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of zoning patterns, trace element signatures, index mineral 
inclusions (melt inclusions, sillimanite and K-feldspar) in 
dated domains and textural relationships with co-existing 
minerals. The results show that inherited domains (500–
400 Ma) are preserved in monazite even at granulite-facies 
conditions. Few monazites or zircon yield ages related to the 
M1-stage (~30–29 Ma), possibly corresponding to prograde 
melting by muscovite dehydration. During the early stage of 
isothermal decompression, inherited or prograde monazites 
in most samples were dissolved in the melt produced by 
biotite dehydration-melting. Most monazite grains crystal-
lized from melt toward the end of decompression (M3-stage, 
21–19 Ma) and are chemically related to garnet breakdown 
reactions. Another peak of monazite growth occurred at final 
melt crystallization (~15 Ma), and these monazite grains are 
unzoned and are homogeneous in composition. In a regional 
context, our pressure–temperature–time data constrains peak 
high-pressure metamorphism within the GHC to ~30–29 Ma 
in Dinggye Himalaya. Our results are in line with a melt-
assisted exhumation of the GHC rocks.

Keywords  U–Th–Pb geochronology · Monazite · 
Isothermal decompression · Granulite-facies · Himalaya

Introduction

Monazite (Ce, La, Th)PO4 is a common accessory mineral in 
metapelitic or metapsammitic rocks, and is frequently used 
for geochronology of metamorphic terranes. It has several 
strengths in dating amphibolite- and granulite-facies meta-
morphism. (a) Monazite generally has high concentrations 
of U (0.1–0.4 wt%) and Th (2–12 wt%), and low initial Pb 
contents (e.g. Parrish 1990), making it suitable for U–Th–Pb 
determinations with high spatial resolution via various 

Abstract  Monazite is a key accessory mineral for meta-
morphic geochronology, but interpretation of its complex 
chemical and age zoning acquired during high-tempera-
ture metamorphism and anatexis remains a challenge. We 
investigate the petrology, pressure–temperature and timing 
of metamorphism in pelitic and psammitic granulites that 
contain monazite from the Greater Himalayan Crystalline 
Complex (GHC) in Dinggye, southern Tibet. These rocks 
underwent isothermal decompression from pressure of 
>10 kbar to ~5 kbar at temperatures of 750–830 °C, and 
recorded three metamorphic stages at kyanite (M1), silli-
manite (M2) and cordierite-spinel grade (M3). Monazite and 
zircon crystals were dated by microbeam techniques either 
as grain separates or in thin sections. U–Th–Pb ages are 
linked to specific conditions of mineral growth on the basis 
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techniques such as ion microprobe (e.g. Harrison et  al. 
1995), electron microprobe (EPMA, e.g. Williams et al. 
2007) and laser ablation–(multi-collector) inductively cou-
pled plasma–mass spectrometry (LA-(MC)ICP-MS, Cottle 
et al. 2009a). (b) Pb diffusion in monazite at dry conditions 
is very slow (Cherniak et al. 2004) and monazite has high 
retentivity for radiogenic Pb even at >1000 °C (Seydoux-
Guillaume et al. 2002). (c) During a metamorphic cycle, 
monazite may grow at various stages such as sub-solidus 
prograde conditions (e.g., Wing et al. 2003; Kohn et al. 
2005), anatexis (e.g., Rubatto et al. 2001, 2013; Bhowmik 
et al. 2014; Harley and Nandakumar 2014; Dumond et al. 
2015; Wang et al. 2015a), and during retrograde fluid altera-
tion (e.g. Williams et al. 2011; Kelly et al. 2012; Taylor 
et al. 2014; Grand’Homme et al. 2016) or, to a less extent, 
during high-temperature deformation (Erickson et al. 2015). 
This variability in monazite growth conditions enables the 
extraction of time information at various points along a 
pressure–temperature (P–T) trajectory but also constitutes 
a challenge for age interpretation.

In high-temperature migmatites, monazite ages can be 
very complex and multiple ages can be preserved in sam-
ples collected from one tectonic unit (e.g., Simpson et al. 
2000; Kohn et al. 2005; Rubatto et al. 2013; Harley and 
Nandakumar 2014; Wang et al. 2015a). Interpretation of 
monazite ages relies on a thorough understanding of mona-
zite behaviour during metamorphism, which is still limited. 
Most studies agree that monazite solubility in melt is suf-
ficiently high that during high-temperature partial melting, 
pre-existing monazite grains are dissolved and new monazite 
crystallizes when light rare earth element (LREE) saturation 
is reached. Through this process, monazite could record ages 
of prograde melting, peak metamorphism or melt crystalli-
zation upon cooling depending on local saturation reached in 
melt pockets (e.g., Seydoux-Guillaume et al. 2002; Rubatto 
et al. 2013; Bhowmik et al. 2014; Harley and Nandakumar 
2014; Taylor et al. 2016). However, studies by phase equi-
libria modelling propose that solubility of monazite in melt 
is sufficiently high that monazite will be continuously dis-
solved in granitic melt along the up-temperature prograde 
path; therefore, monazite is more likely to grow during melt 
crystallization upon cooling (Kelsey et al. 2008; Yakymchuk 
and Brown 2014).

These studies give rise to the following questions: (a) can 
monazite form during prograde melting or peak metamor-
phism; (b) what processes/reactions trigger monazite growth 
during partial melting; (c) how can monazite survive subse-
quent partial melting if it grows over prograde or peak con-
ditions? For cases that underwent prolonged partial melting 
or sustained high-temperatures metamorphism, preservation 
of these peak-stage monazites will even be more difficult.

An important aspect in investigating monazite behav-
iour during high-temperature metamorphism is to 

establish the link between metamorphic reactions and 
monazite growth/crystallization. Many reactions have 
been proposed for sub-solidus monazite growth (e.g., 
Smith and Barreiro 1990; Akers et al. 1993; Kingsbury 
et al. 1993; Pyle et al. 2001; Catlos et al. 2002; Wing 
et al. 2003; Kohn et al. 2005; Janots et al. 2007), but only 
selected cases have linked monazite growth to reactions 
during partial melting (Rubatto et al. 2013; Dumond et al. 
2015). Therefore, more studies are required to understand 
the link between melting reactions (e.g., muscovite and 
biotite dehydration-melting reactions) and monazite 
growth or trace elements signatures during anatexis of 
crustal rocks.

The Greater Himalayan Crystalline Complex (GHC) pro-
vides an excellent natural laboratory for studying monazite 
behaviour during high-temperature anatexis. The Himalayan 
orogenic process—on-going collision of India with Asia—
has not been overprinted by later orogenic events. Himalayan 
metamorphic ages (<50–55 Ma, Leech et al. 2005; Row-
ley 1996) are relatively young so that in situ geochronol-
ogy (0.5–2% precision) can accurately distinguish different 
metamorphic stages within a P–T cycle, which may not be 
resolvable for older orogenic belts. The GHC exposes simi-
lar sequences of amphibolite- to granulite-facies metape-
litic or metapsammitic rocks along the ~2400 km Himalayan 
strike (e.g., Warren et al. 2011; Zhang et al. 2013; Kohn 
2014; Mottram et al. 2014), and P–T–time determination 
results can be compared spatially.

The Dinggye region of Tibetan Himalaya exposes a spec-
tacular variety of pelitic and psammitic granulites of the 
GHC that underwent isothermal decompression at peak tem-
peratures (e.g., Borghi et al. 2003). In the Dinggye region, 
some of the deepest buried GHC rocks along the strike of 
the Himalayas are exposed and this is thus an ideal site for 
studying the monazite behaviour during high-temperature 
metamorphism. In this study, P–T paths were calculated for 
the investigated samples to provide more precise constraints 
on the conditions of monazite growth. Monazite U–Th–Pb 
ages of nine samples were determined using LA–ICP–MS 
and linked to specific metamorphic stages. The P–T–time 
link was achieved by comprehensive constraints of monazite 
zoning patterns, index mineral inclusions in dated mona-
zite, textural correlations with surrounding minerals, and 
chemical compositions of monazite. Zircon U–Pb ages were 
also determined by ion microprobe to better interpret mon-
azite ages. The obtained information allows summarizing 
monazite behaviour within a granulite-facies P–T cycle and 
potential melting reactions that account for monazite disso-
lution-growth processes. In a regional context, the P–T–time 
information of the investigated granulites is compared to the 
high-pressure mafic granulite exposed in the Dinggye Hima-
laya and considered with respect to the possible mechanism 
that triggered the exhumation of the GHC.
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Geological setting

General geology of the central Himalaya

The Himalayan orogen is commonly divided from north to 
south into the Tethyan Himalayan Sequence (THS), GHC, 
Lesser Himalayan Sequence (LHS) and Siwalik Group 
(SG, Fig. 1). These units are separated by the South Tibetan 
Detachment (STD), Main Central Thrust (MCT), Main 
Boundary Thrust and Main Frontier Thrust. Within the 
Himalayan sequences, the GHC represents the metamor-
phic core, which is mainly composed of amphibolite- to 
granulite-facies metasedimentary rocks (e.g., Searle et al. 
2003; Goscombe et al. 2006; Kohn 2008; Groppo et al. 
2009; Imayama et al. 2010; Wang et al. 2013, 2015a), Early 
Paleozoic orthogneiss (e.g., Cawood et al. 2007; Wang et al. 
2012) and Oligocene–Miocene leucogranite (e.g., Harrison 
et al. 1995; Searle et al. 1997, 2003; Visonà and Lombardo 
2002; Carosi et al. 2013; Leloup et al. 2015; Wu et al. 2015). 
The STD is a low-angle normal-sense shear zone that gener-
ally dips to the north and extends over 2400 km along the 

Himalayan strike (e.g. Burchfiel et al. 1992; Searle et al. 
2003; Cottle et al. 2007; Leloup et al. 2010). The MCT 
is a top-to-the-south thrust-sense ductile shear zone and 
separates the hanging-wall GHC rocks from the footwall 
greenschist-facies to lower-amphibolite-facies LHS rocks 
(e.g., Arita 1983; Schelling 1992; Harrison et al. 1998; 
Kohn 2008; Searle et al. 2008; Wang et al. 2015b). It has 
been suggested that exhumation of the GHC was assisted 
by coeval movement along the STD and MCT during early 
to mid Miocene (e.g., Burchfiel and Royden 1985; Burchfiel 
et al. 1992; Searle et al. 2003, 2005). However, recent stud-
ies highlight the contribution of several new tectono-meta-
morphic discontinuities within the core of the GHC—the 
High Himalayan discontinuities (Fig. 1)—that were active 
coevally with the STD, but predated the MCT (Carosi et al. 
2010; Larson et al. 2013, 2015; Montomoli et al. 2013, 2015; 
Wang et al. 2016) and the diachronous exhumation of differ-
ent GHC blocks (Kohn et al. 2004; Corrie and Kohn 2011; 
Imayama et al. 2012; Rubatto et al. 2013; Cottle et al. 2015; 
Wang et al. 2015a; Chakraborty et al. 2016), which have 
forced alternative burial-exhumation models.

