
Timing of Partial Melting and Cooling across

the Greater Himalayan Crystalline Complex

(Nyalam, Central Himalaya): In-sequence

Thrusting and its Implications

Jia-Min Wang1,2, Daniela Rubatto2 and Jin-Jiang Zhang1,*

1Key Laboratory of Orogenic Belts and Crustal Evolution, School of Earth and Space Sciences, Peking University,

Beijing 100871, China and 2Research School of Earth Sciences, Australian National University, Canberra, ACT 2601,

Australia

*Corresponding author. Telephone: þ86 10 62754368. E-mail: zhjj@pku.edu.cn

Received November 26, 2014; Accepted August 4, 2015

ABSTRACT

The timing of crustal melting and cooling has been investigated across the migmatites of the

Greater Himalayan Crystalline Complex (GHC) in the Nyalam region, central Himalaya. Monazite

U–Pb ages vary from 32 to 14Ma and are linked to metamorphic conditions on the basis of mona-

zite internal zoning, mineral inclusions, and changes in heavy rare earth element and Y compos-

ition. Metamorphic temperatures were estimated by Zr-in-rutile thermometry and cooling rates

were further constrained by rutile U–Pb ages. The results reveal two distinct blocks within the GHC

of the Nyalam region. The upper GHC experienced higher peak metamorphic temperatures

(730–750�C) and a higher degree of melting (15–25%). Partial melting was dominated by muscovite

dehydration melting, which lasted from �32 to 25Ma, possibly until �20Ma. The lower GHC expe-

rienced lower peak metamorphic temperatures (640–675�C) and a lower degree of melting (0–10%)

mainly via H2O-saturated melting from 19 to 16Ma. At different times, both upper and lower blocks

experienced initial slow cooling (rates 356 8 and 1065�C Ma–1, respectively) followed by rapid

cooling (1006 20�C Ma–1). The documented diachronous metamorphism implies the presence of

the ‘High Himalayan Thrust’ that was active at �25–16Ma within the GHC of the central Himalaya.

Different degrees and durations of partial melting in the investigated section suggest that a channel

flow process dominated the exhumation of the upper GHC migmatites at 25–16Ma, whereas a crit-

ical taper process dominated the exhumation of the relatively lower-grade lower GHC rocks and

cooled upper GHC migmatites at 16–10Ma. We suggest that propagating thrusts along large tec-

tonic boundaries together with low-viscosity lateral crustal flow could contribute to exhumation of

high-grade metamorphic rocks in the Himalaya and other similar collisional orogens.

Key words: monazite; partial melting; trace elements; tectonic discontinuity; U–Pb geochronology

INTRODUCTION

Burial and exhumation of high-grade metamorphic

rocks in collisional settings has major implications for

the thermal evolution of orogens and the crust in gen-

eral (e.g. England & Thompson, 1984; Beaumont et al.,

2001; Faccenda et al., 2008; Kohn, 2008). Despite numer-

ous case studies and numerical simulations, our know-

ledge of the factors that regulate the exhumation of

high-grade metamorphic rocks is still limited.

Traditional models focused on propagating thrusts,

which form along failures in shortening orogens and

are considered to be responsible for exhuming hang-

ing-wall rocks and burying footwall rocks (England &

Thompson, 1984; Royden, 1993; Henry et al., 1997).

Recent thermal–mechanical models highlight the contri-

bution of partial melting, suggesting that it has the
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capacity to lower the viscosity and density of

crustal rocks and can thus trigger exhumation

(Beaumont et al., 2001; Jamieson et al., 2004; Faccenda

et al., 2008).

As the youngest and one of the largest continent–

continent collisional orogens on the planet, the

Himalaya are the best natural laboratory to investigate

burial and exhumation processes. The Himalaya are

being formed by the continuing collision of India and

Asia since 50–55Ma (Rowley, 1996; Leech et al., 2005)

and have not been overprinted by a later orogenic

event. The orogen is relatively young so that modern

geochronology can accurately distinguish different

stages of evolution, which may not be resolvable for

older orogens. The issue discussed above lies between

two end-member models: (1) the critical taper model

(DeCelles et al., 2001; Kohn et al., 2004; Bollinger et al.,

2006; Robinson et al., 2006; Kohn, 2008; Corrie & Kohn,

2011) assumes the orogen to be a Coulomb wedge and

supports propagating thrusting to dominate exhum-

ation of the Greater Himalayan Crystalline Complex

(GHC); (2) the channel flow model (Nelson et al., 1996;

Beaumont et al., 2001; Searle et al., 2003; Jamieson

et al., 2004; Searle & Szulc, 2005; Godin et al., 2006) pro-

poses that low-viscosity crustal melts and focused sur-

face erosion triggered exhumation of the GHC, with

coeval movement along bounding structures of the

Main Central Thrust (MCT) and South Tibetan

Detachment (STD); (3) a third scenario suggests that the

channel flow and critical taper processes are not mutu-

ally exclusive, but that the dominant process changes

through time as the orogen evolves (Beaumont &

Jamieson, 2010; Larson et al., 2010, 2011; Jamieson &

Beaumont, 2013).

