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» The NDZ is characterized by widespread anatexis that overprinted the HP/UHP metamorphism.
» We present a petrologic study on two eclogites from the Luotian dome of the NDZ.

» Thermodynamic modelling allowed constraining the prograde P-T evolution of the NDZ.

» Unambiguous evidence of UHP conditions have not been found.

 Other more suitable methods can constrain UHP history in “really hot & slow” terranes.
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and difficult to be constrained. In the Dabie-Sulu orogenic belt of central-eastern China, which is the largest UHP
terrane in the world, the migmatitic North Dabie complex Zone (NDZ) stands out for the widespread anatexis
that widely overprinted the traces of eclogite-facies metamorphism, hampering a precise reconstruction of its
P-T-(t) evolution.

Different peak P-T conditions, varying between non-eclogitic to UHP conditions, have been proposed so far for
various high-grade metamorphic rocks from the NDZ. Few attempts were also made to reconstruct its P-T
evolution. Most of the proposed P-T paths, based on conventional thermobarometry, follow a clockwise trajectory
at relatively HT (>750 °C) and almost none of them infer the prograde portion.

In this paper we present a detailed petrologic study on two eclogites from the Luotian dome of the NDZ:
sample 11-7c2 shows a well preserved eclogitic assemblage (Grt + Cpx + Rt), whereas sample 11-9c1 is
a Qtz-Ky-bearing eclogite pervasively retrogressed under granulite-facies conditions. The results of the
thermodynamic forward modelling allowed to constrain, for the first time, the prograde portion of the
NDZ P-T evolution; the decompression evolution at granulite-facies conditions has been also precisely
constrained. However, due to the HT overprinting and to poorly reactive bulk compositions, this method alone
is not sufficient to reconstruct the whole P-T trajectory of the NDZ: more specifically, unambiguous evidence
of the attainment of UHP conditions have not been found. Different “unconventional” thermobarometric
methods (such as those based on trace element and textural characterization of zircons) might be more suitable

to decipher the HP/UHP history of this “really hot and slow” UHP terrane.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The Dabie Shan metamorphic belt in central China, formed by
continental collision between the South China Block and the North
China Block in the Triassic (e.g. Zhang et al.,, 2009 and references
therein), is the largest high-pressure/ultrahigh-pressure (HP/UHP)
terrane in the world. While in the Central Dabie Zone the UHP
metamorphism was discovered almost 25 years ago (Okay et al.,
1989; Wang et al., 1989), in the North Dabie Zone (NDZ) UHP peak
metamorphic conditions have been suggested only since about 10
years (e.g. Liu et al., 2007a,b, 2011a,b; Malaspina et al., 2006; Xu et al.,
2003, 2005). This apparent discrepancy may be due to the fact that
the NDZ experienced a protracted high-temperature/ultrahigh-temper-
ature (HT/UHT) metamorphic evolution (e.g. Faure et al., 2003; Liu et al.,

* Corresponding author at: Department of Earth Sciences, University of Torino, Via
Vaperga Caluso, 35, Torino, I 10125, Italy. Tel.: +39 0116705106.
E-mail address: chiara.groppo@unito.it (C. Groppo).

http://dx.doi.org/10.1016/j.lithos.2014.11.013
0024-4937/© 2014 Elsevier B.V. All rights reserved.

2001, 2005, 2007a,b, 2011a,b; Xiao et al., 2001, 2005; Zhang et al., 1996)
that widely overprinted the traces of eclogite-facies metamorphism.

Direct clues of UHP metamorphism in the NDZ are rare and have
been a matter of discussion for a long time (see the (Tong et al., 2011;
Zhang et al., 2009) reviews, and references therein). The most convinc-
ing UHP evidence are the few diamond inclusions discovered in zircons
from both eclogites (Xu et al., 2003) and granitic gneisses (Liu et al.,
2007b), and a relic coesite inclusion in zircon and quartz pseudomorphs
after coesite enclosed in garnet from eclogites (Liu et al., 2011a); other
features, such as exsolution-type microstructures in garnet and/or
clinopyroxene, are more debated. Except for these few examples, UHP
metamorphism in the NDZ remains quite elusive and difficult to be
unambiguously demonstrated.

Different peak P-T conditions have been proposed for the NDZ since
the last decade (see Tong et al., 2011 for a review), most of them based
on conventional thermobarometry (e.g. Chen et al., 2006; Liu et al.,
2007a; Malaspina et al., 2006; Tsai and Liou, 2000; Xiao et al., 2001,
2005). Estimates of the maximum pressures for various high-grade
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metamorphic rocks from the NDZ vary between non-eclogitic
conditions (Paleoproterozoic felsic granulites; Chen et al., 2006; Wu
et al., 2008) to HP and UHP conditions (Triassic eclogites and granitic
gneisses, > 40 kbar; e.g. Liu et al.,, 2007a,b, 2011a,b; Xu et al., 2005).
Basing on conventional thermobarometry applied to different mineral
assemblages, few attempts were also made to reconstruct the whole
P-T evolution of the NDZ (e.g. Faure et al., 2003; Liu et al.,, 2011a; Xiao
et al., 2001, 2005). Most of the proposed P-T paths follow a clockwise
trajectory at relatively HT (>750 °C) and almost none of them infer
the prograde portion (i.e. the P-T evolution prior to the attainment of
maximum peak-P). More recently, Liu et al. (in press) constrained the
whole retrograde P-T-t evolution of the NDZ granulitized eclogites by
combining the Zr-in-rutile and Ti-in-zircon thermometers with zircon
U-Pb ages, and provided evidence of a multistage HT (and possibly
UHT) evolution, from UHP eclogite-facies conditions to granulite-
facies overprinting.

What is actually missing in this plethora of P-T-(t) data is the
contribution of the forward modelling approach to the reconstruction
of the NDZ P-T evolution. Application of the phase petrology methods
(e.g. P-T pseudosections) to eclogite-facies rocks pervasively
overprinted by HT/UHT assemblages is particularly challenging. In fact,
the widespread occurrence in these rocks of symplectitic and/or
coronitic reaction textures, clearly suggests that equilibrium was
attained only at a domainal scale. However, recent progresses have
been made in the petrologic modelling of such complex rocks, demon-
strating that it is actually possible to successfully apply phase petrology
methods based on the principles of equilibrium thermodynamic also to
texturally non-equilibrated rocks (e.g. Cruciani et al., 2008, 2011, 2012;
Groppo et al,, 2007a; Tajémanova et al., 2006).

In this paper we present a detailed petrologic study on two
granulitized eclogites from the Luotian dome of the NDZ. The aim of
the study is twofold: (i) to constrain the whole P-T path of the eclogites
using, for the first time, the pseudosection approach, particularly focus-
ing on their prograde evolution which is totally unknown; (ii) to test the
applicability of the thermodynamic forward modelling methods for
deciphering the metamorphic history of such elusive UHP rocks. The
results of this study allow to discuss and explain why evidence of UHP
metamorphism are so rare in the NDZ, and suggest which methods
might be useful in the future to more precisely constrain the maximum
P and T experienced in the NDZ.

2. Geological fening
2.1. The North Dabie Zone

The Dabie orogen, located in the central portion of the Triassic
Dabie-Sulu orogenic belt in central-eastern China, resulted from north-
ward subduction of the South China Block beneath the North China
Block (e.g. Ames et al., 1996; Bryant et al., 2004; Chavagnac and Jahn,
1996; Cong, 1996; Faure et al., 1999; Hacker et al., 2000; Li et al.,
1993; Liou et al., 2009; Liu et al., 2005, 2006; Xu et al., 1992; Zhang
et al., 2009). From north to south, the Dabie orogen is divided into
five, fault-bounded, major lithotectonic units (e.g. Liu et al., 2007a;
Tong et al,, 2011; Xu et al.,, 2003; Zhang et al., 2009): (i) the low-grade
Beihuaiyang Zone (BZ); (ii) the high-T migmatitic North Dabie complex
Zone (NDZ); (iii) the Central Dabie UHP metamorphic Zone (CDZ); (iv)
the South Dabie low-T eclogite Zone (SDZ); and (v) the Susong complex
Zone (SZ) (Fig. 1a).

The NDZ mainly consists of tonalitic and granitic orthogneisses and
post-collisional Cretaceous intrusions (Xie et al., 2006; Zhao et al,,
2004, 2007) with subordinate meta-peridotite, garnet pyroxenite,
garnet-bearing amphibolite, granulite and eclogite. Differently from
the CDZ and the SDZ, in which the UHP/HP eclogite-facies stage was
followed by cooling and decompression (e.g., Li et al., 2004; Rolfo
et al., 2004; Xu et al., 1992), the NDZ experienced a pervasive
granulite-facies overprinting accompanied by extensive partial melting

and migmatitization (e.g., Liu et al.,, 2001, 2005, 2007a,b, 2011a;
Malaspina et al., 2006; Xiao et al., 2001; Xu et al., 2000) that partially
or completely obliterated the evidence of the earlier metamorphic
events at HP/UHP conditions. In spite of this pervasive HT overprinting,
in the last ten years an increasing number of UHP/HP eclogite relics have
been reported from the NDZ (e.g. Liu et al., 2005, 2007a; Tsai and Liou,
2000; Xu et al., 2003, 2005). Although the evidence of UHP metamor-
phism in the NDZ have been a matter of debate for many years (e.g.
Ernst et al., 2007; Jahn and Chen, 2007; Zhang et al., 2009), the Triassic
zircon U-Pb ages (220-240 Ma: Liu et al., 2000, 2007a, 2011b; Wang
et al., 2012; Zhao et al., 2008) and Sm-Nd ages (Liu et al., 2005) of
these eclogites suggest that these rocks formed by the Triassic subduc-
tion of the South China Block, similarly to those from the CDZ and
SDZ. The Triassic metamorphic ages (Liu et al., 2000, 2007b; Xie et al.,
2010) and the occurrence of micro-diamond inclusions in zircon and
garnet (Liu et al., 2007b) from the NDZ migmatitic orthogneisses
suggest that also the gneisses hosting the eclogites were involved in
the Triassic deep subduction of the South China Block, thus implying
that the NDZ experienced UHP metamorphism as a coherent unit.

