartz shadows around
garnets porphyroblasts and pervasive white micas schistosity; plane polarised light (top) and

systematic cartoon, (bottom). Mineral abbreviations after Whitney and Evans (2010).

Figure 9: Backscattered electron (BSE) images: (a) greenschist-facies metasedimentary rock
(from the greenschist-unit), with a paragenesis of Ab-Ep-Chl-Act. (b) Blueschist-facies
mafic to vocano-clastic rock composed of a glaucophane-phengite-paragonite matrix with
quartz nd garnet porphyroblasts. (¢) Eclogite-facies mafic rock, with a clinopyroxene matrix
and euhedral phenocrysts of epidote, glaucophane, quartz and phengite. (d) Eclogite-facies
mafic rock with euhedral garnets hosting numerous inclusions, in a clinopyroxene matrix
with euhedral epidote, phengite, glaucophane, and additional ankerite. Variation in grey
scale of the clinoproxenes is due to a heterogeneities in composition (see text more for

details) (e) Vocanoclastic rock showing blueschist-facies retrogression typically indicated by
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the association of blue-green amphibole (barroisite) and small garnets in an albite matrix.
Darker minerals close to the amphibole are calcite. (f) Greenschist-facies retrogression in a
metasedimentary rock indicated by chloritisation of garnets, and numerous chlorite patches.

Mineral abbreviations after Whitney and Evans (2010).

Figure 10: Chemical composition of garnet, phengite, amphibole, and clinopyroxene
(electron microprobe data). (a) Garnet ternary diagrams presenting a high almandine
component. Eclogite samples (green field) present a higher grossular (Ca) component while
blueschist samples (blue field) are closer to the almandine (Fe) end-member (left).
Micaschists (yellow field) present more variability, however, with a tendency towards higher
pyrope (Mg) content (right), variation in garnet composition is likely due to variation in the
bulk composition; (b) Phengite composition in the Fe+Mg vs Si p.f.u. diagram, the 1:1 black
line represents the tschermak substitution; (¢) Composition of clinopyroxene in a ternary Di-
Hd/Jd/Ae diagram after Morimoto (1988). Most clinopyroxenes fall into the omphacite field,
with few outlier compositions in the Aeg-Aug field. Different colors refer to pyroxene
inclusions (orange field) and matrix pyroxene (blue field). Abbreviations after Whitney and
Evans (2010); (d) Composition of amphibole, classified as glaucophane (blue field),
barroisite, magnesio-hornblende, winchite or richterite and actinolite after Leake et al.,
(1997, 2004). Blue amphibole is mostly glaucophane (blue area). e) Sample names and
symbols legend: yellow symbols refer to S- to V-types rocks, blue symbols to blueschist-

facies V- to M- type rocks, and dark green symbols to eclogite-facies V- to M- type rocks.

Figure 11: Illustration of estimated peak P-T conditions. (a) Histogram of average Tc

(obtained with Raman spectroscopy of carbonaceous material; red) and Tz (obtained with



1320

1321

1322

1323

1324

1325

1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

1337

1338

1339

1340

1341

1342

1343

1344

Zr in rutile; orange) for all samples, with an average value of ca. 538 °C. (b) Distribution
map of averaged estimated peak temperatures (Tc, red numbers and Tz, orange numbers),
with an average temperature of ca. 535 °C.(¢) Comparison of peak temperatures for the
individual lithologies, from the metasedimentary (bottom) to mafic (top), with blue
indicating dominantly blueschist mineral assemblages and green eclogite mineral
assemblages. (d) Coesite Raman spectra of all coesite samples reported in this study. (e)
Distribution map of averaged estimated peak pressure inferred from coesite (> 2.6 GPa) and
estimated via the QuiG and phengite barometry (black numbers; see text for details). Coesite

findings from this and other studies are reported as stars on each map.