Fig. 1   Simplified geological map of the central and eastern Hima-
layas (modified after Wang et  al. 2016; Yin 2006). GCT Greater 
Counter Thrust, STD South Tibetan detachment, MCT Main Cen-
tral Thrust, MBT Main Boundary Thrust, MFT Main Frontier 
Thrust, HHD High Himalayan Discontinuity, LT Langtang Thrust, 

ND Nyalam Discontinuity, HHT High Himal Thrust, KT Kakhtang 
Thrust, GKT Gyirong-Kangmar Thrust. Granulitized eclogites or 
high-pressure mafic granulites are from: Bhutan, Grujic et al. (2011), 
Warren et al. (2011); Arun river valley, Corrie et al. (2010); see Fig. 2 
for those from the Dinggye region
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Geology of the Dinggye region

The Dinggye region is located in the central part of the 
Himalayan orogenic belt and the Makalu summit is within 
the south-western corner of the region (Fig. 2). Main litho-
tectonic units in this region include the THS, GHC and 
Ama Drime Massif (ADM, Groppo et al. 2007; Jessup et al. 
2008; Kali et al. 2010). The GHC in the Dinggye region is 
composed of two sub-units: (a) the Jiangdong group mainly 
consists of an upper-amphibolite- to granulite-facies mig-
matitic paragneiss (Borghi et al. 2003) that is rich in leu-
cosome (Fig. 3a–d) and is locally crosscut by leucogranite 

plutons or sills (Fig. 3e, f); (b) acting as a transitional zone 
from the GHC to the THS, the Rouqiechun group (Ever-
est series) mainly consists of a lower-amphibolite-facies 
gneiss or schist and is rich in leucogranite and pegmatite 
sills (Figs. 2, 3g, h). Foliation of the GHC rocks mostly dips 
to the north or northwest at moderate angles (20°–50°) and 
lineation of its top portion (the STD shear zone) plunges to 
the northeast at 5°–30°. Monazite U–Th–Pb dating of the 
migmatitic paragneiss yields a complex pattern of ages from 
~39–20 Ma (Liu et al. 2007; Cottle et al. 2009a). On the 
contrary, most of the leucogranite sills yield Miocene ages of 
16–14 Ma (Cottle et al. 2009a; Leloup et al. 2010) with some 

Fig. 2   Simplified geological map of the Dinggye region, southern 
Tibet. Location of the Dinggye region is available in Fig.  1. Refer-
ences: [1] Li et al. (2003), [2] Cottle et al. (2009a), [3] Cottle et al. 

(2009b), [4] Kellett et al. (2014), [5] Wang et al. (2017). Projection: 
S, foliation; L, lineation
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dates that are slightly older (~21 Ma, Cottle et al. 2009a). 
High-pressure mafic granulite lenses that consist of clinopy-
roxene-plagioclase symplectitic texture are enclosed in the 
Jiangdong group (Figs. 2, 3f), and metamorphic zircons in 
these rocks give U–Pb ages of ~18–16 Ma (Li et al. 2003; 
Cottle et al. 2009a). High-pressure mafic granulites were 
also identified to the south of the Dinggye region along the 

Arun river valley (Fig. 1), and Corrie et al. (2010) proposed 
that these rocks underwent ‘eclogite-facies metamorphism’ 
at ∼670 °C and ≥15 kbar at 23–16 Ma.

The ADM is a unique unit within the Himalayan chain 
and contains abundant Paleoproterozoic orthogneisses 
(~1.8 Ga, Cottle et al. 2009b) and granulitized eclogite 
lenses. According to the metamorphic grade, the ADM 

Fig. 3   Outcrop photographs of granulite-facies migmatites from 
the Jiangdong group of the Greater Himalayan Crystalline Complex 
(GHC) in the Dinggye region. a Garnet-bearing migmatitic metape-
lite with pockets of melt crystallized in situ within mesosome. b Gar-
net-bearing migmatitic metapelite. Melt forms segregations within 
the mesosome. c Garnet-bearing migmatitic metapelite. Melt segre-
gations form cm-wide leucosome. Peritectic garnet is present within 

the leucosome segregations. d Garnet-bearing migmatitic metapelite. 
Former melt is distributed to form a syn-anatectic flow structure. The 
arrows show small leucosome segregations that connect to form a 
wider vertical leucosome vein. e, f Metapelitic gneiss intruded by a 
leucogranite pluton that bended the foliation. A lens of high-pressure 
mafic granulite is visible in this outcrop. The stars show location of 
samples 15DG50, 36, 37 and 78
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should be included into the GHC (Kali et al. 2010; Leloup 
et al. 2010), but stratigraphically the ADM has affinity with 
the LHS based on the ~1.8 Ga orthogneiss (Lombardo and 
Rolfo 2000; Groppo et al. 2007). In this study, we follow 
the classification of Jessup et al. (2008) and Cottle et al. 
(2009b) that refer to a separated ADM so as to avoid this 
debate. The eclogites in the ADM were overprinted by high-
temperature granulite-facies metamorphism (4–10 kbar and 
>750 °C, Groppo et al. 2007) during exhumation, and pre-
served peak-stage minerals are clinopyroxene-plagioclase 
symplectite (Lombardo and Rolfo 2000; Groppo et al. 2007) 
or relict omphacite inclusions in garnet (Jd 28–22 wt%, 
Wang et al. 2017). The ADM rocks represent the deepest 
(50–70 km) buried Indian crustal rocks within the central 
part of the Himalayan orogenic belt. Zircon U–Pb dating 
of these granulitized eclogites yield ages of ~14 Ma, and 
there is debate whether these ages represent peak pressure 
(Wang et al. 2017) or the granulite-facies overprint (Cottle 
et al. 2009b; Kali et al. 2010). In contrast, Lu–Hf dating of 
the eclogite gives an age of 38–34 Ma (Kellett et al. 2014). 
Monazite Th–Pb ages of the country rock (orthogneiss) are 
~13–12 Ma (Cottle et al. 2009b; Kali et al. 2010). Foliation 
of the ADM dips to the west at its west wing and to the east 
at its east wing, presenting an east–west trending extension 
(Kali et al. 2010). Kali et al. (2010) described the paragneiss 
sub-unit within the ADM as a metapelite that yield peak 
pressure of >15 kbar, higher than most other metapelites of 
the GHC. Doming and exhumation of the ADM has been 
related to the movement along the Xainza-Dinggye rift since 
~13 Ma, which also marks the initiation of orogen-parallel 
extension (Zhang and Guo 2007; Jessup et al. 2008; Kali 
et al. 2010).

Sample description

Nine metasedimentary samples and one leucogranite sample 
were collected from the Jiangdong group of the GHC (west 
wing, Kharta and Thongmön sections, Fig. 2). The localities, 
GPS coordinates, rock types, mineral assemblages and melting 
conditions are summarised in Table 1 and described below. 
Samples 15DG35, 36, 37, 40, 47, 50, 72, 78 and 66 were col-
lected as migmatitic metapelite and metapsammite samples 
from the Jiangdong group. Leucosome segregations are widely 
distributed across the outcrops, exhibiting the evolution of 
melt formation, convergence and migration. In the mesosome 
portion, melt usually crystallizes in situ and forms strings of 
discrete lenses or centimetre-scale pods (Fig. 3a). In a few 
outcrops, larger leucosome pores can reach decimetre-scale 
(Fig. 3b). In most rocks, centimetre- to decimetre-scale leuco-
some layers are generally parallel to the foliation of the proto-
lith rock (Fig. 3c, d). From the leucosome proportion within 
each outcrop it was estimated that in most localities the melt 

volume was 25 ± 5%; in sample 15DG66, a melt volume of 
15 ± 5% was estimated. In the outcrop where sample 15DG78 
was collected, migmatitic metapelites or metapsammites are 
intruded by leucogranite sills and the foliation is bent (Fig. 3e, 
f). Most samples used for petrology and geochronology were 
collected from the mesosome portion that contains small seg-
regations of leucosome. Samples 15DG72 and 78 were col-
lected from the country rock of a high-pressure mafic granulite 
lens (Li et al. 2003; Cottle et al. 2009a). Sample 15DG96 rep-
resents a two-mica leucogranite dikelet that intruded into the 
surrounding migmatitic metapelites in the GHC.