Although a large number of studies have been made

of the GHC, the debate between the proponents of the

two main tectonic models continues (e.g. Kohn, 2008;

Chambers et al., 2011; Montomoli et al., 2013). To better

evaluate the models, the following crucial questions

need to be answered.

1. Is metamorphism across the GHC diachronous or

synchronous and what is the duration of melting

and high-temperature metamorphism? Specifically,

the critical taper model supports diachronous meta-

morphism and a short residence time (�5 Myr) at

high temperatures across the GHC (Kohn, 2008),

whereas the original channel flow model predicts

synchronous metamorphism and high temperatures

lasting for 10–15 Myr (Beaumont et al., 2001;

Jamieson et al., 2004).

2. If channel flow and critical taper processes coexist

during the exhumation of the GHC, then how does

the dominant process evolve spatially and tempor-

ally? Some studies have proposed a transition from

channel flow to a critical taper process during the ex-

humation of the GHC (e.g. Larson et al., 2010, 2011),

but better spatial–temporal resolution of each pro-

cess is still required.

Among the various approaches used to answer the

above questions, age determination using accessory

minerals provides crucial information. Successful stud-

ies in the Himalaya and other high-temperature ter-

ranes have used U–Th–Pb dating of accessory minerals

that (re)crystallized at different points along P–T trajec-

tories to reconstruct the metamorphic process or time-

scale of partial melting (e.g. Foster et al., 2000; Rubatto

et al., 2001, 2013; Larson et al., 2011; Imayama et al.,

2012; From et al., 2014; Larson & Cottle, 2014).

Geochronology also plays an important role in identify-

ing hidden discontinuities that may be difficult to iden-

tify using structures or metamorphic grade (Harrison

et al., 1997; Kohn et al., 2004; Imayama et al., 2012;

Rubatto et al., 2013). Among the various datable acces-

sory minerals, monazite is a preferred chronometer for

Himalayan metamorphic rocks because of (1) its abun-

dance in Himalayan metapelites, (2) its reactivity,

particularly compared with zircon, during amphibolite-

facies metamorphism, (3) its complex growth mechan-

ism, which has the potential to record various stages

along the P–T trajectory (Foster et al., 2000; Hermann &

Rubatto, 2003; Williams et al., 2007), and (4) its robust-

ness to high-temperature resetting by diffusion

(�900�C, Cherniak et al., 2004).

Despite the fact that monazite U–Th–Pb geochron-

ology has been used for decades (e.g. Schärer, 1984;

Parrish, 1990; Harrison et al., 1995), age interpretation

still represents a challenge, especially for metamorphic

rocks. Previous attempts to link monazite ages to meta-

morphic conditions have used different tools, as

follows.

1. In situ dating can provide clear temporal relation-

ships between monazite and garnet porphyroblasts

or matrix minerals (Harrison et al., 1997; Foster

et al., 2000; Catlos et al., 2002; Kohn & Malloy, 2004).

2. Y and heavy rare earth element (HREE) signatures

can relate monazite formation to garnet growth or

breakdown. This includes monazite Y compositional

mapping by electron microprobe (EMP) (Foster

et al., 2002; Kohn et al., 2004; Kellett et al., 2010;

Corrie & Kohn, 2011; Stearns et al., 2013) or monitor-

ing HREE signatures of dated growth zones

(Hermann & Rubatto, 2003; Buick et al., 2006;

Rubatto et al., 2006, 2013).

3. A third approach investigates monazite-forming re-

actions and conditions (Wing et al., 2003; Kohn &

Malloy, 2004; Janots et al., 2007; Spear & Pyle,

2010).

4. In selected cases, the monazite–xenotime–garnet Y

equilibrium thermometer can directly provide meta-

morphic temperatures for monazite growth (Pyle

et al., 2001; Foster et al., 2004).