Figure 12: Schematic geodynamic evolution model of the Tianshan Akeyazi metamorphic
complex. (a) Volcanoclastic inputs; scrapping off pieces from the accretionary prism and
deposition of volcano-clastic material in the trench, further dragged down the subduction
zone. (b) Burial, detachment and stacking at greenschist- and UHP- conditions; the UHP
sequence consists of the successive accretion of several slices — separated by thrusts contacts
— of material dragged down on top of the oceanic plate. Numbers 1 to 4 correpond to the
different sub-units observed in the field in the volcano-clastic part of the UHP unit. (c)
Exhumation and dismembering of the HP-UHP unit at blueschist conditions, with
reactivation of the previous thrusts as blueschist-facies shear zones. Parts of the oceanic
plate (pillow basalts) are scrapped of prior or during the exhumation, forming the last sub-
unit of the UHP sequence (number 5). (d) Present day configuration: pervasive deformation
and detachment between the greenschist-unit and the HP-UHP sequence (Modified after
Bayet et al. (2018)). Peak temperature estimates reported above the transect, according to
their distance from the Greenschist / high-pressure detachment (GHPD), show a great

homogeneity. Peak pressure estimates reported under the transect, according to their position



1345  in the different sub-units, show that no major gap in pressure exists between the sub-units.
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Table 1: Deformation stages observed in the HP-UHP unit (see Fig. 6g)

Dn-l

Quartz inclusions

Associated and/or inclusion trails in

deformation garnets

Minerals

Chlorite —_— -
Phengite
Blue-Green Amphibole — — —
Blue Amphibole
Epidote
Garnet

Omphacite
Carbonate

Scale** mm-cm

Metamorphic facies BS-Ecl (?)

Burial / exhumation Burial

Deformation stage*

Dn,

Schistosity (S,)

mm-km
Ecl to BS

Burial to
exhumation

schistosity (S.)

DI'I+1 DI1+2 DI'I+3

Crenulation

BS Shearing (C) GS Shearing (C')

Folding
mm-hm mm-km cm-m
Ecl to BS BS BS-GS
Burial to BS-facies BS- to GS-facies
exhumation exhumation exhumation

*: different deformation stages observed in the HP-UHP unit; **: observation scale for each deformation stage

D: deformation; n+/-i: different stages; S, : schistosity; S.: crenulation schistosity; F: folding; C and C': shearing



Table 2: Representative major element composition of minerals of Tianshan metamorphic rocks