All the migmatitic metapelite samples are composed of 
an equilibrium mineral assemblage of garnet, sillimanite, 
plagioclase, K-feldspar, biotite, quartz and rutile or ilmenite 
(Fig. 4a–f). Kyanite is only preserved in sample 15DG50 in 
association with rutile, as relicts surrounded by plagioclase 
(Fig. 4a). Garnet porphyroblasts in the mesosome portion are 
generally anhedral and contain inclusions of plagioclase, bio-
tite, rutile and quartz in the core or rim or polymineralic inclu-
sions of muscovite, K-feldspar, plagioclase, biotite and quartz 
in the rim (Fig. 4c). Some plagioclase grains are rich in albite 
and orthoclase exsolutions. Muscovite is generally absent in 
the matrix of the mesosome portion. However, phase equilib-
ria modelling of sample 15DG36 indicates presence of mus-
covite at prograde conditions and breakdown of muscovite 
approaching the pressure peak (Fig. 5a). Therefore, we infer 
that muscovite has been consumed by prograde dehydration-
melting reactions such as (Le Breton and Thompson 1988).

A few tiny muscovite grains are present in the leucosome 
domain and are interpreted as back-reaction of melt + sil-
limanite + K-feldspar. In sample 15DG36, leucosome seg-
regations contain quartz, K-feldspar, plagioclase and abun-
dant euhedral garnet crystals (Fig. 3c), indicating the biotite 
dehydration-melting reaction (Spear et al. 1999)

In samples 15DG35, 36, 37 and 50, cordierite or cordier-
ite-quartz pairs occur as corona replacing the rims of garnet 
porphyroblasts (Fig. 4e) following reaction (Hensen 1971)

These samples also contain green spinel, which is pre-
sent either as tiny crystals in the cordierite corona or occurs 
as spinel-plagioclase symplectite replacing residual biotite 
(Fig. 4f) possibly by reactions (Clarke and Powell 1991; 
Ouzegane and Boumaza 1996)

(R1)
Muscovite + plagioclase + quartz

→ aluminosilicate + K-feldspar +melt

(R2)
Biotite + sillimanite + quartz → garnet + K-feldspar +melt

(R3)Garnet + sillimanite + quartz → cordierite

(R4)Garnet + sillimanite → spinel + cordierite

(R5)
and Biotite + sillimanite → spinel + plagioclase + quartz
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Migmatitic metapsammite samples 15DG66 and 40 
consist of a similar mineral assemblage as the migmatitic 
metapelite, but sillimanite is absent.

Analytical methods

All analyses were performed at the Institute of Geology 
and Geophysics, Chinese Academy of Sciences (IGGCAS), 

Fig. 4   Photomicrographs of thin sections of investigated samples. a 
Relict kyanite and rutile crystals preserved within a plagioclase grain. 
b Typical sillimanite-grade mineral assemblage composed of anhe-
dral garnet, plagioclase, quartz and abundant fibrolite or prismatic 
sillimanite aligned with biotite. Muscovite is absent. c Polymineralic 
inclusions of muscovite, biotite, plagioclase, K-feldspar and quartz in 
a garnet porphyroblast (BSE image). d Typical sillimanite-grade min-

eral assemblage composed of large prismatic sillimanite and biotite. 
e Cordierite + quartz forming a corona around garnet (BSE image). 
f A large monazite crystal coexists with garnet and quartz. A large 
spinel + plagioclase symplectite grows over prismatic sillimanite and 
garnet. Mineral abbreviations are according to Whitney and Evans 
(2010)
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Beijing. Nine metapelitic and metapsammitic samples from 
the Dinggye area were selected for mineral chemical compo-
sition and U–Th–Pb analyses whereas one leucogranite sam-
ple was selected for U–Th–Pb analyses. Chemical composi-
tions of the minerals (Online Resource Tables S1–3) were 
determined using a JEOL JXA-8100 electron microprobe. 
The working conditions were set to 15 kV accelerating volt-
age, a 20 nA beam current and a beam diameter of 2–5 μm. 
Back-scattered electron (BSE) and cathode-luminescence 
(CL) images were produced with a Nova Nano 450 scan-
ning electron microscope (SEM).

Monazite, zircon and rutile crystals were separated using 
standard heavy liquid and magnetic technique, and hand-
picked under a binocular microscope. The grains were then 
mounted in epoxy resin and polished to expose the grain 
centres. Inclusions in monazite and zircon were identified by 
an Oxford Aztec Energy Dispersive X-ray system installed 
on the SEM. Transmitted- and reflected-light microscopic 

images of monazite and zircon were also used to avoid inclu-
sions and fractures during analysis. Yttrium (Y), Th and 
U compositional mapping of the monazite grains was per-
formed using a CAMECA SXFiveFE electron microprobe 
under the analytical condition of 15 kV accelerating voltage, 
~200 nA beam current, 50–100 ms dwell times and pixel 
step sizes of 0.2–0.5 μm.

U–Th–Pb analyses

U–Th–Pb analyses of monazite were performed at IGGCAS 
with an Agilent 7500a quadrupole–inductively coupled 
plasma–mass spectrometry (Q-ICP-MS), which was cou-
pled with a pulsed 193 nm excimer laser ablation system. 
A 50–100 mJ energy at a repetition rate of 4 Hz and a 
small spot size of ~24 μm were used during the analyses. 
Each analysis measures the background for 20–25 s before 
switching on the laser for 45–50 s. Reference material was 

Fig. 5   a P–T results from thermobarometers plotted in the phase dia-
gram calculated using the bulk composition of sample 15DG36 meas-
ured by X-ray fluorescence spectrometer. Solid and dashed lines indi-
cate phase boundaries using H2O contents of 1.5 wt% and 0.5 wt%, 
respectively. An H2O content of 1.5 wt% is close to what needed to 
saturate the metapelite and is used to predict the prograde conditions. 
An H2O content of 0.5 wt% is close to the conditions when the sam-

ple crystallized after melt extraction/loss and is used to model the 
decompression/retrograde conditions. See Online Resource Fig. S1 
for detailed method and bulk compositions used. b P–T–time paths 
from the literatures. e and g represent minimum ‘eclogite-facies’ and 
high-pressure granulite-facies metamorphic conditions, respectively, 
from Corrie et al. (2010). ADM Ama Drime Massif
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analysed each fifth analysis. The measured 206Pb/238U and 
208Pb/232Th ratios were corrected using reference monazite 
Delaware 44069 (425 Ma, Aleinikoff et al. 2006). Accu-
racy and precision of the analyses were evaluated with a 
secondary reference monazite Jefferson County (Th–Pb age 
359 ± 2 Ma, mean square of weighted deviates (MSWD) 
0.5, N = 77) or E0013 (Th–Pb age 594 ± 6 Ma, MSWD 1.5, 
N = 15), which are identical within errors with the recom-
mended values (Jefferson County 207Pb/235U age by isotope 
dilution thermal ionization mass spectrometry (ID-TIMS), 
360 ± 1 Ma, Peterman et al. 2012; E0013 207Pb/235U age 
587 ± 5 Ma by ID-TIMS, Janasi et al. 2003). Data reduc-
tion, including corrections for baseline, instrumental drift, 
mass bias and downhole fractionation were calculated using 
GLITTER 4.4. Uncertainties of the corrected 206Pb/238U and 
208Pb/232Th ratios are quoted at the 2σ or 95% confidence 
level. U–Th–Pb data are listed in Online Resource Tables 
S4, S5, S8.

Measurements of U, Th and Pb isotopes of zircon were 
performed using the Cameca IMS 1280 secondary ion mass 
spectroscopy (SIMS) at IGGCAS. Instrumental condi-
tions and data acquisition were generally as described in Li 
et al. (2009). The data were collected in sets of seven scans 
throughout the masses with a primary O2− ion beam spot 
of 20 × 30 μm and reference material was analysed each 
third analysis. The measured 206Pb/238U ratio was corrected 
using reference zircon Plésovice (206Pb/238U age 337 Ma, 
Sláma et al. 2008). U and Th concentrations were calibrated 
against zircon standard Harvard 91500 (Th = 29 ppm, and 
U = 81 ppm, Wiedenbeck et  al. 1995). To monitor the 
external uncertainties, an in-house zircon standard Qinghu 
was alternately analysed as an unknown together. Eight 
measurements on Qinghu zircon yield a Concordia age of 
160 ± 2 Ma (MSWD 0.1, N = 8), which is identical within 
error with the recommended value of 159.5 ± 0.2 Ma (Li 
et al. 2013). A long-term uncertainty of 1.5% (1σ RSD) 
for 206Pb/238U measurements of the standard zircons was 
propagated to the unknowns (Li et al. 2010), despite that the 
measured 206Pb/238U error in a specific session is generally 
≤1% (1σ RSD). For the analyses yielding Cenozoic ages, 
the data were corrected for common Pb based on the meas-
ured 207Pb/206Pb (by assuming concordance), while the pre-
Cenozoic inherited ages were corrected using the measured 
204Pb (Williams 1998). Corrections are sufficiently small to 
be insensitive to the choice of common Pb composition, and 
an average of present-day crustal composition (Stacey and 
Kramers 1975) is used for the common Pb. Data reduction 
and age calculation was carried out using the software Isop-
lot/Ex v3.7 (Ludwig 2008) and the 238U, 235U, and 232Th 
decay constants of Steiger and Jäger (1977) were used. Aver-
age U–Pb ages are quoted at 95% confidence level. Analyti-
cal U–Th–Pb data are listed in Online Resource Tables S6, 
S8.

Mineral trace elements analyses

Trace elements analyses of monazite, zircon and rutile 
were obtained with the LA-Q-ICP-MS at IGGCAS. Trace 
elements of monazite were obtained simultaneously dur-
ing the U–Th–Pb analyses, whereas those of zircon were 
performed on the same site of the 2-μm-deep SIMS pits. 
Spot sizes of 24 μm (monazite), 32 μm (zircon) and 48 μm 
(rutile) were used and reference material was analysed each 
tenth analysis. External calibration was performed rela-
tive to NIST 610 glass using the values recommended by 
Pearce et al. (1997) and internal standardization was based 
on stoichiometry of Ce in monazite (23.6 wt%), Ti in rutile 
(59.93 wt%) and Si in zircon (16.25 wt%). Accuracy and 
precision of the analyses were evaluated with a BCR-2G 
secondary glass standard and are always better than 10% 
combined. Analyses that have apparent contamination from 
inclusions or those with insufficient data-collecting dura-
tion (<10 s) were discarded. For rutile analyses, the 48-μm 
laser pit was always located at the centre of the grains to 
avoid possible complications from Zr diffusion at the rim 
during cooling. Trace elements data reduction was per-
formed using the software Glitter 4.4. Rare earth element 
(REE) patterns of monazite and zircon were normalized to 
chondrite (McDonough and Sun 1995). Analytical data are 
listed in Online Resource Tables S4–7.