Interpretations that are not well constrained by some

of the above criteria could easily mix prograde, peak or

retrograde ages and thus prevent the resolution of the

detailed timescale of metamorphism, which is required

to constrain tectonic models.
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We investigate the timing of metamorphism in the

Nyalam transect, for which crucial structural kinematics,

metamorphic conditions and P–T paths have already

been determined (Liu et al., 2012; Larson, 2012; Larson

et al., 2013; Wang et al., 2013, 2015), but geochronology

is still lacking. Ten samples of different metamorphic

grade were investigated for monazite U–Pb dating, in-

ternal zoning, mineral inclusions and trace element sig-

natures. The metamorphic conditions of monazite

formation were constrained by comparison with garnet

trace element zoning. Rutile U–Pb ages were obtained

for the first time in the GHC metapelites to constrain the

timing of cooling in a subset of samples, whereas Zr-in-

rutile temperatures were determined to retrieve peak

temperature conditions. The results give new insights

into the tectonic evolution of the GHC, particularly the

issue of whether propagating thrusting or partial melt-

ing dominates the exhumation of high-grade meta-

morphic rocks in the Himalayan orogen.

GEOLOGICAL SETTING

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) by four first-order tectonic boundaries that

run �2500 km along the strike of the orogen (Fig. 1a;

Yin, 2006). These tectonic boundaries are the top-to-

north STD and the top-to-south MCT, Main Boundary

Thrust (MBT) and Main Frontier Thrust (MFT). The MCT

thrust the amphibolite- to granulite-facies GHC rocks on

top of the greenschist- to lower amphibolite-facies LHS

rocks (e.g. Le Fort, 1975; Arita, 1983; Schelling, 1992;

Pearson & DeCelles, 2005; Searle et al., 2008; Larson

et al., 2013). The STD separates the fossiliferous sedi-

ments of the THS from the underlying GHC (e.g.

Burchfiel & Royden, 1985; Burchfiel et al., 1992; Searle

et al., 2003; Cottle et al., 2007).

The Nyalam region in the central Himalaya is located

�50 km to the east of the well-studied Langtang region

(Fig. 1a) and exposes similar metamorphic rocks

(Reddy et al., 1993; Fraser et al., 2000; Kohn et al., 2004).

Typical lithologies include graphite-rich pelitic schists

and Neoproterozoic granitic orthogneisses in the LHS,

and migmatitic paragneisses, calc-silicate interlayers

and Early Paleozoic granitic orthogneisses in the GHC

(Schelling, 1992; Larson, 2012; Wang et al., 2013;

Larson et al., 2013). Foliations in the GHC rocks gener-

ally have moderate dips towards N5–30�W or N5–20�E

(Fig. 1b). Despite the debate on the position of the MCT

in other Himalayan transects [see review by Searle et al.

(2008)], the MCT in this section was mapped at the top

of the Melung–Salleri orthogneiss and staurolite-bear-

ing schist, based on the presence of a metamorphic and

geochronological discontinuity (Larson et al., 2013). The

hanging-wall rocks (GHC) experienced a clockwise P–T

path with a kyanite-grade metamorphic peak at �19Ma,

whereas the footwall rocks (MCT zone and LHS) record

a hairpin-type P–T path with a staurolite–kyanite grade

metamorphic peak at �10–8Ma (Larson et al., 2013).

The STD has been recognized �30 km north of Nyalam

town and is characterized by a 3 km wide ductile shear

zone and decreasing metamorphic grade from am-

phibolite to greenschist facies (Liu et al., 2012; Myrow

et al., 2009; Wang et al., 2013). Timing of movement

along the STD was constrained to be �27–14Ma by

cross-cutting leucogranite dykes (Liu et al., 2012; Wang

et al., 2013).

A typical Barrovian-type metamorphic zonation has

been recognized across the LHS and GHC.

Metamorphic grade gradually increases toward higher

structural levels (Fig. 1b) from chlorite, garnet and

staurolite–kyanite grade in the LHS, to sillimanite–mus-

covite, sillimanite–K-feldspar and cordierite grade in the

GHC (Larson, 2012; Wang et al., 2013). Results from gar-

net–biotite Fe–Mg exchange thermometers show that

minimum peak temperature conditions gradually in-

crease from �580�C in the upper LHS to �750�C in the

upper GHC, whereas metamorphic pressures decrease

from 10–13 kbar to 4–7 kbar towards higher structural

levels (Wang et al., 2013). Melt is absent in the LHS

metapelitic rocks, but segregations of leucosome are

abundant across the GHC. Generally, the amount of

melt production increases with increasing temperature

and decreasing pressure through a series of melting re-

actions: (1) H2O-saturated melting (MsþAbþQzþ

H2O¼melt; Imayama et al., 2010; Wang et al., 2015;

mineral abbreviations according to Whitney & Evans,

2010) dominated in the kyanite and sillimanite–musco-

vite zones; (2) dehydration melting of muscovite

(MsþPlþQz¼KfsþAlsþmelt; Imayama et al., 2010;

Groppo et al., 2012) dominated in the sillimanite–K-feld-

spar zone; (3) dehydration melting of biotite producing

garnet (AlsþBtþPlþQz¼GrtþKfsþmelt, Groppo

et al., 2012) or cordierite (AlsþBtþPlþQz¼Crdþ

Kfsþmelt, Groppo et al., 2013) also occurred in some of

the higher grade rocks.