The precise P-T-t evolution of the NDZ is still not well constrained
and a multitude of P-T-(t) paths have been proposed (Tong et al.,
2011 and references therein). Most of the data point to a complex
multistage evolution characterized by a nearly isothermal decompres-
sion at HT/UHT conditions. According to Liu et al. (2007a, 2011a) and
Gu (2012), this HT/UHT evolution was associated to at least two stages
of partial melting, i.e. decompression melting at 207 4- 4 Ma and heating
melting at ~ 130 Ma during continental collision.

2.2. The Luotian dome granulitized eclogites

The Luotian dome in the south-western segment of the NDZ (Fig. 1a)
is a deeply eroded area with both felsic and mafic granulites (Chen et al.,
1998, 2006; Liu et al., 2007a; Wu et al., 2008). Eclogites occur as lenses
or blocks, up to 3 m thick, in garnet-bearing migmatitic tonalitic
gneisses (Liu et al., 2007a, 2011a,b). Due to the scarcity of outcrops,
the direct contact between the eclogites and the hosting orthogneisses
is rarely visible. Fresh eclogites are generally preserved in the core of
these lenses, whereas they are retrogressed into garnet-bearing
amphibolites towards the rim.

The studied samples were collected at Jinjiapu (sample 11-7c2) and
Shigiaopu (sample 11-9c1). At Jinjiapu (N30°54/14.8”, E115°37/12.7";
150 m a.s.l.), eclogites occur as metric lenses within migmatitic banded
gneisses. Two domains are clearly visible in the eclogite at the outcrop
scale: (i) fine-grained dark well-preserved eclogites with mm-sized
red garnet and green omphacite are alternated to (ii) pale green
domains mainly consisting of relatively coarse-grained clinopyroxene +
plagioclase symplectites. Coarse-grained cm-sized rutile grains occur
in both domains. Both domains are crosscut by a network of late
mm-wide veins along which a pervasive amphibolization may be
observed. Sample 11-7c2 (Fig. 1b) is representative of the well-
preserved eclogite domain.

At Shigiaopu (N30°47/17.5”, E115°33/13.5”; 170 m a.s.l.), eclogites
occur as smaller lenses and the relations with the hosting migmatitic
gneisses were not observed. Two different types of eclogites were col-
lected: (i) a pale-green, quartz-garnet-bearing strongly amphibolitized
rock, characterized by mm-sized dark spots surrounded by a whitish
corona, and (ii) a fine-grained dark-green eclogite with mm-sized
garnet, crosscut by quartz + rutile veins. Sample 11-9c1 (Fig. 1b) is
representative of the first rock type.

3. Petrography and mineral chemistry

The main microstructural features of samples 11-7¢2 and 11-9c1 are
shown in Figs. 2-3 and summarized in Fig. 4. Minerals were analysed
with a Cambridge Stereoscan 360 SEM equipped with an EDS Energy
200 and a Pentafet detector (Oxford Instruments) at the Department
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Fig. 1. (a) Schematic geological map of the Dabie orogen (modified from Liu et al., in press), with inset showing its location within the Triassic Qinling-Dabie-Sulu collision orogen in central
China. Sample localities with sample numbers are reported in red. BZ, Beihuaiyang zone; NDZ, North Dabie complex Zone; CDZ, Central Dabie UHP metamorphic Zone; SDZ, South Dabie
low-T eclogite Zone; SZ, Susong complex zone; HMZ, Huwan mélange zone; HZ, Hong'an low-T eclogite zone; DC, amphibolite-facies Dabie complex; XMF, Xiaotian-Mozitan fault; WSF,
Wuhe-Shuihou fault; HMF, Hualiangting-Mituo fault; TSF, Taihu-Shanlong fault; TLF, Tan-Lu fault; SMF, Shangcheng-Macheng fault. (b) Scanned overview of the two studied samples
(thin sections). Note the zoned garnet (reddish core and pinkish rim) in sample 11-7c2, and the dark spot surrounded by a whitish corona (former kyanite now replaced by spinel +

plagioclase symplectite) in sample 11-9c1.

of Earth Sciences, University of Torino. The operating conditions were:
50 s counting time and 15 KV accelerating voltage. SEM-EDS quantita-
tive data (spot size = 2 um) were acquired and processed using the
Microanalysis Suite Issue 12, INCA Suite version 4.01; natural mineral
standards were used to calibrate the raw data; the ®pZ correction
(Pouchou and Pichoir, 1988) was applied. Mineral chemical data of
representative minerals are reported in Fig. 5 and Tables SM6-SM7.
Garnet, clinopyroxene, orthopyroxene and plagioclase compositions
are expressed in terms of Xca, Xmg, Xmn and X, defined as: Xc, = Ca/
(Ca + Mg + Fe?T+Mn), Xy = Mg/(Ca + Mg + Fe?"+Mn) and
Xmn = Mn/(Ca + Mg + Fe? "+ Mn) for garnet, Xy, = Na/(Na + Ca)
for clinopyroxene, Xy = Mg/(Mg + Fe?™) for orthopyroxene and
Xca = Ca/(Ca + Na) for plagioclase.

Quantitative modal percentages of each mineral have been obtained
by processing 1-XRF maps of the whole thin sections with the software
program “Petromod” (Cossio et al., 2002). The micro-XRF maps of the
whole thin sections (Fig. SM1) were acquired using a U-XRF Eagle
III-XPL spectrometer equipped with an EDS Si(Li) detector and with
an Edax Vision32 microanalytical system (Department of Earth
Sciences, University of Torino, Italy). The operating conditions were as
follows: 100 ms counting time, 40 kV accelerating voltage and a probe
current of 900 pA. A spatial resolution of about 65 pm in both x and y
directions was used.

3.1. Sample 11-7c2

Sample 11-7¢c2 is a fine-grained eclogite mainly consisting of garnet
(54 vol%) + clinopyroxene (27 vol%) + rutile (1 vol%), only slightly
retrogressed in a plagioclase (8 vol%) + amphibole (9 vol%) + ilmenite
(1 vol%) -bearing assemblage (Fig. 1b and Fig. SM1). Both garnet and
clinopyroxene are strongly zoned.

Garnet crystals, up to 0.5 cm in diameter, show a dark red core (Grt;)
and a pinkish rim (Grt,) (Fig. 2a). The dark-red Grt; may be divided in
two domains (Fig. 4a): an inner core (Grty,: 2 vol%), only locally

preserved, crowded of small inclusions of brown Cl-rich amphibole
(Ampy, pargasite: Si = 6.0-6.1 a.p.f.u.; Xy, = 0.33-0.34) and rutile,
and an outer core (Grty,: 9 vol%) with large clinopyroxene inclusions
(Cpx;: Fig. 2a). The pinkish Grt; (43 vol%) is almost free of inclusions.
Xca decreases from core to rim (Grty,: Xca = 0.29-0.32; Grtyp: Xca =
0.27-0.30; Grty: Xca = 0.27-0.29), counterbalanced by an increase in
Xug (Grtia: Xpmg = 0.18-0.21; Grtyp: Xmg = 0.22-0.24; Grty: Xyg =
0.24-0.26). Xy, is slightly higher in Grty, than in Grtyy, (Grtya: Xpn =
0.01-0.02; Grtyp: Xpmn = 0.00-0.01).

Three generations of clinopyroxene are distinguished on microstruc-
tural and chemical basis. Clinopyroxene inclusions in Grtyp, are Na-rich
augite (Cpxy: Jd11-14CaTs4_sAcmy, _4Digo_g2Hed s 19). Clinopyroxene in
the matrix, up to few mm in length, is strongly zoned (Figs. 2b, c and
4a). Clinopyroxene core (CpXy: 8 vol%) is an omphacite to Na-rich augite
(Jdy6-22CaTsg-1Acmg_4Dig3_s9Hed 1 .15) and contains coarse quartz +
calcic amphibole (Amps, edenite-pargasite: Si = 6.4-6.5 a.p.f.u; Xy, =
0.27-0.31) oriented lamellae (Fig. 2c, e, f) resembling the “hornblende
with quartz caps” described by Page et al. (2005) and Anderson and
Moecher (2007). Clinopyroxene rim (Cpxs: 19 vol%) is a Na-rich augite
(Jd4-11CaTs4.7Acmy _4Dizg_74Hedzg22)  with  fine orthopyroxene
exsolution lamellae (Fig. 2c, d, f, h). The orthopyroxene lamellae are
generally < 1 um in width; coarser orthopyroxene (Opxs: Xyg = 0.61-
0.65) + plagioclase (Pls: Xc, = 0.23-0.33) exsolutions are also locally
observed (Fig. 2g). A discontinuous orthopyroxene rim is locally present
around Cpxs (Fig. 2h).

Thin and discontinuous coronas of greenish amphibole + plagio-
clase + ilmenite develop at the interface between garnet (Grt,) and
clinopyroxene (Cpxs) (Figs. 2b and 4a). Amphibole is a tschermakite
(Si = 6.2-6.5 a.p.f.u.; Xy, = 0.28-0.31) and plagioclase is mainly an
andesine (Xc, = 0.34-0.46) although it is locally more calcic in the
proximity of garnet (Xc, = 0.57-0.80). [lmenite contains significant
amounts of geikelite component (IlmggGeik;;Hems).