Thermobarometry

Conventional thermobarometry

Garnet porphyroblasts in the studied samples have compo-
nents of almandine (63–77%), spessartine (1–5%), pyrope 
(15–28%) and grossularite (2–11%) (Online Resource 
Table S1). In general, garnet porphyroblasts in most sam-
ples have relatively flat zoning patterns. In a single garnet 
porphyroblast, Xsps, and XFe (XFe = Fe/(Fe + Mg)) are usu-
ally flat from core to mantle (near-rim). However, weak 
resorption could be observed at the rim (or outmost rim) 
with slight increase in Xsps and XFe, and decrease in Xprp, 
which was probably caused by diffusion during cooling. 
Therefore, for thermobarometric calculations, garnet man-
tle or near-rim compositions were used for most samples. 
In each sample, different biotite grains in the matrix have 
relatively homogeneous compositions or show no chem-
ical zoning within grain. XMg in the biotite has a small 
range of 0.43–0.53. Plagioclases in the matrix usually have 
flat or quite weak zoning and compositions between dif-
ferent grains show no large variation. Plagioclase grains 
that are in contact with garnet have similar or relatively 
higher anorthite (An) components compared to the matrix 
grains. Average An values of matrix plagioclase grains in 
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each sample range of 0.20–0.36. Average compositions of 
matrix biotite and plagioclase were used for thermobaro-
metric calculations.

The garnet–biotite (GB) thermometer (Holdaway 2000) 
and the garnet–Al2SiO5–quartz–plagioclase (GAPQ) 
barometer (Holdaway 2001) or garnet–biotite–plagio-
clase–quartz (GBPQ) barometer (Wu et  al. 2004) was 
used for P–T calculation. The Fe2+ components in garnet 
and biotite calculated from the AX software were used for 
calculation. The recommended errors are ±0.8 kbar, 25 °C 
for GB-GASP (Holdaway 2001) and ±1.2 kbar, 50 °C for 
GB-GBPQ (Wu et al. 2004). The calculated P–T results are 
the recorded maximum temperatures and corresponding 
equilibrium pressures instead of peak pressures. The cal-
culated results and uncertainties are listed in Table 1, and 
plotted in the P–T diagram (Fig. 5). The estimates show 
that metamorphic temperatures of most studied samples 
are in the range 740–790 ± 50 °C (rounded to 10 °C), 
whereas sample 15DG40 yields higher metamorphic tem-
perature of ~830 °C although it was collected close to sam-
ples 15DG35, 36 and 37. The corresponding equilibrium 
pressures have a relatively large variation of 5–10 kbar 
(rounded to 1 kbar). Most of the calculated P–T results 
were plotted within the granulite-facies range except that 
of sample 15DG37, which recorded the highest pressure 
condition.

Zr‑in‑rutile thermometer

Zr-in-rutile temperatures were calculated using the cali-
bration of Tomkins et al. (2007) for the β-quartz field and 
the pressure estimates from the GASP or GBPQ barom-
eter were used for correction. Generally, differences of 
temperature results using different calibrations (e.g., 
Watson et  al. 2006; Ferry and Watson 2007) are less 
than ±30 °C. Uncertainties are calculated by consider-
ing a conservative analytical error of ±15% in zirconium 
measurements, ±0.8 or ±1.2 kbar for pressure estimates 
and a ±3% (±20 °C) propagated uncertainty from the 
calibration of the thermometer. The activity of Si and Zr 
is fully buffered, because all the studied samples are rich 
in quartz and zircon. Rutile grains in the studied samples 
are relatively clear and homogeneous in BSE images. 
The brachyaxis of most rutile grains are 80–150 μm in 
radius. Analyses that showed high concentrations of 
Si, Zr, Hf, Fe, or Th were considered contaminated by 
possible inclusions of zircon, monazite or ilmenite and 
were discarded. The studied samples generally have a 
zirconium content of 1000–2000 ppm, and the calculated 
Zr-in-rutile average temperatures are 760–820 ± 20 °C 
(Table  1). The Zr-in-rutile temperatures are slightly 
higher than that what obtained with the garnet–biotite 
thermometer.

Geochronology and trace elements

Internal zoning of monazite is described according to the 
high-contrast BSE images or Y and Th elements maps, 
whereas zircon is described according to the CL images. 
Average 208Pb/232Th or 206Pb/238U ages are reported accord-
ing to the statistically consistent groups (n ≥ 5). For most 
weighted mean ages, the MSWD is below the threshold of 
2.5; otherwise, a range of dates is reported. For Th-rich min-
erals such as monazite, excess 206Pb due to decay of 230Th 
can lead to overestimate the real age especially for young 
ages (Schärer 1984). Therefore, monazite Th–Pb ages are 
regarded as more accurate than U–Pb ages, and the weighted 
mean Th–Pb ages were calculated for each sample unless 
otherwise stated. Inclusions in monazite and zircon were 
checked by Energy Dispersive X-ray and Raman spectros-
copy. Monazite and zircon ages, trace element signatures 
and inclusions are summarised in Table 2.

Monazite U–Th–Pb dating (grain separates)

Monazite age results in the studied samples are complex 
and samples that have similar ages are described together. 
In metapelitic sample 15DG36, most monazites are unzoned 
and a few grains contain a core-rim structure (Fig. 6a). The 
cores and most unzoned grains yield a statically consist-
ent cluster of Th–Pb ages at 29.0 ± 0.3 Ma (MSWD 1.1, 
N 26/26). The rims and other unzoned grains have scat-
tered ages of 27–20 Ma (N = 13). Chemically, the Y and 
heavy rare earth elements (HREE) contents of the older and 
younger domains overlap (Y 1000–6000 ppm, GdN/YbN 
100–900, Fig. 7a). The negative Eu anomaly in the REE pat-
tern shows a general increasing trend from older to younger 
domains (Eu/Eu* 0.47–0.17, Online Resource Fig. S2a).

In samples 15DG66, 37, 47 and 50, monazite grains 
usually consist of BSE-bright cores and BSE-grey rims 
or are unzoned, whereas grains in sample 15DG35 con-
sist of BSE-dark inherited cores and BSE-grey Miocene 
rims (Fig. 6b–f). Monazite in the metapsammitic sample 
15DG66 is slightly older with cores defining an age of 
24.9 ± 0.4 Ma (MSWD 0.5, N 10/10, Fig. 6b) and rims 
defining an age of 23.9 ± 0.3 Ma (MSWD 1.8, N 30/32), 
even though individual core and rim ages partly overlap. 
Cores generally have lower Y and HREE contents (Y 
700–2000 ppm, GdN/YbN 350–1100) than rims or unzoned 
grains (Y 1000–16,000 ppm, GdN/YbN 50–700, Fig. 7b), and 
the negative Eu anomaly increases from cores to rims or 
unzoned grains (Eu/Eu* 0.14–0.03). Dates of the metape-
litic sample 15DG37 present a larger scatter between 22 and 
17 Ma. Y content (Online Resource Fig. S2b) and nega-
tive Eu anomaly increase (Eu/Eu* 0.31–0.03, Fig. 7c) from 
cores to rims (or unzoned grains), whereas the HREE con-
tent remains constant. The other three metapelitic samples 
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15DG35, 47, and 50 give similar weighted mean ages at 
~20 Ma. One rim analysis in sample 15DG47 yield an older 
date of 26.9 ± 0.5 Ma. These ~20 Ma dates have similar Y 
contents and HREE patterns (Y 1600–11,500 ppm, GdN/YbN 
50–350), and medium to strong negative Eu anomaly (Eu/
Eu* 0.24–0.03, Fig. 7d–f).

Monazite grains in metapelitic samples 15DG40, 72, 78 
and leucogranite sample 15DG96 are generally unzoned and 
yield similar weighted mean ages at ~15–14 Ma (Fig. 6g–k). 
Monazite uranium concentrations in sample 15DG40 are 
much lower (most 100–500 ppm) than metamorphic mona-
zite in all other samples (most 2000–10,000 ppm). The U–Pb 
dates of the low-U monazite are older than the Th–Pb dates 
(Fig. 6g), suggesting that excess 206Pb is more significant 
in the low-U monazite. A few monazite grains in sample 
15DG78 present a core-rim structure and the rims yield 
similar ages as the unzoned grains. Chemically, monazite 
grains have low Y and HREE contents in sample 15DG40 
(Y 400–5700 ppm, GdN/YbN 200–1000), high Y and HREE 

contents in sample 15DG72, 15DG78 and 15DG96 (Y 
8000–30,000 ppm, GdN/YbN 20–250), and medium to strong 
negative Eu anomaly in all samples (Eu/Eu* 0.35–0.07, 
Fig. 7g–k).

Besides the Cenozoic ages, in metapelitic samples 
15DG35, 47, 72 and 78, some monazite grains consists of 
inherited core that yield ages of 500–400 Ma (Fig. 6m–p). A 
few rims or small cores that are not large enough to accom-
modate a laser beam yield intermediate dates of 400–40 Ma. 
Chemically, the inherited cores usually have high Y and 
HREE contents (Y 5000–24,000 ppm, GdN/YbN 20–150), 
and medium to strong negative Eu anomaly (Eu/Eu* 0.5–0.1, 
Fig. 7e, j, k).