A few studies have investigated the discontinuities

within the GHC in this transect. Early work suggested

several thrusts (Ishida, 1969; Ishida & Ohta, 1973), but

later studies have shown that the entire GHC experi-

enced penetrative deformation and that the previously

proposed thrusts lack structural evidence (Larson,

2012). The Nyalam Discontinuity was recognized within

the sillimanite–K-feldspar zone of the GHC based on an

inversion in P–T conditions of �40�C and �3 kbar to-

ward higher structural levels (Fig. 1b; Wang et al.,

2013). It is located at a similar structural level to the ad-

jacent ‘Langtang Thrust’, which is marked by a discon-

tinuity in P–T conditions and monazite Th–Pb ages

(Kohn et al., 2004; Kohn, 2008). In this study, the GHC is

divided into the lower and upper blocks by the Nyalam

Discontinuity and Langtang Thrust.

SAMPLE DESCRIPTION

Nine samples of migmatitic metapelite or metapsam-

mite were collected along a north–south transect

Journal of Petrology, 2015, Vol. 56, No. 9 1679
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through the GHC in the Nyalam region (Fig. 1b). Of

these, four samples were located structurally below the

Nyalam Discontinuity and five samples were collected

structurally above it. An additional metapelitic sample

(L11) is from the Langtang region, and was collected

from structurally below the Langtang Thrust within the

kyanite zone defined by Kohn (2008) (Fig. 1a). Sample

global positioning system (GPS) locations, mineral as-

semblages and P–T estimates are given in Table 1. P–T

estimates for the same or adjacent samples from the

Nyalam transect were obtained by Wang et al. (2013)

using the garnet–biotite thermometer, garnet–Al2SiO5–

quartz–plagioclase barometer and garnet–biotite–

plagioclase–quartz barometer. Mineral compositions

and the P–T calculation method for sample L11 are

given in Supplementary Data (SD) Electronic Appendix

A (supplementary data are available for downloading at

http://www.petrology.oxfordjournals.org).

Fig. 1. (a) Geological map of the central Himalaya highlighting the lithostratigraphic units and main structures [modified after Yin
(2006)]. The High Himalayan Thrust (HHT) is inferred from this study. Inset map shows the location. (b) Detailed geological map of
the Nyalam region showing sample locations and metamorphic isograds [modified after Searle et al. (1997) and Wang et al.
(2013)]. Abbreviations for local structures (see text for details): MSZ: Mangri shear zone; TSZ, Toijem shear zone; ST, Sinuwa thrust;
LT, Langtang Thrust; ND, Nyalam Discontinuity; HHT, High Himalayan Thrust. Mineral abbreviations follow Whitney & Evans
(2010). L&C 2014, Larson & Cottle (2014).
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Lower GHC samples
Most samples from the lower GHC have a metatexite

migmatite texture (Sawyer & Brown, 2008), with degree

of partial melting—as defined by textures and amount

of leucosome—increasing toward the north. In the out-

crops from which samples NL01 and L11 were taken,

paleosome (part of the migmatite that shows no evi-

dence of melting) constitutes the majority of the rock

(>95%) and no flow structure was observed (Fig. 2a).

Leucosome forms millimeter-scale pockets (56 2%),

which are common around garnet porphyroblasts. In

sample N24, centimeter-scale leucosome segregations

(76 3%) are visible, but the paleosome still dominates

in volume (>90%, Fig. 2b). Sample N18 has a higher

percentage of leucosome (2065%), which forms centi-

meter-scale quartzo-feldspathic layers or pods (Fig. 2c).

Sample N22 is referred to as orthogneiss, because it is

more felsic-rich (>70%, Fig. 3d) and does not contain an

aluminium-silicate phase, and the inherited monazite

population in this sample yields a single age group (see

below). Partial melting is not obvious in sample N22.

Samples NL01, L11 and N24 were intentionally col-

lected to represent the paleosome portion of the out-

crop, whereas sample N18 is a mesosome as in this

outcrop the segregations of leucosome cannot be

avoided at the scale of the sample.