Very rare quartz (<1 vol%) is also present in the matrix (Fig. SM1), as
discrete grains with homogeneous extinction. Quartz has not been
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Fig. 2. Representative microstructures of sample 11-7¢2. (a) Zoned garnet with a reddish core (Grt;) and a pinkish rim (Grt,). Grt; includes brown amphibole (Ampyp) and green
clinopyroxene (Cpx;). A discontinuous amphibole (Amp,4) + plagioclase (Pl;) 4 ilmenite corona separates garnet from matrix clinopyroxene. Plane Polarized Light (PPL).
(b) Clinopyroxene of the matrix with coarse quartz 4+ amphibole oriented lamellae. Clinopyroxene is partially replaced by greenish amphibole at its rim; a coarse-grained Amp, + Ply £+
Ilm corona is developed between clinopyroxene and garnet. PPL. (c) Zoned clinopyroxene: the core (Cpx;) includes coarse quartz + amphibole (Amps;) oriented lamellae, whereas
the rim (Cpxs) contains fine orthopyroxene exsolutions. Back Scattered Electron image (BSE). (d) Detail of (c) showing the orthopyroxene oriented exsolutions (brighter in the BSE
image) in Cpxs. BSE. (e) Detail of (c) showing the quartz + amphibole (Amps) oriented lamellae in clinopyroxene core. BSE. (f) Zoned clinopyroxene with quartz + Amps; oriented
lamellae in the core and Opxs exsolutions in the rim. BSE. (g) Zoned clinopyroxene with a large Cpx; rim including coarser Opxs; + Pl; exsolutions. BSE. (h) Detail of Opxs exsolutions

in Cpxs. Note the discontinuous Opx corona developed at the rim of clinopyroxene.

observed as inclusion within garnet or clinopyroxene, except for
the coarse quartz + calcic amphibole oriented lamellae within
clinopyroxene core (Cpxa).

3.2. Sample 11-9c1

Sample 11-9cl is a quartz-kyanite 4 zoisite/epidote-bearing
eclogite pervasively retrogressed under granulite-facies conditions; it
shows spectacular symplectitic and coronitic microstructures (Fig. 3a)
and preserves few relics of the prograde and peak assemblages. It mainly
consists of greenish amphibole (28 vol%), plagioclase (25 vol%), garnet
(14 vol%), former kyanite now replaced by composite symplectites
(10 vol%), quartz (10 vol%), clinopyroxene (6 vol%), orthopyroxene
(6 vol%) and accessory ilmenite (2 vol%), magnetite and apatite
(Fig. 1b and Fig. SM1).

Two different generations of garnet are distinguished based on
microstructures and chemical composition. The first generation (Grt;)
occurs as the core of mm-sized, fractured and strongly corroded, crystals

(Fig. 4b). It is characterized by relatively high Ca and low Mg contents
(Grty: Xca = 0.19-0.25, Xy = 0.34-0.39) and includes amphibole
(Ampg: Si = 6.0-6.3 a.p.f.u.; Xy, = 0.23-0.33), kyanite (replaced by a
plagioclase + spinel symplectite and only rarely preserved), omphacite
partially replaced by an amphibole 4 quartz symplectite, and rutile
(Figs. 3b, c, e and 4b and SM1). Grt, occurs either as a discontinuous
rim around Grt; (Fig. 4b) or as small (< 1 mm) grains in the matrix
(Fig. 3a); it is always strongly corroded with the development of large
embayments. Grt; is Mg-richer and Ca-poorer than Grty (Grty: Xca =
0.13-0.20, Xug = 0.39-0.45) and includes omphacite partially replaced
by an amphibole + quartz symplectite (Fig. 3d, e), quartz, rutile and il-
menite. Grt; is locally overgrown by a discontinuous Grts rim (Grts:
Xca = 0.18-0.22, Xz = 0.34-0.39) which shows rare orthopyroxene
and plagioclase inclusions. Xy, is very low in all the garnet generations
(Xmn < 0.02).

Omphacitic clinopyroxene (Cpx;: Jdag-35CaTsp-2Acmg_4Disg_soHed_10)
israrely included in both Grt; and Grt,, where is partially replaced by
an amphibole (Mg-hornblende) + quartz symplectite (Fig. 3d, e).
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Fig. 3. Representative microstructures of sample 11-9c1. (a) Typical symplectitic and coronitic microstructures as seen at the optical microscope. Note the symplectitic corona around
garnet (Grty) and the pinkish orthopyroxene-bearing corona (Opxs, + Pls,) around Qtz. PPL. (b) Zoned garnet with composite inclusions in the core (Grt;) and minor inclusions in the
rim (Grty). In the matrix, quartz is surrounded by an Opxs, + Pls, corona. BSE. (¢) Detail of (b) showing a composite inclusion in garnet core (Grt;). A kyanite relict is partially replaced
by plagioclase (Ply,) 4+ minor spinel, whereas former omphacite is replaced by a Cpx,, + Pl,, symplectite. BSE. (d) Kyanite in the matrix is completely replaced by Pl,;, 4+ Spl symplectitic
aggregates surrounded by a plagioclase corona. Note also the small garnet including omphacite on the right side of the image. PPL. (e) Detail of (d) showing an omphacite inclusion within
garnet (Grt,), partially replaced by a symplectite of quartz 4+ amphibole. BSE. (f) Roundish aggregate of plagioclase (Pl,) + magnetite interpreted as pseudomorph after former epidote.
Opxsq + Plsg symplectites in the rock matrix and Opxs, corona around quartz are also evident. BSE. (g) Detail of (a) showing the composite symplectitic corona developed between garnet
(Grty) and the rock matrix. The inner corona consists of fine-grained vermicular Opxsp, + Plsp + Ampsy, + [lm, whereas the outer corona is coarser-grained and consists of Amps. + Pls..
Note that the compositional discontinuity between Pls;, (brighter in the BSE image) and Pls. (darker in the BSE image) is sharp and cuts through individual plagioclase grains. BSE.
(h) Strongly zoned pseudomorph after kyanite. From core to rim the following assemblages are observed: Pl,;, + Spl symplectite; Pl,, + Crn symplectite partially replaced by margarite;
discontinuous corona of muscovite; inner plagioclase corona (An-rich: brighter in the BSE image); outer Pl corona (An-poor: darker in the BSE image). BSE. (i) Detail of (h) showing the inner
portions of the pseudomorphs after kyanite. BSE. (j) Ampsp, + Plsp, corona around garnet (on the left) and Opxsq + Plsq symplectites in the matrix (on the right). BSE. (k, 1) Cpx2, + Pl,
symplectites after former omphacite, partially overgrown by Opxsq + Pl3q symplectites, and later replaced by coarse grained Amp, at their rim. BSE (k) and PPL (i).

Omphacite is not preserved in the rock matrix, but is pervasively
replaced by a clinopyroxene + plagioclase symplectite (Cpxza + Plya:
Figs. 3k, I and 4b). Symplectitic clinopyroxene (Cpx»,,) is an augite
with Xyg = 0.69-0.71, and plagioclase is oligoclase to andesine (Ply,:
Xca = 0.25-0.35).

Kyanite is not preserved except for very rare inclusions in Grt;
(Fig. 3¢); in the rock matrix it is completely replaced by a plagioclase +

spinel 4+ corundum symplectite that forms large pseudomorphs up to
few mm in length (Fig. 3d, h). These pseudomorphs are strongly zoned,
with a concentric arrangement of the different symplectitic domains
(Fig. 3h). From core to rim the following assemblages are observed in
the kyanite pseudomorphs (Fig. 3h, i): (i) spinel + plagioclase
symplectite (Ply, 4+ Spl: Fig. 3i): spinel occurs as vermicular crystals
hundreds of microns in length and belongs to the hercynite-spinel solid
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Fig. 4. Sketches of the main microstructural and compositional features of sample 11-7c2 (a) and 11-9c¢1 (b). Redrawn from Fig. 23, c (a) and from Fig. 3b, g, k (b).

solution (Splyg-33), and plagioclase is almost pure anorthite (Angg.g9); (ii)
plagioclase (Angg.gg) + corundum symplectite (Ply, + Crn), partially
replaced by margarite (Fig. 3i): in this domain, 50-100 um thick,
corundum is rarely preserved due to the pervasiververgrowth of
margarite flakes; (iii) muscovite-bearing narrow and discontinuous
corona (Fig. 3h): this domain may represent the hydration product of a
primary assemblage no more preserved (e.g. sapphirine-bearing
assemblage, in analogy with similar kyanite pseudomorphs described
from the Variscides: Godard and Mabit, 1998); (iv) plagioclase corona
(Fig. 3h): this domain consists of an inner plagioclase (Angg_g;) corona,
ca. 100 um thick, associated with small grains of Cr-rich magnetite, and
an outer corona consisting of granoblastic plagioclase (Anys_s0). The
contact between the inner and outer plagioclase corona is sharp and it
is marked by the abrupt difference in the plagioclase composition. As
described by Godard and Mabit (1998), this abrupt compositional discon-
tinuity, not coinciding with grain boundaries (as it cuts through individ-
ual plagioclase grains) may represent the primary contact between
kyanite and the matrix.

The presence of former zoisite/epidote is inferred due to the pres-
ence of granoblastic aggregates of plagioclase (Anss_gg) + fine-grained
magnetite (Fig. 3f) (e.g. Giacomini et al., 2005).

Both Grt; and Grt, are pervasively replaced by a strongly zoned
plagioclase + amphibole + orthopyroxene symplectitic corona
(Figs. 3a, b, g and 4b). Moving outward from garnet core, the following
assemblages are observed: (i) orthopyroxene (Opxsp: Xpmg = 0.61-
0.70) + plagioclase (Pls,: Angs-g7) + amphibole (Ampsy, tschermakite:
Si = 6.2-6.6 a.p.f.u.; XN, = 0.23-0.31) + ilmenite symplectite: both
orthopyroxene and amphibole lamellae are oriented perpendicular to
the garnet boundary and they increase in size outward (from few pm
to tens of um); (ii) coarser grained amphibole (Amps.) + plagioclase
(Pls¢: Anzy_46) £ ilmenite (IlmggGeikyHem;) symplectite: amphibole

(Amps.) has approximately the same composition as that of the inner
corona. In contrast, plagioclase composition changes abruptly passing
from the inner to the outer corona, and this compositional discontinuity
cuts through individual plagioclase grains (Fig. 3g).