Numerous mineral inclusions were observed in the 
Cenozoic-dated monazite (Fig. 8, Table 2). Minerals such 
as garnet, biotite, plagioclase, quartz and apatite were 
found as inclusions, and because these phases were pre-
sent throughout the P–T trajectory, they are not indicative 
for specific metamorphic stages. Polymineralic inclusions 

Table 2   Monazite and zircon ages, trace elements and index mineral inclusions of investigated samples from the GHC, Dinggye Himalaya

Sample Monazite age (Ma) Monazite Y (ppm) Monazite GdN/
YbN

Monazite EuN/
Eu*N

Inclusions in 
monazite

Zircon age (Ma)

15DG36 (grain 
separates)

Cores + unzoned 
29.0 ± 0.3 Ma, 
rims + unzoned 
27–20 Ma

1000–6000 100–900 0.47 decrease to 
0.17

Kfs–Qz + Ms 
(~30 Ma 
domain)

Cores 2524–
818 Ma, 
mantles 
29.7 ± 0.5 Ma, 
rims 
20.7 ± 0.4 Ma

15DG36 (thin 
sections)

30.2 ± 0.2 Ma, 
28–22 Ma, 
20.8 ± 0.2 Ma

1500–11000 100–800 0.45 decrease to 
0.18

15DG66 Cores 24.9 ± 0.4 Ma, 
rims + unzoned 
23.9 ± 0.3 Ma

Older 700–2000; 
younger 
1000–16000

Older 350–1100; 
younger 50–700

0.14 decrease to 
0.03

Kfs–Qz–Pl–Ms

15DG37 Cores 22.3 ± 0.3 Ma, 
rims + unzoned 
22–17 Ma

1200 increase to 
16900

Older 50–750; 
younger 50–600

0.31 decrease to 
0.03

Kfs–Pl–Ms–Bt

15DG35 Cores 490–420 Ma, 
rims 19.6 ± 0.3 Ma

5300–11500 150–350 0.09–0.03 Kfs–Pl–Qz + Sil 
(abundant)

15DG47 Cores 490–430 Ma, 
rims + unzoned 
19.3 ± 0.2 Ma

4200–10700 50–350 0.10–0.05 Sil + Kfs–Qz–
Pl–Ms

15DG50 Cores + rims + unzo-
ned 19.6 ± 0.2 Ma

1600–10100 50–350 0.24–0.05 Sil + Kfs

15DG40 Unzoned 
15.3 ± 0.2 Ma

400–5700 200–1000 0.16–0.07 Kfs Cores 27–16 Ma, 
rims + unzoned 
15.2 ± 0.2 Ma

15DG72 Cores 470–410 Ma, 
unzoned 
14.9 ± 0.2 Ma

12000–30000 20–150 0.40–0.21 Sil (abun-
dant) + Kfs–
Qz–Pl

15DG78 Cores 546–400 Ma, 
rims + unzoned 
14.8 ± 0.2 Ma

8000–20400 50–250 0.27–0.08 Sil + Kfs–Qz–Ms

15DG96 Unzoned 
13.9 ± 0.2 Ma

5000–32000 20–150 0.12–0.05 /
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of K-feldspar + quartz ± plagioclase ± muscovite were 
observed in monazite domains with ages of ~30 Ma (sample 
15DG36), ~25–24 Ma (sample 15DG66), ~20 Ma (samples 
15DG35, 37 and 47) and ~15 Ma (samples 15DG72 and 
78). Some of these polymineralic inclusions have negative 

crystal shapes (Fig. 8a, b) or are rounded (Fig. 8c, e, k). 
Abundant sillimanite inclusions are present in the younger 
(~20 and ~15 Ma) monazite domains of samples 15DG35, 
47, 50, 72 and 78, but are absent in the domains with ~30 or 
~25–24 Ma dates.

0.0016

0.0020

0.0024

0.0028

0.0032

0.0036

0.0040

0.0044

0.0005 0.0007 0.0009 0.0011 0.0013

DG35d

Rims
.19 6±0.3 Ma

MSWD=1.2
13/18N

15

20

25

0.0026

0.0030

0.0034

0.0038

0.0042

0.0046

0.0050

0.0054

0.0008 0.0010 0.0012 0.0014 0.0016

20

25

30

DG36a

Cores+unzoned
.29 0±0.3 Ma

MSWD=1.1
N 26/26

Rims+unzoned
27–20 Ma
N=13

DG37c

0.0016

0.0020

0.0024

0.0028

0.0032

0.0036

0.0040

0.0044

0.0005 0.0007 0.0009 0.0011 0.0013

15

20

25

Cores
.22 3±0.6 Ma

MSWD=2.4
N 8/8

Rims+unzoned
22–17 Ma

=29N

Unonzed
.19 3±0.3 Ma

MSWD=0 8.
N 13/13

DG47e

0.0016

0.0020

0.0024

0.0028

0.0032

0.0036

0.0040

0.0044

0.0005 0.0007 0.0009 0.0011 0.0013

15

20

25

8
3

2
6

0
2

U
/b

P
8

3
2

6
0

2
U

/b
P

208 232Pb/ Th

441
333

18 7.

29 6. 29 3.

19 9.

21 0.

17 7.

19 6.

19 3.

DG66b

0.0016

0.0020

0.0024

0.0028

0.0032

0.0036

0.0040

0.0044

0.0005 0.0007 0.0009 0.0011 0.0013

15

20

25

Cores 24 9±0.4 Ma.
MSWD=0 5 N 10/10.

Rims+unzoned
.23 9±0.3 Ma

MSWD=1 8.
N 30/32

24 9.

24 1.

Cores+rims+unzoned
.19 6±0.2 Ma

MSWD=1.6
N 31/38

DG50f

0.0016

0.0020

0.0024

0.0028

0.0032

0.0036

0.0040

0.0044

0.0005 0.0007 0.0009 0.0011 0.0013

15

20

25

19 9.

20 3.

20 0.

8
3

2
6

0
2

U
/b

P

208 232Pb/ Th

Rim 27 Ma~
N=1
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Monazite U–Th–Pb dating (in thin sections)

Monazites in sample 15DG36, which yield the oldest 
metamorphic ages in this study, were further dated in thin 

sections to better correlate ages with textural positions. Y 
content of monazite is often a key discriminator for tempo-
rally distinct growth zones, and provides information to link 
monazite growth/crystallization events to other Y-bearing 
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minerals such as garnet (Foster et al. 2000; Kohn et al. 2005; 
Rubatto et al. 2006). Therefore, representative monazite 
grains with different textural positions were selected for Y, 
Th and U compositional mapping using an EPMA before 
dating. 102 analyses were performed on 41 monazite grains 
from four thin sections of sample 15DG36.

Monazite 36Q2_mnz09 is a large (~350 × 1000 μm, 
Fig. 9a) anhedral grain encircled by garnet and quartz. The 

monazite grain lacks significant BSE zoning, but shows 
patchy zoning in the Y and Th compositional maps, even if 
the two elements do not correlate. Y content is higher in the 
left or top-central portion, and decreases toward the right-
bottom portion. Th–Pb ages are mostly around 31–28 Ma 
across domains with different Y contents. A few analyses 
located at the grain rim or within the core along fractures 
give significantly younger dates of 27–22 Ma. Monazite 

Fig. 7   Chondrite-normalized Y 
and REE patterns for the dated 
monazites. The arrows highlight 
changes in HREE and Eu 
between different growth zones. 
Normalizing values are from 
McDonough and Sun (1995)
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36-1_mnz15 is medium in size (150 × 200 μm), anhedral 
and included in biotite (Fig. 9b). It shows patchy zoning 
in BSE, whereas Y content is slightly higher in the centre, 
decreases toward the rim and reaches the highest value at the 
narrow outmost rim (<10 μm). Th displays roughly an oppo-
site trend than Y. Ages obtained from this grain are mainly in 
the range 30–29 Ma, with two spots having slightly younger 
dates of ~27 Ma. Monazite 36-2_mnz06 is elongated and 
large in size (200 × 500 μm, Fig. 9c). This monazite is sur-
rounded by biotite and quartz grains, and shows a patchy 
zoning in BSE that correlates with Th content. Y is generally 
higher in the centre of the grain, and decreases toward the 

rim. Dates from this grain are mainly in the range 30–28 Ma, 
with three analyses from the outermost rim giving younger 
dates of 25–22 Ma. Monazite 36-2_mnz08 is euhedral, 
medium in size (150 × 200 μm) and included in cordierite 
(Fig. 9d). This grain lacks any zoning in BSE and Y com-
positional map with the exception of a narrow outmost rim 
(<5 μm) that is richer in Y. Th content shows only weak 
zoning. Four analyses from this grain yield dates of ~21 Ma.

Dating of monazite in thin sections yielded simi-
lar ages as grain separates. An older cluster of Th–Pb 
ages is defined at 30.2 ± 0.2 Ma (MSWD 2.4, N = 56, 
Fig. 10a), most of which are monazite grains surrounded 

Fig. 8   Representative BSE images of mineral inclusions in monazite. Holes are the laser pit with 208Pb/232Th age given in Ma
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Fig. 9   Textural positions and Y and Th compositional mapping of 
representative monazite grains in sample 15DG36. Circles in the BSE 
images indicate the location of the laser pit and are ~24 μm in diame-

ter, and the numbers indicate 208Pb/232Th ages in Ma. Warmer colours 
indicate higher concentrations of Y and Th
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by biotite ± quartz and garnet + quartz, and those that 
are included in garnet. A younger cluster of ages is 
at 20.8 ± 0.2 Ma (MSWD 1.0, N = 9), all of which are 
from monazite grains surrounded by cordierite or plagi-
oclase + K-feldspar ± quartz (likely leucosome). A few 
grains yield intermediate ages of 28–22 Ma (N = 34) that 
are more scattered. The relationship between ages and REE 
or Y compositions is weak. Monazite grains that yield 
dates 30–23 Ma have variable Y and HREE contents (Y 
1500–11,500 ppm, GdN/YbN 100–500). Domains that yield 
younger dates have relatively low Y and HREE contents 
(Y 1200–3600 ppm, GdN/YbN 300–800, Fig. 10b, c). Nega-
tive Eu anomaly gradually increases from older dates to 
younger ones (0.45–0.18, Fig. 10d).