Sample AK 14.19-K 14.19-AK 14.3:AK 14.3:AK 14.6:AK 14.1¢AK 14.1¢AK 14.19  AK 15.0 AK 15.0 AK 14.0 AK 14.3AK 14.3: FTS2-7 AK14.35- AK 14.30 AK 14.66- AK 14.35AK 14.19- AK 14.3 AK 14.3\K 14.19-AK 14.2( FTS2-7 FTS2-7 M148 M14.8 AK14.3: FTS2-7 FTS2-7 M14.8 K14.19-2AK14.33 FTS2-7 AK15.04
Type BS BS Ecl Ecl Ecl Ecl Ecl Ecl Ecl Ecl Ecl Ecl Ecl Ecl BS BS BS BS BS Ecl Ecl Ecl Ecl Ecl Ecl GS GS Ecl Ecl Ecl GS BS Ecl Ecl Ecl
Mineral Gtrim Gtcore Gtrim Gtcore Gtrim Gtrim Gtmantle Gtcore Cpx - incCpx - maCpx - maCpx - maCpx - inc Cpx - incl Phg Phg Phg Pg Bar GIn GIn GIn GIn Bar  Fe-GIn  act Ep - mat Ep-mat Ep-mat Ep-inc Chl Chl Ab Cc Ank
Sio, 3823 3695 3720 3723 3747 3748 3727 36.95 5411 5510 5548 5657 5478 5433 53.28 53.47 52.07 50.05 4993 5755 5410 5835 59.48 4847 5391 5455 36.87 39.59 3847 3818 25.71  27.00 68.62 0.00 0.02
TiO, 0.03 0.05 0.04 0.08 0.05 0.05 0.03 0.05 0.11 0.01 0.12 0.04 0.08 0.04 0.22 0.11 0.29 0.08 0.26 0.02 0.10 0.01 0.01 0.27 0.12 0.00 0.41 0.09 0.07 0.01 0.04 0.05 0.03 0.01 0.00
Al,0, 2164 2074 2190 2121 2192 2141 2099 20.74 6.71 7.56 9.80 1342 852 6.81 26.63 23.05 28.09 38.62 1048 1154 1079 1222 1174 1016 9.77 0.88 2835 3225 2471 2141 1926 19.99 19.53 0.01 0.00
Cry,0, nd. nd. nd. nd. nd. 0.02 0.00 0.00 0.10 0.09 0.04 0.00 0.00 0.00 nd. 0.00 0.00 nd. 0.03 0.03 0.02 0.00 0.00 0.00 nd. nd. nd. nd. 0.00 0.01 nd. 0.00 11.01
FeO 2885 3460 2661 29.71 2751 3011 3484 34.60 1242 1106 6.69 4.79 9.84 16.98 2.50 275 2.50 0.46 1349 1064 1323 930 887 19.07 1561 9.25 0.00 0.00 0.00 0.00 1889 22.56 0.13 0.11 0.05
Fe,0, nd. nd. nd. nd. nd. nd. nd. nd. n.d. n.d. n.d. n.d. n.d. nd. nd. nd. nd. nd. nd. 0.00 0.00 nd. nd. nd. nd. nd. 5.18 160 1120 1478 nd. nd. nd. nd. nd.
MnO 0.21 248 0.73 172 0.24 0.45 1.08 248 0.04 0.04 0.02 0.00 0.15 0.08 0.00 0.04 0.03 0.02 0.10 0.02 0.09 0.00 0.08 0.08 0.03 0.11 0.07 0.00 0.01 0.27 0.16 0.08 0.04 0.04 0.09
MgO 3.39 218 2.00 1.58 451 3.08 243 218 6.16 6.10 7.33 6.05 6.46 351 3.49 432 2.92 0.13 11.36 9.36 9.02 10.21 1055 7.98 8.35 17.38 0.04 0.02 0.11 0.02 19.60 17.76 0.00 0.01 14.48
Ca0 8.03 2.63 11.36 8.09 779 6.99 3.65 2.63 1356 1262 1311 1016 1221 8.35 0.00 0.02 0.03 0.09 7.42 0.31 244 0.44 0.53 5.70 232 13.14 2473 2472 2344 2331 0.15 0.01 0.15 54.23 27.80
Na,O 0.02 0.08 0.03 0.00 0.00 0.04 0.02 0.08 6.55 7.07 7.32 8.76 7.43 9.06 051 0.13 0.58 6.89 3.66 6.69 5.97 6.91 733 4.81 6.46 0.19 0.01 0.07 0.00 0.00 0.00 0.01 11.27 0.00 0.04
K,0 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.00 0.00 0.01 0.00 0.00 0.01 9.93 10.35 9.66 0.56 0.24 0.02 0.09 0.03 0.02 0.31 0.11 0.03 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.00 0.00
Total 10040 9968 99.88 99.63 9950 99.65 100.32 99.68 99.75 99.63 99.92 99.78 99.47 99.16 96.55 94.25 96.17 96.90 96.97 96.14 9582 9752 9863 9686 96.66 95.52 9566 98.33 98.01 97.97 83.82 87.48 99.78 54.40 53.49
Si 6.01 5.99 5.90 5.98 5.92 5.97 5.98 5.99 1.99 2.01 1.98 2.00 1.99 0.00 3.49 3.60 3.42 3.12 7.15 7.96 7.69 7.92 8.01 711 7.70 7.91 2.92 3.01 3.03 3.06 275 2.80 3.00

Ti 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.31 0.01 0.01 0.01 0.00 0.03 0.00 0.01 0.00 0.00 0.03 0.01 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00

Al 4.01 3.96 4.10 4.02 4.01 4.02 3.97 3.96 0.29 0.33 0.41 0.56 0.36 0.00 2.05 1.83 217 2.84 177 1.88 181 1.96 1.86 1.76 1.64 0.15 2.65 2.88 2.29 2.02 243 245 1.01

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.54 nc. nc. 0.00 nc. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 nc. nc. 0.00