Orthopyroxene-bearing coronas and symplectites occur in two addi-
tional microstructural positions: (i) as orthopyroxene (X = 0.55-
0.57) + plagioclase (Ans;_46) corona around coarse-grained quarﬁ
(Opxs, + Pls: Figs. 3a, b, fand 4b), and (ii) as orthopyroxene (Xyg =
0.59-0.61) + plagioclase (Ans7.46) = amphibole symplectites over-
growing the clinopyroxene + plagioclase symplectite after omphacite
(Opxsq + Plsq: Figs. 3j, k, 1 and 4b). These Opxsq + Plzgq symplectites
do not form continuous coronas around the Cpx,, + Pl,, symplectites
after omphacite because they are in turn overgrown by amphibole;
however, their systematic occurrence at the rim of the Cpx,, + Pl
symplectites (Fig. 3k, 1) suggest that the Opxsq + Pl3q symplectites
formed later than the Cpx,, + Plo, symplectites.

Finally, a porphyroblastic greenish amphibole (Amp,4, Mg-hornblende;
Si=7.0-74apfu.; Xy, = 0.10-0.17) overgrows the clinopyroxene + pla-
gioclase symplectites after omphacite (Fig. 3k, 1) and pervasively crystal-
lizes in the rock matrix (Fig. 3a).

4. Metamorphic evolution and reaction modelling

A complex metamorphic evolution, summarized in Fig. 6, may be
inferred for the two studied samples based on microstructural observa-
tions and minerochemical analyses. Both samples show evidence of a
prograde evolution from the HT amphibolite-facies up to HP (or UHP)
eclogite-facies peak-P conditions, followed by a decompressional
evolution down to low-P granulite-facies conditions. However, the
two samples record different stages of this polyphasic metamorphic
evolution. Sample 11-7¢2 well preserves the prograde and peak-P
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Fig. 5. Garnet (a), clinopyroxene (b), plagioclase (c¢) and amphibole (d) compositions plotted in the Grs-(Alm + Sps)-Prp, Jd-Quad-Aeg (Morimoto, 1988), Ab-An-Or and Si vs. Xy, dia-

grams, respectively. Colours are the same as in Fig. 4.

assemblages and it was only slightly retrogressed during the following
decompression at HT conditions; on the opposite, sample 11-9c1
shows few relics of the prograde and peak assemblages and it is
dominated by reaction textures developed during decompression
under granulite-facies conditions.

4.1. Sample 11-7c2

4.1.1. Assemblage 1

Prograde inclusions in the garnet core define the prograde
assemblage Grt; + Cpx; £+ Qtz + Rt. Brown amphibole (Amp) is
only included in the inner garnet core (Grty,) and it may be interpreted
as a prograde phase, stable prior to the Grt; growth. Overall, the modal
percentage of the prograde assemblage 1 is very low (ca. 12 vol%).

4.1.2. Assemblage 2

The same mineral phases, but with different compositions, also
define the peak assemblage Grt, + Cpx, + Qtz/Coe + Rt. Quartz is
very rare and it is only observed in the rock matrix: it does not show ev-
idence of derivation from former coesite (e.g. polycrystalline texture),
but this evidence could have been obliterated during the following HT
evolution. Therefore, the former presence of coesite at peak-P
conditions cannot be ruled out.

Quartz oriented needles in clinopyroxene core (Cpx,) are generally
considered as precipitation products from a Si-rich clinopyroxene
precursor. Such inclusions are well-known in eclogites from several
UHP terranes (e.g. Bakun-Czubarow, 1992; Dobrzhinetskaya et al.,
2002; Gayk et al., 1995; Janak et al., 2004; Katayama and Nakashima,
2003; Katayama et al., 2000; Liati et al., 2002; Page et al., 2005;
Schmaddicke and Miiller, 2000; Smith, 1988, 2006; Song et al., 2003;
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Sample 11-7¢2
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Fig. 6. Metamorphic evolution inferred for samples 11-7c2 and 11-9c1. Minerals in brackets are not preserved and their former presence is inferred basing on microstructural

considerations.

Terry et al., 2000; Tsai and Liou, 2000; Zhang and Liou, 1998; Zhang
et al., 2002, 2003, 2005, 2007; Zhu and Ogasawara, 2002) and were
initially taken as UHP-indicators (e.g. Katayama et al., 2000; Smyth,
1980; Zhang et al., 2005). However, the interpretation of these micro-
structures is already highly debated (e.g. Dobrzhinetskaya and Faryad,
2011 and references therein), with evidence either supporting the
univocal UHP stability of the supersilicic clinopyroxene precursor (e.g.
Zhao et al.,, 2011) or against it (e.g. Konzett et al., 2008; Page et al.,
2005). Furthermore, Proyer et al. (2009) recently interpreted similar
oriented precipitates of quartz and amphibole in clinopyroxene from
the Greek Rhodope as the products of an open system precipitation
during eclogite-granulite-amphibolite transition, thus suggesting that
no prior Ca-Eskola -rich omphacite is required to explain these micro-
structures. The occurrence of quartz + amphibole oriented lamellae
within Cpx, cannot be therefore considered as an unequivocal evidence
of the attainment of UHP conditions.

4.1.3. Assemblage 3

In this sample, evidence of decompression at granulite-facies condi-
tions is limited to few orthopyroxene-bearing microstructures: (i) the
Opxs =+ Pl; oriented lamellae within clinopyroxene rim, and (ii) thin
and discontinuous orthopyroxene rim around clinopyroxene. Similar
microstructures were described Anderson and Moecher (2007) for
eclogites from the Appalachian Blue Ridge and by Xiao et al. (2001)
for garnet clinopyroxenites from the North Dabie Zone, and were
interpreted as evidence of granulite-facies overprinting, but the origin
of such exsolution microstructures remains ambiguous.

4.1.4. Assemblage 4

Additional evidence of the post-peak re-equilibration in this sample
is limited to minor Pl; + Amp,4 + IImy discontinuous, coarse-grained,
symplectitic coronas between garnet (Grt,) and clinopyroxene (Cpxs);
microstructural relationships indicate that the development of these
coronas was later than the Cpxs growth, thus suggesting that assemblage
4 represents a late hydration stage.

4.2. Sample 11-9c1

4.2.1. Assemblage 1

Prograde relics are very scarce and limited to amphibole inclusions
(Ampyg) in garnet cores. The peak-P assemblage 1 is represented by
Grt; + Omp; + Ky + Ep + Qtz/Coe + Rt. Kyanite is only rarely

preserved as inclusion in Grt;, whereas the former occurrence of epi-
dote in the peak assemblage is inferred from its pseudomorphs
consisting of granoblastic plagioclase + fine-grained magnetite. Quartz
has not been observed included in Grty; quartz in the matrix does not
show microstructural evidence of derivation from former coesite, but
the former stability of coesite in the peak-P assemblage cannot be
ruled out due to the pervasive re-equilibration at HT conditions that
may have obliterated the evidence of coesite breakdown, as observed
in other UHP terranes (e.g. Lang and Gilotti, 2007). The modal percent-
age of the preserved peak-P assemblage 1 is very low (< 10 vol%).

4.2.2. Assemblage 2

The modally dominant assemblage consists of Grt, + CpX, + Plo,
symplectite after omphacite + Ply, + Spl & Crn symplectite after kya-
nite + Pl + Mt pseudomorphs after epidote + Qtz + IIm. Assemblage
2 reflects a pervasive re-equilibration of the peak-P assemblage 1 under
high-P granulite-facies conditions. Clinopyroxene + plagioclase inter-
growths after omphacite associated with plagioclase + spinel 4 corun-
dum =+ sapphirine symplectites after kyanite are relatively common in
kyanite-bearing eclogites of different ages and from different HP/UHP
terranes that experienced nearly isothermal exhumation at HT (e.g.
the Sveconorwegian orogen in south-west Scandinavia: Moéller, 1999;
the Canadian Shield: Baldwin et al., 2007; the Greenland Caledonies:
Elvelvold and Gilotti, 2000; the Variscan terranes of central and
southern Europe, such as the Armorican Massif, the Bohemian Massif
and the northern Sardinia: Giacomini et al., 2005; Godard and Mabit,
1998; Nakamura et al.,, 2004; O'Brien, 1989, 1997; Okrusch et al.,
1991; the Su-Lu region in eastern China: Nakamura and Hirajima,
2000). Both microstructural observations and material transfer model-
ling generally suggest that kyanite and omphacite breakdowns were
coupled (Godard and Mabit, 1998; Moller, 1999): the kyanite and
omphacite pseudomorphs exchanged components during their forma-
tion, behaving as a local metasomatic system at a microscopic scale. In
the studied sample 11-9c1, the growth of the Mg-rich Grt, is likely
linked to the omphacite and kyanite breakdown: the local occurrence
of omphacite relics (only slightly retrogressed in an amphibole + quartz
symplectite) included in Grt; provides evidence that Grt, began to grow
prior to the complete breakdown of omphacite. As a consequence,
omphacite and kyanite breakdowns and Grt, growth most likely
involved the whole rock volume (i.e. closed-system behaviour; see
also Godard and Mabit, 1998), although they define local microdomains.
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4.2.3. Assemblage 3

Later orthopyroxene-bearing assemblages are confined to coronitic
and symplectitic microdomains which represent reaction textures
developed under low-P granulite-facies conditions. Some of these
microstructures (i.e. assemblages 3a and 3d) are homogeneous in
composition, whereas others are clearly zoned (i.e. assemblages 3b
and 3c¢).