Zircon U–Pb dating

Zircon grains from migmatitic metapelites 15DG36 and 
15DG40 are generally rounded (Fig. 11) and present a com-
plex core–mantle–rim structure. The cores are small in size 
(most <30 μm) with CL-bright oscillatory zoning, and the 
mantles are CL-dark; the rims are CL-bright and some rims 
have weak oscillatory zoning (Fig. 11a). A few grains appear 
unzoned or have weak sector zoning and are equivalent to 
the rims in CL-emission (Fig. 11b). In sample 15DG36, 
the cores yield inherited 207Pb/206Pb dates of 900–818 Ma 
(N = 6) with one older analysis at 2524 ± 19 Ma (Online 
Resource Fig. S3e). Zircon mantles define an age of 
29.7 ± 0.6 Ma (MSWD 2.6, N 12/15), whereas rims ages 
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scatter and most rims yield an age of 20.7 ± 0.4 Ma (MSWD 
2.0, N 11/19). Th/U ratios are higher in the inherited cores 
(0.14–0.95) and lower in the mantle and rim domains 
(0.01–0.07, Online Resource Fig. S4). Y and HREE con-
tents show large variations, but the majority of mantle and 

rims analyses have a flat HREE pattern (Fig. 11a); negative 
Eu anomaly generally overlaps between domains (Online 
Resource Table S6). Cores in sample 15DG40 are too small 
to be dated, mantles yield dates scattering between 27 and 
16 Ma (N = 7, Th/U = 0.05–0.15), and rims are consistent 

Fig. 11   Zircon geochronology and trace element results from sam-
ples 15DG36 (a) and 15DG40 (b). Ellipses in the cathode-lumi-
nescence images indicate the location of the ion beam pit and are 
~25  μm in diameter, and the numbers indicate 206Pb/238U ages in 

Ma. Errors are quoted at 2σ level. Only filled ellipses were used for 
intercept age calculation. The arrows highlight changes in heavy rare 
earth elements and Eu between different growth zones. Normalizing 
values are from McDonough and Sun (1995)
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at 15.2 ± 0.2 Ma (MSWD 0.9, N 18/18, Th/U = 0.09–0.67). 
Rims are richer in Y, and show a stronger negative Eu anom-
aly than the mantles (Fig. 11b). Both mantle and rim have a 
flat HREE pattern. Mineral inclusions are plagioclase, bio-
tite and quartz and no minerals indicative of specific meta-
morphic grades were observed.

Discussion

P–T evolution of the studied samples

Monazite growth in metasedimentary rocks has been related 
to metamorphic reactions and temperature (Catlos et al. 
2002; Wing et al. 2003; Rubatto et al. 2013; Dumond et al. 
2015) and thus age interpretation requires knowledge of 
the P–T paths of the studied samples. Mineral assemblages 
observed in this study suggest that the metapelitic samples 
from the GHC of Dinggye region recorded three stages of 
metamorphism: (a) an early stage at relatively high-pressure 
(M1) represented by relict kyanite and rutile; (b) a phase 
at high-temperature and medium-pressure (M2) represented 
by the dominant mineral assemblage Grt ± Sil + Pl + Bt + 
Kfs + Qz + Rt ± Ilm; (c) and overprint during isothermal 
decompression (M3) represented by cordierite corona or 
spinel-plagioclase symplectite. Within this evolution, sam-
ples collected from the same tectonic unit may have equili-
brated at different pressure conditions (e.g., Borghi et al. 
2003). The investigated samples were collected from similar 
structural levels or close positions, and are not separated by 
tectonic discontinuities (see discussion below).

The calculated P–T results plot in the granulite-facies 
field with variable equilibrium pressures (Fig. 5, 5–10 kbar 
and 740–830 °C). These conditions correspond to the M2 or 
M3 stage instead of the presumed pressure peak for which 
there are only limited mineral relicts. Results from garnet-
biotite thermometry (740–790 °C) could be lower than true 
peak temperatures due to possible disturbance from retro-
grade Fe–Mg exchange reactions or volume diffusion (Flor-
ence and Spear 1995). Temperature results from the Zr-in-
rutile thermometer (760–820 °C) are slightly higher and are 
preferred as this thermometer is retentive at temperatures in 
excess of 900 °C (Jiao and Guo 2011; Kooijman et al. 2012; 
Ewing et al. 2013). For slowly cooled terranes, it may be 
possible for zirconium in rutile to undergo diffusional loss 
(e.g., Kelsey and Hand 2015), but for fast-cooled terranes 
like the Himalayas, zirconium diffusion in rutile is insig-
nificant at these temperatures. In addition, we tried to avoid 
zirconium diffusion by locating the analyses away from the 
rims and excluding those that yield lower Zr values. The 
Zr-in-rutile estimates are the recorded highest metamorphic 
temperatures (early M2) before rutile reacts to form ilmen-
ite at low-pressure conditions (late M2 or M3). One P–T 

estimate by GB-GASP thermobarometer (sample 15DG37) 
plots outside the sillimanite stability field probably because 
the temperature is underestimated. Nevertheless, the esti-
mate by Zr-in-rutile thermometer and GASP barometer of 
sample 15DG37 is consistent with its equilibrium mineral 
assemblage. By combining the P–T estimates with observed 
assemblages, an isothermal decompression P–T path is 
reconstructed. Because the pressure estimates are based on 
assemblages equilibrated at the M2 or M3 stage, the pressure 
condition of the M1-stage should be higher (>10 kbar) based 
on the presence of kyanite relicts, but the temperatures are 
probably indistinguishable. Generally, the estimated pres-
sures seem to decrease slightly from south (10–7 kbar) to 
north (6–5 kbar). However, it would be misleading to indi-
cate maximum burial depths and identify metamorphic dis-
continuities using these pressure conditions because in some 
samples the thermobarometry may have been compromised 
by diffusional re-equilibration and only return minimum 
values.

When the P–T conditions calculated for all samples are 
plotted into the phase diagram constructed using the specific 
bulk composition of sample 15DG36 (Fig. 5a and Online 
Resource Fig. S1), they match well the observed assem-
blages and it may be inferred that: (i) the first melt in the 
Dinggye pelitic granulites was possibly produced by musco-
vite dehydration-melting reaction (R1) during the prograde 
stage; afterwards, back-reaction of R1 crystallized muscovite 
as part of the polymineralic inclusions in garnet; (ii) biotite 
dehydration-melting by reaction (R2) occurred during the 
early M2-stage; (iii) during the final decompression stage, 
the P–T path entered the cordierite stability field by con-
suming garnet (R3 and R4). The shape of the reconstructed 
P–T path is consistent with previous results for the GHC 
pelitic granulites in this area (Fig. 5b, Borghi et al. 2003). 
However, P–T estimates from Borghi et al. (2003) are within 
the amphibolite-facies field because that study only used 
major element thermometry and may have underestimated 
the temperatures. The morphology and conditions of the 
reconstructed P–T path resemble those of the cordierite-
spinel bearing high-pressure pelitic granulites from a similar 
structural level of the GHC in Sikkim (from 12–9 kbar to 
5–3 kbar, 750–800 °C, Sorcar et al. 2014).

Linking monazite and zircon ages to metamorphic 
stages

A rigorous interpretation of monazite and zircon ages 
requires for the growth of accessory minerals that yield dif-
ferent Himalayan ages to be linked to specific metamorphic 
stages. This is particularly important and challenging for 
monazite ages interpretation because this mineral can form 
at various stages along a metamorphic P–T cycle (see a 
summary in the introduction). In this study, some general 
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criteria are used. (a) Date of a monazite domain with a min-
eral inclusion should record a metamorphic stage later than 
or coeval with the growth of the trapped mineral. (b) The 
age of monazite included in a host phase constraints the 
time of growth of the host phase if the monazite was in 
equilibrium at entrapment (e.g., Catlos et al. 2002; Foster 
et al. 2002; Kohn et al. 2004; From et al. 2014; Carosi et al. 
2016), or the monazite age predates the host phase age if it 
did not equilibrate at time of entrapment (Kohn 2016). (c) 
Monazite chemical zonation may indicate growth mecha-
nisms if combined with other criteria. Monazite HREE and 
Y signatures are controlled by garnet in a xenotime-absent 
closed system: garnet growth reduces HREE and Y in mona-
zite, and garnet breakdown redistributes HREE and Y into 
monazite (Schaltegger et al. 1999; Foster et al. 2002; Kohn 
and Malloy 2004; Rubatto et al. 2006). Negative Eu anomaly 
in monazite may reflect increasing feldspar proportions, such 
as K-feldspar growth through muscovite or biotite dehy-
dration-melting reactions (Rubatto et al. 2013; Wang et al. 
2015a). However, monazite behaviour in granulite-facies 
metamorphism can be further complicated by open sys-
tem (Harley and Nandakumar 2014) and possible melt loss 
(Yakymchuk and Brown 2014), and chemical correlations 
have been shown to fail in a few cases (Hokada and Motoy-
oshi 2006; Kelly et al. 2012). Therefore, the interpretation 
below relies on multiple constraints. Similar criteria apply 
to zircon. Monazite and zircon dates in this study could be 
classified into four groups.