Estimates of peak temperature conditions are similar

across the lower GHC samples (640–670�C), but the

equilibrium pressure conditions at peak temperature

decrease toward the north from 13–10 to �4 kbar

(Wang et al., 2013). Specifically, samples NL01 and L11

are in the kyanite–muscovite field, sample N24 is in the

sillimanite–muscovite field and sample N18 represents

the sillimanite–K-feldspar field (Fig. 3; Table 1). All sam-

ples contain plagioclase, quartz, biotite, an aluminum-

silicate phase and garnet. Muscovite is in equilibrium at

Fig. 2. Outcrop photographs of migmatites from the Greater Himalayan Crystalline (GHC) sequence, Nyalam, central Himalaya. The
images highlight the degree of partial melting (defined by textures and amount of leucosome). (a) Incipient melting (56 2%, NL01)
in the lower GHC: pockets of melts crystallized in situwithin the paleosome. (b) Low-grade partial melting (76 3%, N24) in the lower
GHC with segregations of leucosome enclosed by paleosome. (c) High-grade partial melting that resulted from decompression (�4
kbar and �670�C, 206 5%, N18) in the lower GHC, with segregations of leucosome enclosed by mesosome. Former melt is perva-
sively distributed and a syn-anatectic flow structure is dominant. (d) Medium-grade partial melting (156 5%, NL27) in the upper
GHC. (e) Pervasive partial melting during high-temperature metamorphism (�750�C, 256 5%, NY11) in the upper GHC. This image
was modified from Wang et al. (2013), with kind permission from John Wiley and Sons. (f) High-grade partial melting (256 5%,
N12) in the upper GHC with clear syn-anatectic flow structures.
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peak stage in samples NL01, L11, N24 and N22, but is

absent in sample N18. The above mineral assemblages

indicate that partial melting was the result of H2O-satu-

rated melting in samples NL01, L11 and N24, but of

muscovite dehydration melting in sample N18. Garnet

is present in all the lower GHC samples, albeit in small

volumes (1–3%). Polymineralic inclusions in garnet that

have negative crystal shapes (i.e. PlþQz inclusion in

Fig. 3c) increase in size from 5 to 100lmwith increasing

structural level. These inclusions are considered to

have crystallized from previous melt pores (nanogran-

ite; Ferrero et al., 2012; Groppo et al., 2012; Wang et al.,

2015). Most of the samples show no sign of retrograde

metamorphism other than occasional fractures filled

by retrograde chlorite or resorbed garnet rims in

sample N18. All the samples contain accessory mona-

zite, zircon and apatite, whereas rutile occurs only in

samples NL01 and L11, and is in textural equilibrium

with kyanite.

Upper GHC samples
Most samples from the upper GHC have a higher con-

tent of leucosome than samples from the lower block,

resulting in a diatexite migmatite texture (Sawyer &

Brown, 2008). In all samples leucosome is widely dis-

tributed and the sample is a mix of leucosome and re-

siduum (mesosome). Leucosome segregations can

reach decimeter-scale and are usually enclosed by mes-

osome (Fig. 2d–f). The rocks are dominated by syn-ana-

tectic flow structures. In samples NL27, NL29 and N10,

leucosome makes up about 15–20% of the rock,

whereas samples NY11 and N12 have a higher percent-

age of leucosome (256 5%). The samples used for geo-

chronology were collected from the mesosome portion

but still contain small segregations of leucosome.

Estimated peak temperature conditions for the upper

GHC samples are similar at 710–750�C; equilibrium

pressures at the peak temperatures decrease toward

the north from 7 to 4 kbar (Wang et al., 2013). Most

Fig. 3. Photomicrographs of thin sections of investigated samples. (a) Typical kyanite-zone metapelitic assemblage with abundant
kyanite coexisting with muscovite. (b) Fibrolite sillimanite aligned with biotite, formed by consumption of muscovite. (c)
Replacement of garnet by biotite, sillimanite, quartz and plagioclase via decompression. Chlorite replaced garnet during retrogres-
sion. (d) Orthogneiss sample that contains abundant quartzo-feldspathic domains and a few garnet grains. (e) Typical high-tem-
perature metapelitic assemblage with prismatic sillimanite and K-feldspar, and lack of muscovite. (f) Folded prismatic sillimanite
and biotite. Crossed polars. (g) High-temperature metapsammite sample with a simple assemblage of K-feldspar, plagioclase, bio-
tite and quartz. (h) High-temperature metapsammite sample with retrograde symplectite of plagioclase and biotite. (i) Peritectic gar-
net formed through dehydration of biotite.
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samples represent the sillimanite–K-feldspar stability

field and contain K-feldspar, biotite, plagioclase, quartz

or sillimanite, which indicates that partial melting was

mainly produced by muscovite dehydration melting.