4.2.3.1. Assemblage 3a. A Opxs, £ Pls, symplectitic corona separates
quartz from both garnet and the Cpx,, + Pl,, symplectite, thus
suggesting that it formed through a reaction between quartz and
garnet + Cpx,, + Ply, symplectite. Reaction modelling by the
least square method (freeware application available on demand;
Godard, 2009) applied to the composition of Grty, CpX3a, Plaa, OpXs,
and Pls, yielded the following balanced reaction accounting for the
formation of the Opxs, + Plz, corona around quartz:

0.125 Grt, + 0.065 Cpx,, + 0.889 Pl,, + 0.088 Qtz—0.197 Opxs, + 1.000 Pl;,
(1

It is underlined that metamorphic reactions balanced using the
method of least squares can be considered satisfactory if (a) the results
are consistent with the observed microstructures (i.e. inferred reactants
and products should appear on opposite sides of the model reaction),
and (b) the residuals (i.e. molar bulk composition of the products -
molar bulk composition of the reactants) are low (e.g. (Adjerid et al.,
2013; Cruciani et al., 2008 for further details on the method). The
mineral compositions used, the resulting stoichiometric coefficients
and the residuals are reported in Table 1.

4.2.3.2. Assemblages 3b and 3c. Garnet is surrounded by a double
symplectitic corona: the inner corona, adjacent to garnet, consists of
Opx3p + Plsp, + Ampsp £ Ilm, whereas the outer corona, adjacent
to the Cpx,, + Ply, symplectite in the rock matrix, consists of
Plsc + Ampsc + Ilm. The abrupt discontinuity in the plagioclase
composition between the inner and outer corona cuts through individ-
ual plagioclase grains, thus defining a “front” that separates a Ca-rich,
Na-poor domain from a Ca-poor, Na-rich domain. This compositional

Table 1
Mass balance of the reactions.

discontinuity may therefore represent the primary contact between
garnet and the Cpx,, + Pl, symplectite (e.g. Godard and Mabit,
1998). This is typical of metasomatic zoning in which the discontinu-
ities correspond to diffusion fronts propagating from rim to core (e.g.
Guy, 1984, 1993; Korzhinskii, 1970). According to the assumption of
local (mosaic) equilibrium (Korzhinskii, 1970), all corona layers (with
sharp zone's fronts) are supposed to be formed simultaneously, and
with time they increase in size without changing their mineral compo-
sition. The diffusion proceeds due to gradients in the chemical poten-
tials of the diffusing components in an intergranular fluid. Therefore,
according to this model, it is likely that the inner and outer coronas sur-
rounding garnet formed simultaneously and were stable at the same
time, and that the differences in plagioclase composition and the se-
quences of the coronas between garnet and Cpx,, + Ply; symplectite
depend on different chemical potential gradients at the corona inter-
faces. The presence of amphibole in both the corona’s layers confirms
the hypothesis that the corona growth took place through the fluid
phase, not only by solid-solid phase diffusion (e.g. Larikova and
Zaraisky, 2009). Modelling of the reactions involved in the simulta-
neous growth of the two corona’s layers is difficult because each chem-
ical component diffuses at different speed (e.g. Proyer et al., 2014), and
because the existence of two different layers imply that the chemical
potential gradients of the diffusing components were not completely
reset during the metamorphic evolution.

4.2.3.3. Assemblage 3d. Opxsq + Plsg symplectites locally overgrow the
CpXa2a + Plp, symplectite in the rock matrix. The formation of these
symplectites may be explained by the following balanced reaction
(the mineral compositions used, the resulting stoichiometric
coefficients and the residuals are reported in Table 1):

0.110 Cpx,, -+ 0.940 Pl,,—0.082 OpXs; + 1.00 Plyg 2)

4.24. Assemblage 4

A pervasive growth of porphyroblastic amphibole (Amp,4) occurred
in the rock matrix, especially on the Cpx,, + Plo, symplectite domains
but also on other microstructural sites, partially obliterating the rela-
tionships between the earlier reaction textures. The growth of Amp,

Sample 11-9c1 - Assemblage 3a (Opxsq + Plsq symplectitic corona around Qtz)

Reactants Products

Phases Grty CpXaa Pl Qtz Phases OpXs, Pls, Sreact Sprod Residuals
coeff 0.125 0.065 0.889 0.088 coeff 0.197 1.000

Si0, 2.99 1.96 2.68 1.00 Si0, 1.98 2.58 Si0, 2970 2.970 0.000
Al,05 0.98 0.03 0.65 0.00 Al,03 0.01 0.70 Al,03 0.702 0.702 0.000
Cao 0.44 0.90 0.35 0.00 Cao 0.02 0.42 Cao 0425 0424 -0.001
Na,O0 0.00 0.03 0.33 0.00 Na,O 0.00 0.29 Na,0 0.291 0.290 -0.001
MgO 133 0.73 0.00 0.00 MgO 1.09 0.00 MgO 0.214 0.215 0.001
FeO 1.23 0.30 0.00 0.00 FeO 0.87 0.00 FeO 0.173 0.172 -0.002
Sample 11-9c1 - Assemblage 3d (Opxsq + Plsq symplectites)

Reactants Products

Phases CpXa2a Ply, Phases OpX3q Plzg Sreact Sprod Residuals
coeff 0.110 0.940 coeff 0.082 1.000

Si0, 1.96 2.68 Si0, 1.97 2.55 Si0, 2.734 2.712 -0.023
Al,03 0.03 0.65 Al,03 0.02 0.71 Al,03 0.614 0.711 0.097
Cao 0.90 0.35 Cao 0.02 0.45 Cao 0.428 0.452 0.024
Na,0 0.03 033 Na,O 0.00 0.28 Na,O 0.308 0.275 -0.033
MgO 0.73 0.00 MgO 1.17 0.00 MgO 0.080 0.096 0.016
FeO 0.30 0.00 FeO 0.78 0.00 FeO 0.033 0.064 0.031

Reactions were balanced using the least-squares method (see “Metamorphic evolution and reaction modelling” in the text). Stoichiometric coefficients and compositions are expressed in
moles. Sreact: overall composition of the reactants; Sprod: ovérall composition of the products; Residuals: residual vector from the method of least squares (molar bulk composition of the

product - molar bulk composition of the reactants).
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likely reflects a pervasive hydration of the earlier, almost anhydrous,
assemblages.

5. Thermodynamic modelling
5.1. Strategy for calculating the effective bulk compositions

Symplectitic and coronitic reaction textures are present in both the
samples, although more widespread in sample 11-9c1. These reaction
textures are the evidence that textural and compositional equilibrium
was attained only on a domainal scale and allow the qualitative recon-
struction of the complex metamorphic history of these rocks (Fig. 6).
However, the lack of textural equilibrium represents a challenge for
the petrological modelling of the P-T evolution, which is based on the
assumptions of equilibrium thermodynamic. The identification of the
effectively reacting equilibration volumes is, in this case, fundamental
to ensure the success of the modelling (Powell and Holland, 2008).

The whole P-T evolution of the studied samples was reconstructed
using the pseudosection approach. The effectively reacting equilibration
volumes (i.e. the input bulk compositions for each pseudosection) were
chosen according to the following strategy:

(i) The measured bulk-rock compositions were used to model the
prograde to peak-P histories of both samples, prior to the
development of symplectitic and coronitic textures (i.e. sample
11-7¢2: assemblages 1 and 2; sample 11-9c1: assemblage 1).
Whole-rock bulk compositions were calculated as the average
of 30 SEM-EDS analyses of 4.70 mm x 3.20 mm areas (Table 2).

(ii) The measured bulk-rock composition was also used to model the

growth of assemblage 2 in sample 11-9c1, because microstruc-

tural evidence suggests that omphacite and kyanite breakdowns
were linked to the growth of Grt, and that the whole rock
volume was therefore involved in this stage (i.e. closed-system

behaviour; see also Godard and Mabit, 1998);

The composition of the effectively reacting microdomains that

were involved in the formation of symplectites and coronae

(sample 11-9c1: assemblages 3a and 3d; Table 2) was calculated

according to the method of Cruciani et al. (2012) and Adjerid

et al. (2013) (see also Cruciani et al., 2008, 2011; Godard, 2009;

Groppo et al.,, 2007a,b; Langone et al., 2009), basing on mineral

compositions and the stoichiometric coefficients of the previously

discussed balanced reactions (i.e. total bulk composition of the
products; Table 1). The modelling of each microdomain can be

considered reliable if: (a) the modelled pseudosection shows a

P-T field with the reactants (with almost null quantities for the

products) and another with the products (with almost null

quantities for the reactants); (b) the compositional isopleths of
the products intersect in the multivariant field that precisely
corresponds to the transition between reactants and products,

(iii)

Table 2

Whole-rock and effective bulk compositions (wt%) for pseudosection calculation.
Sample 11-7¢2  11-9c1
Assemblage 1a,1b,2 XFe,03 =0 XFe;,03=1 1,2 3a 3d

Fig. 7a Fig. 7b Fig. 7b Fig. 7c  Fig. 10a Fig. 10c

SiO, 44.73 51.31 51.31 51.31 57.06 56.84
TiO, 1.52 1.08 1.08 1.08
Al,04 15.23 18.70 18.70 18.70 22.88 25.32
Fe,05 0.80 10.00 4.50
FeO 15.22 10.00 0.00 5.50 3.94 1.60
MnO 0.20 0.00 0.00 0.00 0.00 0.00
MgO 8.04 6.41 6.41 6.41 2.77 135
Ca0 13.00 9.73 9.73 9.73 7.60 8.84
Na,0 1.27 2.77 2.77 277 5.75 6.05
Total 100.00  100.00 100.00 100.00 100.00 100.00

and (c) if some of the domainal microstructures show mutual
relationships suggesting their contemporaneous growth, the
P-T constraints obtained from the two different pseudosections
should be the same.

5.2. Pseudosection calculation

Pseudosections have been calculated using Perplex 6.6.6 (version
May 2013 - Connolly, 1990, 2009) and the internally consistent
thermodynamic dataset and equation of state for H,O of Holland and
Powell (1998, revised 2004). The minerals considered in the calculation
were: garnet, omphacite, amphibole, orthopyroxene, plagioclase,
epidote, quartz, kyanite, sillimanite, rutile, ilmenite, magnetite and
hematite. The following solid solution models were used: garnet
(Holland and Powell, 1998), clinopyroxene (Green et al., 2007),
amphibole (Dale et al., 2005), orthopyroxene (Powell and Holland,
1999), plagioclase (Newton et al., 1980), epidote (Holland and Powell,
1998).