Inherited dates

Monazites cores in four samples yield inherited dates of 
500–400 Ma (Fig. 12). A few patchy zoned cores or rims 
yield intermediate dates of 400–40 Ma that are scattering 
and either represent physical core-rim mixtures or core ages 
that have undergone Pb loss during Himalayan metamor-
phism. Despite a high volume diffusion closure tempera-
ture for Pb in monazite under dry conditions (Cherniak et al. 
2004), Pb loss or partial resetting of ages through monazite 
recrystallization or dissolution–precipitation is possible 
even at low-temperature conditions (<600 °C) if the sys-
tem is buffered with melt or fluid (Seydoux-Guillaume et al. 
2002; Williams et al. 2011; Grand’Homme et al. 2016). The 
500–400 Ma dates are taken as inherited ages and agree 
with previous data from Himalayan (meta)sediments (e.g., 
DeCelles et al. 2000; Martin et al. 2007) or GHC granitic 
orthogneiss (e.g., Cawood et al. 2007). However, evidences 
from this study are not sufficient to make further interpre-
tation whether these inherited monazite dates represent an 
early Palaeozoic regional metamorphism or a thermal event 
related to the intrusion of large early Palaeozoic granites. 
Inherited zircon dates are older and scatter over a wider 
range, suggesting that the inherited zircon cores are detrital.

Prograde melting at 30–29 Ma

The oldest metamorphic ages in pelitic granulites of this 
study are around ~30–29 Ma and are only preserved in sam-
ple 15DG36 from monazite and zircon (Fig. 12). Decreasing 
Y from the high Y cores toward the rims in some monazite 
grains (Fig. 9b, c) suggest that the ~30–29 Ma monazite 
domains formed during prograde metamorphism when 
garnet proportion was increasing. It is unlikely that these 
domains formed at sub-solidus conditions because some 
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of the ~30 Ma domains contain polymineralic inclusions 
of K-feldspar + quartz ± muscovite, which are interpreted 
as ‘nanogranites’ and represent crystallized melt (Cesare 
et al. 2009, 2015; Ferrero et al. 2012). Nanogranite inclu-
sions in monazite were trapped when or after the P–T path 
reached supra-solidus conditions and crossed the K-feldspar-
in curve at temperatures of >750–700 °C (Fig. 5a). Garnet 
grain could shield its monazite inclusions from Pb loss or 
growth of younger monazite (e.g., Foster et al. 2000; Cat-
los et al. 2002; Kohn 2016). Dated monazite inclusions in 
garnet, which are far away from fractures, yield ~30–29 Ma 
ages similar to the matrix monazites that coexist with bio-
tite ± quartz or garnet + quartz, suggesting that ~30–29 Ma 
ages constrain metamorphic conditions approaching the 
peak. We thus conclude that the ~30–29 Ma ages in both 
monazite and zircon from sample 15DG36 formed during 
prograde melting close to the M1 stage.

Isothermal decompression at 25–19 Ma

The ~21–19 Ma dates are most abundant and are recorded in 
five samples either in monazite or zircon (Fig. 12). Abundant 
sillimanite and polymineralic ‘nanogranite’ inclusions of 
K-feldspar + quartz ± muscovite ± plagioclase are present 
in the ~21–19 Ma monazite domains and suggest that these 
domains are coeval or younger than the M2 stage. Increase 
of Y from ~22 Ma to ~17 Ma in 15DG37 monazite (Online 
Resource Fig. S2b) and increase of HREE from ~25 Ma to 
~24 Ma in 15DG66 monazite (Fig. 7b) suggest that these 
ages are coeval or younger than garnet breakdown (M2–M3). 
Monazite hosted by cordierite (Fig. 9d) yields ~21–20 Ma 
ages in sample 15DG36, which gives the tightest constraint 
that the ~ 21–19 Ma dates represent the timing of the M3 
stage. Therefore, we suggest that the ~25–19 Ma ages rep-
resent a prolonged decompression and melting (M2–M3) and 
~21–19 Ma ages mark the end of this decompression (M3).

Final melt crystallization at ~15 Ma

The ~15 Ma dates are recorded in three samples by monazite 
and one sample by zircon (Fig. 12). As described above, pos-
sible interpretations for young monazite ages are recrystal-
lization during retrograde fluid alteration or growth during 
final melt crystallization. The second interpretation is more 
likely to account for our case because: (a) melt inclusions 
were observed in the ~15 Ma dates monazite; (b) hydro-
thermal monazite or monazite altered by retrograde fluid 
usually occurs along grain boundaries, internal fractures, or 
in clusters of multiple tiny grains (e.g., Schandl and Gorton 
2004; Williams et al. 2007; Taylor et al. 2014), whereas most 
monazite grains with ~15 Ma dates are unzoned, homogene-
ous and relatively large in size (100–200 μm); (c) hydrother-
mal monazite commonly has very low ThO2 concentrations 

(<1 wt%) and Eu anomalies are commonly small or absent 
(e.g., Zhu and O’Nions 1999; Smith et al. 2000; Schandl and 
Gorton 2004; Williams et al. 2007), whereas the ~15 Ma 
monazite grains have high ThO2 content (5–8 wt%) and a 
medium to strong negative Eu anomaly; (d) alteration of 
zircon during retrogression is rare and generally along grain 
boundaries or fractures (Carson et al. 2002), whereas the 
~15 Ma zircon grains in the investigated samples have sector 
zoning or are unzoned, which resembles those crystallized 
from an anatectic melt (e.g., Taylor et al. 2016). Therefore, 
we suggest that the ~15 Ma age constrain the final melt crys-
tallization in the migmatites. Melt crystallization in the mig-
matites is coeval with leucogranite emplacement (~14 Ma, 
sample 15DG96, this study; 16–14 Ma, Cottle et al. 2009a; 
Leloup et al. 2010), suggesting cooling of the GHC below 
solidus in the Dinggye region.

Monazite and zircon geochronology constrains the time-
scale of metamorphism of the GHC in the Dinggye Hima-
laya (Figs. 5, 12). The three groups of metamorphic ages 
cannot be related to hidden tectonic discontinuities because 
they can be obtained in samples from one location (e.g., 
samples 15DG35, 36, 37 and 40 from Kharta). Addition-
ally, no tectonic discontinuities have ever been reported in 
the Dinggye region; the widely addressed High Himalayan 
Discontinuity or High Himal Thrust (Goscombe et al. 2006; 
Imayama et al. 2010, 2012) is located further south of our 
samples (Fig. 1). Notably, the ~20 Ma and ~15 Ma dates 
obtained in samples from the Kharta transect (this study) 
have also been found in the Thongmön transects (Cottle 
et al. 2009a) suggesting that the GHC in the Kharta-Thong-
mön transects underwent a coeval evolution.

Monazite behaviour during isothermal decompression

The investigation of monazite behaviour during isothermal 
decompression is aimed to establish: (a) what process/reac-
tion triggered monazite growth during partial melting; (b) 
how inherited monazites or monazites that formed during 
the M1 stage survived prolonged partial melting (>10 Myr) 
in the Dinggye Himalaya.

Solubility not high enough to dissolve all the inherited 
monazite

Inherited monazite has been widely documented in 
the Himalaya metamorphic rocks (e.g., Harrison et al. 
1995; Martin et  al. 2007; Rubatto et  al. 2013; War-
ren et  al. 2014; Wang et  al. 2015a). In the Dinggye 
Himalaya, inherited monazites are more common than 
other Himalayan transects despite the fact that Dinggye 
samples underwent a similar or even higher-tempera-
ture granulite-facies metamorphism. This suggests that 
monazite solubility at granulite-facies temperatures 
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may be less than what previously reported and imple-
mented in early phase equilibria modelling (see Kel-
sey et al. 2008), which simply used the equations of 
Rapp and Watson (1986). Some other studies suggest 
relatively lower solubility of monazite in peraluminous 
melt (Montel 1993; Stepanov et al. 2012) and recent 
models by Yakymchuck and Brown (2014) are more 
compatible with observations from this study, sup-
porting potential preservation of inherited or prograde 
monazite in granulite-facies melt. Despite a relatively 
low solubility, other factors such as textural position 
and kinetics may also contribute to preservation of 
the inherited monazite but need to be evaluated case 
by case. It is noticed that the HREE contents of the 
inherited domains in both monazite and zircon are 
higher than that of the metamorphic domains (sam-
ples 15DG35, 47 and 36, Figs. 7, 11a, 13). This may 
be caused by absent of garnet in the protolith or pre-
Himalayan metamorphic event versus garnet presence 
during Himalayan metamorphism, although the gar-
net proportion may have decreased during isothermal 
decompression.

Dissolution–precipitation at the M1 stage

Evidences from this study show that monazites that pre-
served ~30–29 Ma ages formed during prograde melting 
approaching the M1 stage. During prograde melting, musco-
vite dehydration-melting reaction (R1) can produce 5–10% 
percent of melt in water-saturated conditions (Groppo et al. 
2012; Sorcar et al. 2014) and thus promoted dissolution of 
pre-existing sub-solidus or inherited monazite (Fig. 13). This 
provides the necessary phosphorus and LREE for monazite 
to grow, and new monazite that recorded ~30–29 Ma ages 
then precipitated from the M1-stage melt (Fig. 13). Such 
an interpretation is consistent with ‘nanogranite’ inclusions 
in monazite of sample 15DG36. Ages of monazite formed 
at this stage are undistinguishable throughout entire grains 
(Fig. 9a–c). During the prograde melting, many monazite 
grains present decreasing Y and HREE compositional 
zoning in equilibrium with garnet growth (Fig. 13), but 
some monazite grains have heterogeneous Y compositions 
that may be influenced by local reactive bulk Y contents 
(Fig. 9a).