Sillimanite is present only in pelitic samples NL27 and

NL29 (Fig. 3e and f), and garnet occurs only in samples

NL27 and N10 (Fig. 3e and i) as inclusion-free porphyro-

blasts. In sample N12, a retrograde symplectite of

plagioclase and biotite partly replaces the prograde

minerals (Fig. 3h). Corroded biotite crystals are partly

consumed to form K-feldspar and peritectic garnet in

sample N10 (Fig. 3i), which indicates that dehydration

melting of biotite also occurred. All the samples contain

accessory monazite, zircon, and apatite; rutile is present

only in samples NY11 and N12, which record slightly

higher temperatures and lower pressures.

METHODS

Monazite and rutile crystals were separated using

standard heavy liquid and magnetic techniques, and

handpicked under a binocular microscope. The grains

were then mounted in epoxy resin and polished to ex-

pose the grain centers. Back-scattered electron (BSE)

images of monazite and rutile were produced with a

JEOL JSM-6610A scanning electron microscope at the

Australian National University (ANU), with working con-

ditions of 15 kV, 60lA and �10mm working distance.

Inclusions in monazite were identified by a JED-2300

energy-dispersive X-ray system installed on the same

instrument. Transmitted and reflected light images of

monazite and rutile were also used to avoid inclusions

and fractures during analysis

SHRIMP U–Th–Pb
U, Th and Pb analyses of monazite were performed by

sensitive high-resolution ion microprobe (SHRIMP II

and SHRIMP RG) at ANU. Instrumental conditions and

data acquisition were generally as described by

Williams (1998). Energy filtering was applied (Rubatto

et al., 2001) to eliminate the interference on 204Pb, re-

duce the high counts on the ThO peak, and suppress

any matrix effect. A matrix effect for monazite reported

by Fletcher et al. (2010) was not observed in this study

(SD Electronic Appendix Fig. 1). The data were collected

in sets of six scans throughout the masses with a spot

size of 20–30lm and reference material was analyzed at

each third analysis. The measured 206Pb/238U ratio was

corrected using reference monazite Delaware 44069

(425Ma; Aleinikoff et al., 2006). In most of the analytical

sessions, calibration errors were <2�8% (2r, seven sam-

ples), but were slightly larger (3�5–3�7%, 2r) in some

sessions (three samples); in each case the calibration

error was propagated to the single analyses. For the

analyses yielding Cenozoic ages, the data were cor-

rected for common Pb based on the measured
207Pb/206Pb (by assuming concordance), whereas the

pre-Cenozoic inherited ages were corrected using the

measured 204Pb (Williams, 1998). The analyses used for

average age calculations have a small percentage of

common Pb (mostly <1%, few 2–5%). The common Pb

compositions predicted by the Stacey & Kramers (1975)

model were used (207Pbc/
206Pbc¼0�8376 0�042, for

Himalayan ages). For the rim analyses of sample N22,

which are particularly rich in initial Pb, the initial Pb

composition was obtained from the Y-intercept of a free

regression in the uncorrected Tera–Wasserburg plot

(207Pbc/
206Pbc¼ 0�51160�026). This composition devi-

ates significantly from the model common Pb and recal-

culating the age with this input is a more accurate

approach. The software Squid 1 and Isoplot/Ex (Ludwig,

2008) were used for data reduction and age calculation,

and the 238U, 235U and 232Th decay constants of Steiger

& Jäger (1977) were used. Average U–Pb ages are

quoted at the 95% confidence level. Analytical U–Th–Pb

data are listed in SD Electronic Appendix Table 1.

For Th-rich minerals such as monazite, excess 206Pb

owing to decay of 230Th can lead to overestimation of

the real age. This problem has been reported for

Himalayan leucogranite (Schärer, 1984), where the melt

may be rich in 230Th. However, for Himalayan metape-

lites and metapsammites, the presence of excess 206Pb

is less obvious and Th–Pb ages are usually in agree-

ment with U–Pb ages (Martin et al., 2007; Rubatto et al.,

2013; Stearns et al., 2013; Larson & Cottle, 2014). For

most analyses in this study, Th–Pb ages are in agree-

ment with U–Pb ages within 2r uncertainties and no

correlation was observed between U–Pb age and Th/U

ratios (SD Electronic Appendix Fig. 2a–d). The SHRIMP

set-up is best suited for measuring the lower count

rates of Pb, and is less reliable when measuring very

high count rates, such as those for Th in monazite. For

these reasons, we consider U–Pb ages more accurate

and prefer them to Th–Pb ages. An exception is made

for samples N18 and N12, for which U–Pb ages are 1–3

Myr older than Th–Pb ages and could be affected by ex-

cess 206Pb (SD Electronic Appendix Fig. 2e–h). For these

two samples, the ages were reported as a range con-

sidering the average U–Pb and Th–Pb ages.