6. Results
6.1. Prograde evolution of sample 11-7¢c2

A P-T pseudosection was calculated in the MnNCFMASTHO system
using the measured whole rock bulk composition of sample 11-7¢2
(Table 2). A Fe,03/(FeO + Fe,03) ratio (XFe,03) of 0.05 was imposed,
considering the low amount of Fe™3-bearing minerals occurring
in this sample (1 vol% of ilmenite with Hems; 27 vol% of Cpx with
Acmyg_4). The calculated P-T pseudosection is dominated by 5- and
6-variant fields at P < 15 kbar, whereas a large 7-variant field occurs
at P> 15 kbar (Fig. 7a). The main phase-in and phase-out boundaries
are reported in Fig. 8, that also shows the variation in modal amounts
of the main mineral phases.

6.1.1. Assemblage 1

Prograde assemblage 1 (Grt; + Cpx; + Qtz & Amp + Rt) is
modelled by a narrow 6-variant field at 600-720 °C, 12-23 kbar. Further
information are given by the comparison between the modelled compo-
sitional isopleths and the measured garnet composition (Grtya: Xpg =
0.18-0.21, Xc, = 0.29-0.32; Grtyp: Xpmg = 0.22-0.24, Xc, = 0.27-0.30),
which constrain the growth of Grty;, and Grty, at 640-700 °C,
12-15 kbar and 650-710 °C, 14-17 kbar, respectively (Fig. 7a and
SM2). The modelled Xna(Cpx) and Xyg(Cpx) isopleths constrain
the growth of Cpx; (Xna = 0.19-0.24, Xy;; = 0.72-0.76) at slightly
lower P conditions with respect to the growth of Grty, in the
Grt + Cpx + Qtz + Amp + Ep + Rt 5-variant field (Fig. SM2).

6.1.2. Assemblage 2

Peak assemblage 2 (Grt, + Cpx, + Qtz + Rt) is modelled by the
large 7-variant field at P > 15 kbar. The modelled compositional iso-
pleths of garnet (Xyg = 0.24-0.26, X, = 0.27-0.29) and clinopyroxene
(Xna = 0.17-0.23, Xpg = 0.79-0.83) constrain the P-T conditions at
which Grt; and Cpx, grew at 670-830 °C, > 16 kbar (Fig. 7a and SM2).
Pressure conditions cannot be constrained with further precision, due
to the almost insensitivity of garnet and clinopyroxene compositions
to pressure variations.

Overall, the prograde evolution of sample 11-7¢2 is characterized by
an increase of both P and T from about 650 °C, 12 kbar up to peak-P
conditions of > 700 °C, > 16 kbar. A maximum amount of 58 vol% of
garnet and 39 vol% of clinopyroxene is modelled at this peak stage,
and a continuous growth of both these phases is predicted by the
modelled isomodes (Fig. 8).
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6.2. Prograde evolution of sample 11-9c1

A P-T pseudosection was calculated in the NCFMASTHO system
using the measured whole rock bulk composition of sample 11-9c1
(Table 2). MnO was neglected because it is present in very low amounts
in all the mineral phases. The estimate of XFe,0s for this sample is more
crucial than the previous one, because the amount of Fe™3-bearing
minerals is relatively high (28 vol% of amphibole with an average

11-7¢2 - Si0,44.81; Ti0,1.52; Al,0,15.26; MgO 8.06; MnO 0.20; FeO 15.25; Fe,0, 0.80; CaO 13.02; Na,0 1.27 (wt%)
Grt Omp Coe Rt 1: Ep Amp PI Grt lim Mt

2: Ep Amp PI Grt Qtz IIm

3: Ep Amp Grt Qtz Rt llm

4: Ep Amp PI Grt Qtz Rt

5: Ep Amp PI Grt Qtz Rt

6: Ep Amp Pl Grt Ttn Qtz Rt

7: Ep Amp PI Grtlim

8: Ep Amp PI Grt Cpx lim

9: Ep Amp PI Grt Cpx Rt

10: Ep Amp PI Grt Cpx Qtz Rt

11: Amp PI Grt Cpx Rt Mt

12: Ep Amp Grt Rt

13: Ep Amp Grt Cpx Rt

14: Ep Amp Amp Grt Omp Rt

15: Ep Amp Grt Omp Rt

16: Ep Amp Grt Omp Zo Rt

17: Amp Grt Omp Zo Rt

18: Amp Grt Omp Zo Qtz Rt

19: Amp Grt Omp Zo Qtz Rt

20: Ep Amp Amp Grt Omp Zo Qtz Rt

21: Gt Omp Lws Qtz Rt

22: Gt Omp Lws Coe Rt

P(kbar)

N
@

Grt Omp Qtz Rt

20

PI Grt Cpx Rt

GICIEETR N 23: Amp PI Grt Cpx Qtz Rt
10 e XCa(Grt)
77 XMg(Grt)
QpxAmp P Gt
. D : px lIm Mt i a
600 700 800 900 T(°C)
T=750°C
Grt Omp Ky Coe Rt 1: Opx Cpx Pl lim

2: Opx Cpx Pl Qtzlim
3: Grt Opx Cpx Pl lim
4: Grt Opx Cpx Pl Qtz llm
5: Grt Opx Cpx Pl QtzRtIim
6: Grt Opx Cpx Pl QtzRt
7: Grt Opx Cpx Amp Pl Qtz Rt
8: Grt Opx Cpx Amp PI Qtz Rt lim
9: Grt Cpx Amp Pl Qtz Rt
10: Grt Cpx Pl Qtz Rt
11: Grt Omp PI Zo Qtz Rt
12: Grt Omp Amp Pl Zo Qiz Rt
13: Grt Omp Amp Pl Zo Ep Qtz Rt
14: Gt Omp Amp Pl Ky Zo Qtz Rt
15: Grt Omp Pl Ky Zo Ep Qtz Rt
16: Grt Omp Pl Ky Ep Qtz Rt
17: Grt Omp Amp PI Ky Ep Qtz Rt
18: Grt Omp Ky Zo Ep Qtz Rt
19: Grt Opx Cpx Amp Pl Qiz lim
20: Grt Opx Cpx Pl Qtz llm Mt
21: Grt Opx Cpx Amp Pl Qtz llm Mt
22: Grt Cpx Amp PI Qtz IIm Mt
23: Grt Opx Amp PI Qtz llm Mt
24: Grt Amp PI Qtz llm Mt
25: Grt Amp PI Qiz llm
26: Grt Cpx Amp PI Ep Qiz Iim
10 - . 27: Amp PI Ep QtzRt lIm

8 Bl 25: Grt Amp P Ky Ep Qtz im

Y. =y 29: Amp Pl Ky Ep Qtz Rt lim

30: Omp Amp Pl Ky Ep Qtz Rtlim

P(kbar)

N}
@

GrtOmp Ky Qiz Rt

20

21
it

/ 31: Grt Omp Amp Ky Ep Qtz Rt
g‘%&\w 32: Omp Ky Ep QtzRtlim

Iim —G b
- o5 08 4 7T XMg(Gr)
Fe,O,/(FeO+Fe,0,)

11-9¢1 - 5i0,51.29; Ti0, 1.08; Al,0,18.69; MgO 6.41; FeO 5.50; Fe,0, 4.50; Ca0 9.73; Na,0 2.77 (wt%)
5 / 1: Amp Pl Qtz Rt lim Mt
o 2: Amp Pl Grt Qtz Rt llm Mt
= 3:Amp PI Ky Qtz Rt Mt
o 4: Amp Pl Grt Qtz Rt Mt
5: Opx Amp PI Qtz Rt lim Mt
6: Ep Amp PI Ky Qtz Rt Mt
25 7: Ep Amp Pl Pa Qtz Rt Mt
8: Ep Amp Pa Qtz Rt Mt
9: Ep Amp Grt Pa Qtz Rt Mt
10: Ep Amp PI Grt Pa Qtz Rt Mt
11: Ep Amp Pl Grt Ky Qtz Rt Mt
o\ 12: Ep Amp PI Grt Qtz Rt lim Mt
20 —| 13: Ep Amp PI Grt Qtz Rt Mt
14: Amp Pl Grt Qtz Rt lIm
15: Ep Amp PI Grt Qtz llm
16: Ep Amp PI Grt Pa Qtz Rt lIm
17: Ep Amp Grt Cpx Pa Qtz Rt lim
18: Ep Amp Grt Omp Ky Pa Qtz Rt
R e 19: Ep Amp Grt Omp Ky Qtz Rt lim
15 9 Z ¢ 20: Grt Omp Ky Lws Qtz Rt
= 21: Grt Omp Ky Lws Qtz Rt

22: Grt Omp Lws Coe Rt
23: Ep Amp Pl Grt Omp Ky Qtz Rt
24: Ep PI Grt Omp Ky Qtz Rt
/ 25: Ep PI Grt Cpx Ky Qtz Rt llm
10 7 26: Ep Amp PI Grt Cpx Qtz Rt lim
— 27:Ep PI Grt Cpx Qtz Rt lIm

28: Amp Pl Grt Cpx Qtz Rt lim
29: Opx PI Grt Cpx Qtz Rt lim
30: Opx Amp PI Grt Qtz lm
31: Opx Amp PI Cpx Qtz lim

XFe,03 = 0.10, 2 vol% of ilmenite with Hem,, and minor magnetite
and spinel). In order to constrain the XFe,Os; in the whole rock
bulk composition, a P-XFe,03 pseudosection (Fig. 7b) was calculated
at 750 °C and 800 °C (i.e. T at peak-P conditions constrained from
sample 11-7c2). The stability field of the observed peak assemblage 1
(Grt; + Omp; + Ky + Ep + Qtz + Rt) combined with the Grt;
composition (modelled isopleths of Xy = 0.34-0.39; Xc, = 0.19-0.25)
allow constraining an XFe,03 = 0.45 for this sample (Fig. 7b).