Fewr 3.79 4.69 3.53 3.99 3.63 4.01 4.68 4.69 0.38 0.34 0.20 0.14 0.30 0.20 0.14 0.16 0.14 0.02 1.62 0.31 0.39 1.06 1.00 234 1.86 112 0.34 0.09 0.66 0.89 1.69 1.96 0.01

Fe?* 3.79 4.69 3.53 3.99 3.62 4.01 4.68 4.69 0.19 0.19 0.12 0.05 0.18 0.00 n.c. n.c. n.c. n.c. 1.08 0.92 1.18 0.81 0.96 161 1.45 112 n.c. n.c. n.c. n.c. 1.69 1.96 0.01

Fe** 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.19 0.15 0.08 0.10 0.12 0.20 nc. nc. nc. nc. 0.54 123 157 0.25 0.04 0.73 0.41 0.00 0.34 0.09 0.66 0.89 nc. nc. nc.

Mn 0.03 0.34 0.10 0.24 0.03 0.06 0.15 0.34 0.00 0.00 0.00 0.00 0.01 0.34 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.02 0.02 0.01 0.00

Mg 0.79 0.53 0.47 0.38 1.06 0.73 0.58 0.53 0.34 0.33 0.39 0.32 0.35 0.67 0.34 0.43 0.29 0.01 242 1.93 191 2.07 212 175 178 3.76 0.00 0.00 0.01 0.00 3.13 2.75 0.00

Ca 135 046 193 139 132 119 063 046 053 049 050 038 047 000 0.00 0.00 000 001 114 005 037 006 008 090 036 204 210 201 198 200 002 0.0 0.01

Na 0.01 0.03 0.01 0.00 0.00 0.01 0.01 0.03 0.47 0.50 0.51 0.60 0.52 0.27 0.06 0.02 0.07 0.83 1.02 179 1.65 1.82 191 137 179 0.05 0.00 0.01 0.00 0.00 0.00 0.00 0.96

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.83 0.89 0.81 0.05 0.04 0.00 0.02 0.01 0.00 0.06 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00

XMg 0.17 0.10 0.12 0.09 0.23 0.15 0.11 0.10 0.47 0.49 0.66 0.69 0.54 0.77 0.71 0.74 0.35 n.c. 0.69 0.68 0.62 0.72 0.69 0.52 0.55 0.77 n.c. n.c. nc. n.c. 0.65 0.58 n.c.

Alm 6356 77.97 5851 6652 60.05

Pyr 13.30 8.77 7.85 6.33 17.57

Grs 22.67 7.60 3199 2312 3166

Sps 0.48 5.66 1.63 3.91 0.64

And 0.00 0.00 0.02 0.12 0.18

Di 0.34 0.33 0.40 0.30 035  75.00

Hd 0.19 0.18 0.08 0.09 0.12 0.17

Jd 0.26 0.34 0.38 0.56 0.34 0.17

Acm 0.19 0.16 0.12 0.05 0.18 0.31

K/Na+K 0.93 0.93 0.93 0.05

(Cat+Na) (B) 2.00 1.84 2.00 1.88 2.00 2.00 2.00 2.04

Na (B) 0.86 179 1.63 182 110 110 1.65 0.00

(Na+K) (A) 0.20 0.00 0.03 0.01 0.32 0.32 0.17 0.06

Fe*/(Fe* +AM) 037 015 021 012 046 046 024  0.00

Pistachite (Fe) 0.11 0.03 0.22 0.31

Zoisite (Al) 0.89 0.97 0.78 0.69

Xyva=Mg/(Fe,./Mg); Alm: almandine, Grs: grossular, Prp: pyrope, Sps: spessartine, And: andradite, Di: diopside, Hd: hedenbergite, Jd: jadeite, Acm: acmite. Fe3+ was calculated assuming stoichiometric mineral compositions
n.d.: not determined, n.c.: not calculated

Minerals structural formulae calculation are based on a number of oxygens of : 12 for garnet, 8 for clinopyroxenes, 11 for phengite, for 12.5 epidote, and 6 for albite

Amphibole structural formulae are based on 23 oxygens with Fe2+/Fe3+ estimation assuming 13 cations - except for Fe-Mg-Mn amphiboles where Y15 is applied.