LA-ICP-MS trace elements
Trace element analyses of monazite, rutile and garnet

were obtained by a laser ablation–inductively coupled

plasma–mass spectrometry (LA-ICP-MS) at ANU, using

a pulsed 193nm ArF Excimer laser with 100 mJ energy

at a repetition rate of 5Hz (Eggins et al., 1998) coupled

to an Agilent 7700 quadrupole ICP-MS system. Most

LA-ICP-MS analyses of monazite were performed on

the same site as the 2 lm deep SHRIMP pits. Garnet

was analyzed in polished thin sections, whereas mona-

zite and rutile were mounted in epoxy disks. Spot sizes

of 28 lm (monazite) and 47lm (rutile and garnet) were

used and reference material was analyzed each tenth

analysis. External calibration was performed relative to

NIST 610 glass (rutile) or NIST 612 glass (monazite and

garnet) and internal standardization was based on
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stoichiometry of Ce for monazite (23�6wt %), Ti for rutile

(59�93wt %) and Si for garnet (17�76wt %). 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 con-

tamination from inclusions or those with insufficient

data collecting duration (<10 s) were discarded. Trace

element data reduction was performed using the soft-

ware Iolite v.2.5 (Paton et al., 2010). Analytical data are

listed in SD Electronic Appendix Tables 2, 3 and 4. Rare

earth element (REE) patterns of monazite and garnet

were normalized to chondrite (McDonough & Sun,

1995).

Zr-in-rutile temperatures were calculated using the

calibration of Tomkins et al. (2007) for the b-quartz field.

The pressures used for correction for each sample were

from Wang et al. (2013) and are listed in Table 1. For

comparison, calculated results using the calibration of

Watson et al. (2006), which assumes a constant pres-

sure of 10 kbar, are also listed in SD Electronic

Appendix Table 4. Generally, differences in temperature

calculated using different calibrations are less than

630�C. Uncertainties are calculated by considering a

conservative analytical error of 615% in Zr measure-

ments, 60�8 kbar (or 61�2 kbar) for pressure estimates

and a 63% (620�C) propagated uncertainty from the

calibration of the thermometer. The activities of Si and

Zr are fully buffered, as all the metasedimentary sam-

ples in this study are rich in quartz and zircon. The

47lm laser pit was always located at the center of the

grains to avoid possible complications from Zr diffusion

at the rim during cooling.

LA-ICP-MS U–Pb
U–Pb analyses of rutile were performed with the same

LA-ICP-MS system and working conditions as the trace

element analyses. A large spot size of 62 lm and a long

dwell time (70–90ms) for 206Pb, 207Pb, 208Pb, 232Th and
238U were used to improve precision. Each analysis

measures the background for �30 s before switching on

the laser for �40 s. Reference material was analyzed

each fifth analysis. The measured 206Pb/238U ratio was

corrected using reference rutile Wodgina-B (2846Ma;

isotope dilution thermal ionization mass spectrometry

data; Ewing, 2011). Data reduction, including correc-

tions for baseline, instrumental drift, mass bias and

downhole fractionation, was performed using the soft-

ware Iolite version 2.5 (Paton et al., 2010). The analyzed

rutile samples usually have a very low Th content (Th/U

generally< 0�001), which is an ideal case for common

Pb correction using the measured 206Pb/208Pb (Zack

et al., 2011). The fraction of common 206Pb (fc) is calcu-

lated from a given common Pb composition

(206Pbc/
208Pbc) by assuming Th/U� 0:

fcð
206PbÞ ¼ ð206Pbm=

208
PbmÞ=ð

206Pbc=
208

PbcÞ:

For Himalayan samples, the present 206Pbc/
208Pbc

ratio of 0�4846 0�024 was used (Stacey & Kramers,

1975). To ensure accuracy, only those analyses with

common Pb fraction (fc) of less than 8% and U concen-

trations higher than 40ppm were used for average age

calculation. Uncertainties of fc(
206Pb) were calculated

using the formula suggested by Gregory et al. (2007) by

considering the uncertainties in estimating the
206Pbc/

208Pbc composition (65%) and uncertainties on

the measured 206Pbm/
208Pbm ratios. Uncertainties on

the corrected 206Pb/238U ratio are quoted at the 2r level

and were calculated using the formula suggested by

Andersen (2002) by considering the analytical errors,

propagated calibration errors of the standard and errors

from common Pb correction. U–Th–Pb data are listed in

SD Electronic Appendix Table 5. Owing to the young

ages and little accumulation of radioactive 207Pb, the

obtained 207Pb/235U ages are less reliable than the
206Pb/238U ages. Therefore, only the 206Pb/238U ages

were reported. Total 238U/ 206Pb–207Pb/ 206Pb Tera–

Wasserburg plots are included in SD Electronic

Appendix Fig. 7.