During subsequent anatexis and biotite melting, mona-
zite dissolution in the melt is an effective process. For the 

Fig. 13   Schematic diagram 
showing monazite and zircon 
dissolution-crystallization 
processes in the metapelites of 
the Dinggye Himalaya during 
granulite-facies metamorphism. 
Monazite chemical composition 
signatures, related melting reac-
tions and entrapment of index 
mineral inclusions are described 
as text in the diagram. Domains 
that have different ages or 
compositions are differentiated 
by different designs (see the left 
portion for explanation). The 
dashed line marks the dissolu-
tion limit for the monazite or 
zircon grains at each certain 
stage
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M1-stage monazite in sample 15DG36, the subsequent 
prolonged isothermal decompression process (see discus-
sion below) will enhance the chance for these grains to be 
dissolved. Previous studies highlighted the shield effect of 
garnet to preserve prograde or peak metamorphic ages in 
monazite (Foster et al. 2000; Catlos et al. 2002; Martin et al. 
2007), whereas biotite and quartz are not usually regarded 
as good containers. In this study, the ~30–29 Ma monazite 
grains that yield prograde ages are more commonly in con-
tact with matrix minerals such as biotite and quartz (Fig. 9b, 
c). One possible interpretation is that some matrix minerals, 
to a lesser extent, could isolate the monazite from melt and 
protect it from dissolving (Fig. 13), an interpretation that 
was also suggested by Simpson et al. (2000) based on pre-
served Oligocene monazites from the nearby Everest region. 
A more likely interpretation is that rapid melt mobilization 
and extraction could isolate monazite from melt (Fig. 13) 
and prevent dissolution (see discussion in Yakymchuck and 
Brown 2014). Whenever monazite is in contact with cordier-
ite or leucosome, more commonly it yields younger ages 
(Fig. 10a).

Dissolution and crystallization at the M2–M3 stage

At the early stages of decompression (early M2 stage), the 
samples gradually reached the temperature peak and partial 
melting volumes of 20–25%, which were mainly produced 
by biotite dehydration-melting reaction R2. With such high 
degrees of partial melting, monazites were mainly being dis-
solved (Fig. 13). During the late stage of M2, few monazite 
grains precipitated earlier from the melt (sample 15DG66). 
At the end of the isothermal decompression (M3 stage, 
~21–19 Ma), monazite saturation was reached in many leu-
cosomes, and abundant monazite crystallized from the melt 
and formed either new grains or overgrowth rims around 
pre-existing grains (Fig. 13), which is recorded by samples 
15DG36, 37, 35, 47 and 50. An important feature for some 
monazites at this stage is increasing HREE or Y (Fig. 13), 
suggesting that the melt they crystallized from incorporated 
those HREE and Y released by garnet breakdown reac-
tion R3 or R4 (e.g., Foster et al. 2002; Rubatto et al. 2013). 
Because K-feldspar crystallized during melt crystallization, 
these monazites also recorded a stronger negative Eu anom-
aly (Fig. 13).

Growth during final melt crystallization

During final melt crystallization (retrograde cooling, 
~15 Ma), monazite and zircon will precipitate from the melt 
accommodating most of the remaining phosphorus + LREE 
and Zr, respectively, and forming unzoned new grains or 
overgrowth rims around pre-existing grains (Fig. 13). Com-
positions of these monazites and zircons are relatively 

homogeneous among different grains. Their HREE and Y 
signatures depend on the chemical compositions of the crys-
tallizing melt. However, it could be difficult to distinguish 
monazites that crystallized at final melt crystallization from 
those formed during isothermal decompression only based 
on zoning and compositions, and textural information must 
be combined.

In general, dating an individual sample may fail to extract 
time information of the three different metamorphic stages 
described above, because one sample may only record one of 
the stages due to variable influences such as melt loss (Har-
ley and Nandakumar 2014; Yakymchuk and Brown 2014), 
complete or partial resetting of U–Th–Pb system (e.g., 
Seydoux-Guillaume et al. 2002; Williams et al. 2011), or 
dissolution of previous monazite (Kelsey et al. 2008; Bhow-
mik et al. 2014). Therefore, multiple samples are required to 
precisely constrain the different metamorphic stages along 
a P–T trajectory as indicated from the Dinggye Himalaya.

Pressure–temperature–time evolution of the Dinggye 
Himalaya

In the Dinggye Himalaya, we reconstructed an isothermal 
decompression P–T path from the GHC pelitic granulites 
(>10 kbar to ~5 kbar, ~750–830 °C, Fig. 5). Such a P–T 
path resembles the isothermal decompression path from the 
ADM granulitized eclogite (Groppo et al. 2007; Wang et al. 
2017), but the recorded peak pressure condition from the 
GHC pelitic granulites is lower. An eclogite-facies meta-
morphism of the ADM granulitized eclogite has been widely 
supposed, which was firstly based on clinopyroxene-plagi-
oclase symplectite (suggesting breakdown from omphacite, 
Groppo et al. 2007) and then omphacite inclusions in garnet 
(Jd ~28–22%, Wang et al. 2017). In fact, clinopyroxene-pla-
gioclase symplectites are widespread within the GHC high-
pressure mafic granulite from Thongmön (Li et al. 2003; 
Liu et al. 2007; Cottle et al. 2009a) or the Arun river valley 
(Corrie et al. 2010), and omphacite inclusion is also present 
in the GHC mafic granulite in Thongmön (Jd ~28%, our 
unpublished data). However, it remains unclear whether the 
mafic HP granulite/eclogite and its country rocks (pelitic 
granulites) within the GHC were buried/subducted to 
60–70 km depth as supposed by previous studies (Fig. 5b) 
because omphacite could form at pressure of ~15 kbar at 
temperature of >600 °C (Groppo et al. 2007). It is however 
clear that the GHC mafic and pelitic granulites underwent 
the M1-stage high-pressure metamorphism and subsequent 
exhumation together.

Our results suggest that the high-pressure granulite-facies 
metamorphism (M1) within the GHC of Dinggye occurred at 
~30–29 Ma. This is overall consistent with the peak Barro-
vian/high-pressure metamorphism of the upper GHC in the 
central portion of the Himalaya (e.g., Simpson et al. 2000; 
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Searle et al. 2003; Cottle et al. 2009a; Carosi et al. 2010; 
Groppo et al. 2010; Imayama et al. 2012; Rubatto et al. 2013; 
Wang et al. 2015a; Zhang et al. 2017), suggesting that the 
upper portion of the GHC was exhumed together. Despite 
high-pressure metamorphism at ~30–29 Ma, zircons in the 
GHC mafic granulites only recorded U–Pb ages after the M3 
stage (~18–16 Ma, Li et al. 2003; Cottle et al. 2009a). This 
implies that an eclogite-facies metamorphism of the ADM 
at 38–34 Ma (Lu–Hf dating, Kellett et al. 2014) is more 
likely, whereas zircon U–Pb ages of the ADM granulitized 
eclogites (~14–13 Ma, Lombardo et al. 2016; Wang et al. 
2017) perhaps represent the timing of exhumation. Such 
an interpretation is more consistent with published mona-
zite Th–Pb ages (13–12 Ma, Cottle et al. 2009b; Kali et al. 
2010) from the ADM orthogneiss. The alternative scenario 
requires an exhumation rate of the ADM of one order of 
magnitude larger than that of the GHC (~1–2 mm/y), which 
is not supported by thermochronologic results (Jessup et al. 
2008). For high-pressure rocks that were overprinted by 
high-temperature granulite-facies metamorphism, extract-
ing the peak metamorphic timing is challenging. The timing 
of high-pressure metamorphism (~30–29 Ma) constrained 
from this study is of crucial importance to the continental 
thickening processes of the central Himalaya.

The timescale of metamorphism shows that low-pres-
sure high-temperature metamorphism (M3) occurred at 
~21–19 Ma and melt crystallization (<650 °C) occurred 
at ~15 Ma. This implies that isothermal decompression 
(M2–M3) was sustained for ~10  Myr and cooling from 
~750–800 °C to <650 °C took ~5 Myr. The calculated cool-
ing rate for the upper GHC matches the published results 
for the initial retrograde stage (40–30 °C/Myr, Kohn 2008; 
Imayama et al. 2012; Wang et al. 2015a). The geothermal 
gradient during the M3 stage would be as high as ~45 °C/
km, much higher than a stable crustal geotherm (~25 °C/
km). The high geothermal gradient and relatively long dura-
tion of isothermal decompression (~10 Myr) suggest that 
exhumation of the GHC was assisted by partial melting. 
This supports previous numerical simulation studies that 
melt could lower the viscosity of the continental crust and 
trigger exhumation of high-grade metamorphic rocks during 
continent–continent collision (Beaumont et al. 2001; Jamie-
son et al. 2004; Faccenda et al. 2008).

Conclusion

Pelitic granulites from the GHC of Dinggye Himalaya 
underwent a P–T evolution marked by isothermal decom-
pression from kyanite-grade high-pressure metamorphism 
(M1), to sillimanite-grade metamorphism (M2) or cordierite-
grade metamorphism (M3) with equilibrium P–T conditions 
of 5–10 kbar and 750–830 °C. Monazite and zircon in nine 

pelitic and psammitic granulites record either inherited ages 
or metamorphic ages at various stages within this meta-
morphic cycle. Inherited monazite domains (500–400 Ma) 
are widely preserved even at granulite-facies conditions. 
Few monazite and zircon grains recorded ages close to the 
M1-stage (~30–29 Ma), and formed during prograde meta-
morphism, likely by muscovite dehydration-melting. These 
monazite grains were either protected by matrix minerals 
from later dissolution in the melt, or escaped dissolution 
because of melt extraction. During initial decompression, 
most of the inherited or prograde monazite grains were dis-
solved into the melt mainly produced by biotite dehydration-
melting. Abundant monazite grains crystallized from melt 
at the end of decompression (M3-stage, 21–19 Ma) and are 
chemically related to garnet breakdown reactions. During 
final melt crystallization (~15 Ma), a few more monazite 
grains with homogeneous compositions crystallized from 
the melt. The constructed P–T–time path indirectly con-
strains the timing of peak high-pressure metamorphism 
(~30–29 Ma) in the central Himalaya even in the highly 
overprinted pelitic granulites. Isothermal decompres-
sion in Dinggye region was sustained for ~10 Myr during 
~30–20 Ma, and is in line with a melt-assisted exhumation 
of the GHC rocks.
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