The calculated P-T pseudosection (Fig. 7c) is dominated by 2-, 3- and
4-variant fields at P < 15 kbar, whereas a large 4-variant field occurs
at P > 15 kbar. The main phase-in and phase-out boundaries are
reported in Fig. 9, that also shows the variation in modal amounts of
the main mineral phases.

6.2.1. Assemblage 1

Peak assemblage 1 (Grt; + Omp; + Ky + Ep + Qtz + Rt) is
modelled by a large 4-variant field at T < 930 °C, P > 15 kbar. The
modelled compositional isopleths of garnet (Xyg = 0.34-0.39, X¢, =
0.19-0.25) constrain the growth of Grt; at 650-850 °C, 15-28 kbar
(Fig. 7¢); these isopleths are widely spaced in this field assemblage
and have the same trend (Fig. SM3), this is why the P-T conditions of
Grt; growth are not tightly constrained. Furthermore, these P-T
conditions likely represent minimum P-T conditions for the Grt,
growth, because Grt; was partially resorbed prior to the Grt,
formation. The modelled Xy.(Cpx) isopleths in this field (X, =
0.40-0.44) (Fig. SM3) are in agreement with the maximum Xy,
measured in the rare omphacite inclusions preserved within garnet
(Xna = 0.42).

A maximum amount of 49 vol% of clinopyroxene, 22 vol% of garnet,
17 vol% of kyanite, 11 vol% of quartz and 7 vol% of epidote is modelled at
this peak-P stage (Fig. 9).

6.3. Decompressional evolution of sample 11-9c1

6.3.1. Assemblage 2

This assemblage (Grt + Cpxp, + Plp, symplectite after
omphacite + Pl + Spl + Crn symplectite after kyanite + Pl + Mt
pseudomorphs after zoisite/epidote + Qtz + Ilm) is the result of the
breakdown of omphacite, kyanite and epidote that occurred simulta-
neously with the growth of Grty; it was therefore modelled using the
same P-T pseudosection used to model the peak-P assemblage 1,
because the whole rock bulk composition is representative of the
effective reactive volume during this stage. The modelled modal
amounts of mineral phases (Fig. 9) are coherent with microstructural
observations and show that Grt, grew at T> 800 °C in a narrow P inter-
val of ca. 2 kbar between 15 and 20 kbar depending on T. The growth of
Grt;, coincides with the breakdown of omphacite, kyanite and zoisite/
epidote, as well as with the transition of rutile to ilmenite. The modelled

Fig. 7. (a) P-T pseudosection calculated for sample 11-7c2 using the whole rock bulk com-
position. The variance of the fields varies from three (i.e. 8 phases, white fields) to seven
(i.e. 4 phases, darker grey fields). Peak-P assemblage is reported in bold. Yellow, orange
and red ellipses constrain the P-T conditions of stages 1a, 1b and 2 respectively, as inferred
from compositional isopleths of garnet (Xc,: dotted lines; Xy,: dashed lines). The entire
set of isopleths is available at Fig. SM2. (b) P-XFe,05 pseudosection calculated for sample
11-9c1 at T = 750 °C using the whole rock bulk composition and an XFe,05 variable be-
tween 0 and 1. The variance of the fields varies from two (i.e. 8 phases, white fields) to
five (i.e. 5 phases, darker grey fields). Peak-P assemblage is reported in bold. The white
box (continuous line: 750 °C; dotted line: 800 °C) constrain the XFe,05 values compatible
with the observed peak-P assemblage and the measured garnet composition (red iso-
pleths; Xc,: dotted lines; Xyg: dashed lines). (c) P-T pseudosection calculated for sample
11-9c1 using the whole rock bulk composition. The variance of the fields varies from
two (i.e. 8 phases, white fields) to five (i.e. 5 phases, darker grey fields). Peak-P assemblage
is reported in bold. Red and purple ellipses constrain the P-T conditions of stages 1 and 2
respectively, as inferred from compositional isopleths of garnet (Xc,: dotted lines; Xyg:
dashed lines). The entire set of isopleths is available at Fig. SM3.
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Fig. 8. (a-i) Modal variations (vol%) of the main mineral phases in sample 11-7c2 calculated for the P-T pseudosection of Fig. 7a. Colours from blue to red imply higher modal proportions as

indicated in each legend. (j) Isomodes of water (mol). The ellipses are the same as in Fig. 7a.

compositional isopleths of garnet in this field (Xpg = 0.35-0.50, Xc, =
0.19-0.24) (Fig. SM3) do not perfectly fit with the observed Grt,
composition (Xmg = 0.39-0.45, Xc, = 0.13-0.20). This apparent
discrepancy between modelled and measured garnet composition
may be due to the fact that Grt, was pervasively consumed at its rim
during the following evolution and its original outermost composition
has been lost.

Further P-T constraints for this assemblage are given by the Pl,, +
Spl &+ Crn symplectite after kyanite, whose formation was initially
triggered by the contemporaneous breakdown of kyanite and
omphacite and growth of Grt,, but that further reflects the attainment
of equilibrium on a domainal scale. Considering the system CMAS
(Ca0-Mg0-Al;,03-Si0,) and adjusting the activities of anorthite,
grossular, diopside and spinel according to the measured plagioclase
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Fig.9. (a-j) Modal variations (vol%) of the main mineral phases in sample 11-9¢1 calculated for the P-T pseudosection of Fig. 7c. Colours from blue to red imply higher modal proportions as
indicated in each legend. The ellipses are the same as in Fig. 7c. (k) Equilibria involving garnet, plagioclase, clinopyroxene, spinel and quartz calculated in the activity corrected CMAS
system and constraining the formation of the strongly zoned pseudomorphs after kyanite. (1) [somodes of water (mol).

(Plyp), garnet (Grty), clinopyroxene (Omp;) and spinel compositions,

three equilibria can be considered:

(i) Qtz + Grsys + Ky = Angg
(ii) Grsps + Ky = Cor + Angg
(lll) Di7() + Cor = Spl30 + Angg

These three equilibria have a slightly positive slope in the P-T 718

space (Fig. 9k) and constrain a narrow P interval of ca. 1.5 kbar, 720
between 15 and 16.5 kbar at 800 °C. Although semi-quantitative 721
(see also Godard and Mabit, 1998), this approach further suggests 722
that assemblage 2 is the result of decompression from peak-P to ca. 723

15-18 kbar at T > 800 °C.
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Fig. 10. Modelling of reaction microdomains. The P-T diagrams (a, ¢) and the modal evolutions (b, d), were modelled considering the composition of each reaction microdomain. P-T
pseudosections and modal evolutions calculated for the microdomains 3a (Opxs, + Pls, corona around Qtz) (a, b) and 3d (Opxsq + Pls4 symplectite in the matrix) (c, d) in sample 11-
9c1, using the effective bulk compositions obtained from the balanced reactions (1) and (2), respectively. In all the pseudosections, the variance of the fields varies from two (i.e. 6 phases,
white fields) to five (i.e. 3 phases, darker grey fields). The white ellipses constrain the P-T conditions of stages 3a and 3d respectively, as inferred from compositional isopleths of plagioclase
(Xca: yellow dotted lines), and orthopyroxene (Xyg: brown dashed lines). The entire set of isopleths and isomodes available at Figs. SM4-SM5. The proposed P-T paths (lines A-B) yield

satisfactory modal evolutions for the reactions of interest (reactants — products).

6.3.2. Assemblage 3a (Opxsq, £ Plsq Ssymplectitic corona around quartz)
This microstructure was modelled using the effective bulk composi-
tion obtained from the balanced reaction (1). The P-T pseudosection
(Fig. 10a), calculated in the NCFMASH system, and the modelled
modal evolution (Fig. 10b) show that reaction (1) occur at P < 13 kbar
and T > 800 °C. Opxs, and Pls, compositions (Opx: Xyg = 0.55-0.57;
Pl: Xca = 0.37-0.43) give tight constraints on P but poor informa-
tion on T, constraining the growth of this microstructure at >800 °C,
10-12 kbar. -

6.3.3. Assemblages 3b and 3c (inner and outer corona around garnet)

The inner and outer coronas surrounding garnet have been
interpreted as formed simultaneously in response to gradients in the
chemical potentials of the diffusing components between garnet and
the matrix. Due to the difficulty in modelling the reactions involved in
the double corona formation, the P-T conditions of its growth were
not tightly constrained. However, the occurrence of orthopyroxene in
the inner corona, suggest P < 12-13 kbar and T > 800 °C, compatible
with the orthopyroxene stability field (Fig. 7c).

6.3.4. Assemblage 3d (Opxsq + Plzq symplectite)

The Opxsq + Plzq symplectite overgrowing the Cpx,, + Pl
symplectite was modelled using the effective bulk composition obtained
from the balanced reaction (2). The P-T pseudosection (Fig. 10c)
calculated in the NCFMASH system and the modelled modal evolution
(Fig. 10d) show that this reaction occurred at P < 13 kbar. Orthopyroxene
(Xmg = 0.59-0.61) and plagioclase (Xc, = 0.41-0.44) compositions
constrain the growth of this microstructure at > 800 °C, 10:12 kbar.

7. Discussion

7.1. Potentials and limits of thermodynamic modelling applied to HT
overprinted eclogites

The two rocks selected for this study have been chosen among tens
of different samples because represent two extreme situations: (i) a
well preserved eclogite-facies assemblage (sample 11-7¢2) vs. (ii) a
well-developed granulitic assemblage (sample 11-9c1); the two sam-
ples are therefore the best candidates for registering the HP/UHP vs.
HT/UHT portions of the P-T evolution.
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Sample 11-7¢2 would be, in principle, the most suitable to constrain
peak-P conditions; however, the results of the thermodynamic
modelling show that its bulk composition is substantially not reactive
at P > 16 kbar. In other words, once that the anhydrous, high-variant,
eclogite-facies assemblage Grt + Omp + Qtz + Rt was developed
(Fig. 7a), nothing more happened along the prograde path: garnet and
omphacite did not change their composition and the modal percentage
of each phase remained constant in a very large P-T interval (Fig. 8). The
advantage of such a situation is that sample 11-7c2, being not reactive
during a long portion of its evolution, froze the evidence of its prograde
history, thus allowing the reconstruction of the prograde portion of its
P-T trajectory. However, in such a situation, the pseudosection approach
fails in constraining the maximum pressures experienced by the
eclogite. The only phase potentially useful to constrain peak-P
conditions, especially if included within a rigid mineral such as garnet,
would be quartz/coesite; however, the modal amount of quartz in this
sample is very low (<1 vol%) and a SiO»-phase has not been observed
included in garnet.

As concerning sample 11-9c¢1, the results of thermodynamic model-
ling show that at pressures > 15 kbar the assemblage Grt + Omp + Ky +
Qtz/Coe + Ep + Rt is stable over a large P-T interval (Fig. 7c), and that
garnet (Grty) is consumed and omphacite + kyanite are produced
along any decompressional path from eclogite-facies toward HP
granulite-facies (Fig. 9a,b,d). This means that the actually measured
Grt; composition represents the composition of prograde garnet rather
than that acquired at peak-P conditions. Furthermore, the possibility of
finding coesite inclusions in garnet are vanished because the portion of
garnet consumed during decompression is the same that potentially
grew in the coesite stability field. Once again this situation hampered
the precise determination of peak-P.

In contrast to sample 11-7c2, sample 11-9c1 is particularly reactive
at HP granulite-facies conditions; this is due to the fact that sample
11-9c1 remained slightly H,O-saturated during the early decompres-
sion evolution (see discussion below). However, the main reactions
responsible for the breakdown of omphacite and kyanite and for the
growth of Grt; are mainly P-dependent, thus providing good constraints
on P but poor constraints on T. The texturally controlled thermodynam-
ic modelling applied to the Opx-bearing coronitic and symplectitic
microstructures allow to constrain precisely only the P-T conditions
experienced in the low-P granulite-facies.

Therefore, the thermodynamic modelling approach has demon-
strated to be a valuable method for reconstructing at least some
portions of the P-T evolution of the Luotian dome eclogites. However,
due to the HT overprinting and/or to poorly reactive bulk compositions,
this method alone is not sufficient to reconstruct the whole P-T
trajectory.

7.2. P-T evolution of the granulitized eclogites from the Luotian dome

Whether or not the NDZ as a whole underwent deep subduction and
subsequent UHP metamorphism was a controversial issue for a long
time (e.g. Zhang et al., 2009), essentially because diagnostic UHP phases
such as coesite or micro-diamond were not found in the south-western
part of the NDZ (i.e. the Luotian dome area). Liu et al. (2011a,b), basing
on the discovery of a very small coesite inclusion within zircon and
quartz pseudomorphs after coesite within garnet, suggested that the
eclogites of the Luotian dome underwent UHP metamorphism and are
therefore comparable to those from the north-eastern part of the NDZ.
As a consequence, the whole NDZ would have behaved as a coherent
unit during the Triassic subduction.

This detailed petrologic study using the pseudosection approach
allowed to precisely constrain the following portions of the P-T trajecto-
ry experienced by the Luotian dome eclogites (Fig. 11):

(i) Aprograde increase in both P and T from ca. 650 °C, 12 kbar up to
> 750 °C, > 20 kbar is recorded by assemblages 1 and 2 in sample

= T T T T T
©
S | ===-- 11-7c2
al | = 11-9c1
45
40 -

i ol

ot

35| —

5
600

1000 T(°C)

Fig. 11. Synthesis of the P-T constraints derived from the thermodynamic modelling
approach applied to samples 11-7c2 (dashed ellipses) and 11-9¢1(continuous ellipses).
Colours are the same as in Fig. 6. The dashed boxes with ages are the P-T estimates for
the NDZ eclogites derived from Liu et al. (in press). The grey arrows are the portions of
the P-T trajectory reconstructed in this study.

11-7c2. The first portion of this prograde trajectory is well
constrained by garnet growth zoning and clinopyroxene compo-
sition. On the opposite, peak-P conditions are poorly constrained,
being assemblage 2 nearly insensitive to pressure variations.
Sample 11-9c¢1 roughly confirms these P-T conditions but does
not help in better defining the peak-P conditions experienced
by the Luotian dome eclogites, because eclogite-facies relics are
poorly preserved, strongly re-equilibrated and decomposed or
modified during the following HT evolution.

(ii) The first important early-decompression event occurred at the
transition from the eclogite- to the HP granulite-facies. In sample
11-9c1 this stage is documented by the breakdown of omphacite,
kyanite and zoisite/epidote leading to the development of Cpx +
Pl symplectites, of composite Spl + Pl &= Crn symplectites, and
of Pl + Mt aggregates, respectively. The formation of these
symplectites is synchronous with the growth of a second garnet
generation. This early decompression event is well constrained
as concerning P (15-18 kbar), but poorly constrained as
concerning T (> 800 °C). Sample 11-9c1 is much more reactive
at HP granulite-facies conditions than sample 11-7c2: this is
due to different water availability in the two samples. The cal-
culated H,O0 isomodes for sample 11-7c2 (Fig. 8j) show that
anhydrous conditions prevail during the early decompression
evolution, whereas the system became H,O-undersaturated at

Please cite this article as: Groppo, C,, et al., P-T evolution of elusive UHP eclogites from the Luotian dome (North Dabie Zone, China): How far can
the thermodynamic modeling lead us?, Lithos (2014), http://dx.doi.org/10.1016/j.lithos.2014.11.013

823
824

827

845


http://dx.doi.org/10.1016/j.lithos.2014.11.013
Original text:
Inserted Text
" "

Original text:
Inserted Text
"-"


847
848
849
850
851
852
853
854
855
856
857
858
859
860

862
863
864
865
866
867
868
869
870
871

873
874
875
876
877
878
879
880
881
882
883

884

885
886
887
888
889
890

892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910

16 C. Groppo et al. / Lithos xxx (2014) xxx-xxx

P < 15 kbar, i.e. metamorphic reactions could not proceed until
H,0-saturated conditions were again reached or, alternatively,
H,0 was introduced from outside (see Guiraud et al., 2001 for
the interpretation of H,O-saturated vs. H,O-undersaturated con-
ditions). In contrast, sample 11-9¢1 remained H,O-saturated
during the early decompression evolution (i.e. the P-T path
intersects the H,0 isomode contours towards decreasing values,
despite the overall H,0 content being extremely low; Fig. 91)
thus allowing the development of coronitic and symplectitic
microstructures after omphacite and kyanite and the growth of
GI'tz.

(iii) Alater decompression event under lower-P granulitic conditions
characterized both the samples and is testified by the pervasive
development of Opx-bearing coronitic, symplectitic and exsolu-
tion microstructures. The texturally controlled thermodynamic
modelling applied to these microstructures tightly constrain
this low-P granulitic event at 800-900 °C, 10-12 kbar. The
rare discontinuous Grts rim locally overgrowing Grt; in sample
11-9c1 and including orthopyroxene and plagioclase, likely
grew during, or immediately after, this stage. However, the
limited occurrence of this microstructure in the studied sample
hampers the precise constraint of the P-T conditions of its
growth.

(iv) The pervasive growth of porphyroblastic amphibole in sample
11-9c1 and the formation of Amp + PI coronae around garnet
in sample 11-7¢2 is related to a later hydration stage under
upper amphibolite-facies conditions.

The overall clockwise P-T trajectory (Fig. 11) deduced for the
eclogites of the Luotian dome is therefore poorly constrained toward
the extreme P and T conditions, and unambiguous evidence of the
attainment of UHP and/or UHT conditions have not been found. However,
although not sufficient to constrain the UHP peak P-T conditions, the
results of our study do not contradict the Liu et al. (2011a,b) conclusions.
On the contrary, the prograde portion of the P-T trajectory constrained
here for the first time, is fully compatible with the extreme P-T conditions
proposed by Liu et al. (2011a,b) and Liu et al. (in press).

7.3. The North Dabie complex Zone: a “really hot and slow” UHP terrane

The resulting picture for the NDZ is that of a “really hot and slow”
UHP terrane (McClelland and Lapen, 2013; see also Kylander-Clark
etal, 2012), in contrast to the CDZ and SDZ terranes which are charac-
terized by lower temperatures and different P-T trajectories (“hot and
slow” terranes of McClelland and Lapen, 2013). “Really hot and slow”
UHP terranes such as the Greenland Caledonies (e.g. Gilotti et al.,
2014), the Qaidam terrane of western China (Mattinson et al., 2006) or
the Western Gneiss Region in Norway (e.g. Kylander-Clark et al., 2009)
are thick (> 10 km) and exposed over large areas (> 20000 km?)
(Kylander-Clark et al.,, 2012) and characterized by protracted UHP and
exhumation histories, by slow exhumation rates and by a widespread
anatexis, which may partially obliterate the direct evidence of UHP
metamorphism.

This study demonstrated that, in such a case, the UHP metamorphism
may be elusive and that the thermodynamic modelling approach may be
not sufficient to unravel the whole P-T-(t) evolution of “really hot and
slow” UHP terranes. Different “unconventional” thermobarometric
methods might be more suitable to decipher the HP/UHP history of
these terranes (see also Hacker, 2006). It has been argued that U-Pb
ages combined with trace element and textural characterization of zircon
can successfully define the peak and the exhumation history of these UHP
terranes (e.g. Gilotti et al.,, 2014): in this context the application of the re-
cently calibrated Ti-in-zircon and Zr-in-rutile thermometers to the NDZ
eclogites seem to be promising (Liu et al., in press). Rigid accessory
phases such as zircon might often be the only direct witnesses of the
UHP history: it is not incidental that, in most of the “really hot and

slow” UHP terranes, coesite and/or micro-diamonds have been found
almost only as inclusions in zircons (e.g. Liu et al., 2007b; Xu et al., 2003).
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