MONAZITE U–PB GEOCHRONOLOGYAND

TRACE ELEMENTS

Most monazite grains are clear, light yellow or yellow in

color, and euhedral in shape. Monazite in lower grade

sample NL01 has a relatively small size (<60 lm in

diameter), whereas monazites in higher-grade samples

NY11 and N12 are usually larger than 300lm in diam-

eter. Internal zoning of monazite is described according

to the high-contrast BSE images (Figs 4 and 5); this is a

reflection of the total Z number. Average 206Pb/238U

ages are reported according to the statistically consist-

ent groups (n�5). Whenever the mean square of

weighted deviates (MSWD) is above the threshold of

two, a range of dates is reported. U–Pb analyses uncor-

rected for common Pb are presented in Tera–

Wasserburg plots (Figs 4 and 5) and corrected ages are

shown in probability diagrams (SD Electronic Appendix

Fig. 3). Trace element compositions of dated monazite

are reported with particular emphasis on the features

distinguishing different domains or statistically consist-

ent age groups (Figs 6 and 7; SD Electronic Appendix

Fig. 5). Monazite inclusions, ages and relevant trace

element signatures are summarized in Table 2.

Lower GHC samples
In metapelites NL01, N24 and N18, monazites have ir-

regular cores, which are exposed only in some grains,

and which are cut across by BSE-dark rims (Fig. 4a–c).

In sample NL01, cores yield an average age of

18�66 0�6Ma (MSWD 1�9, N 5/6), whereas rims (includ-

ing unzoned crystals) yield younger ages of 16�1–

13�7Ma, with a cluster at 14�16 0�4Ma (MSWD 1�6, N 6/

10). However, in samples N24 and N18, core and rim

ages cannot be resolved with the present analytical pre-

cision and yield single peaks at 17�36 0�2Ma (MSWD

1�9, N 15/19) and 18�260�2Ma (MSWD 1�6, N 22/22),
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respectively. Notably, sample N18 may contain excess
206Pb and the U–Pb ages may be overestimated (see de-

tails in Methods section). Taking into account the

weighted average Th–Pb age (16�760�2Ma, MSWD 1�6,

N 22/22), we report the age within the range 18�2–

16�7Ma. Monazites in sample N24 contain index min-

eral inclusions of garnet and aggregates of albite and

orthoclase (Fig. 4b), and those in sample N18 contain

Fig. 4. Representative back-scattered electron images of selected monazite crystals and Tera–Wasserburg diagrams for monazite
U–Pb analyses of samples from the lower GHC. Ellipses represent 2r errors. Only filled gray ellipses were used for average age cal-
culation. Ellipses in the BSE images indicate the location of the SHRIMP analyses and are �25mm in diameter; the numbers indicate
206Pb/238U ages in Ma. Errors are given in SD Electronic Appendix Table 1.
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garnet, polymineralic inclusions of K-feldspar and

quartz and abundant sillimanite (SD Electronic

Appendix Fig. 4). Chemically, the rims of sample NL01

are distinctly higher in HREE and Y contents and have

lower GdN/LuN ratios than the cores (Figs 6a and 7a).

In sample N24, monazite has a relatively large variation

in HREE content, whereas monazite is homogeneous in

sample N18 (SD Electronic Appendix Fig. 5a and b).

Monazites in sample NL01 have a weak negative Eu

anomaly (Eu/Eu* of 0�40–0�44), whereas those of

Fig. 5. Representative back-scattered electron images of selected monazite crystals and Tera–Wasserburg diagrams for monazite
U–Pb analyses of samples from the upper GHC. Symbols and errors are similar to those of Fig. 4.
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samples N24 and N18 have a strong negative Eu anom-

aly (Eu/Eu* 0�06–0�15).

Orthogneiss N22 contains patchy-zoned monazite

cores (Fig. 4e–f) that yield inherited ages with the major-

ity of analyses defining an upper intercept age of

9616 13Ma (MSWD 1�2, N 14/15). Rims and unzoned

monazite crystals have high fractions of initial Pb (see

details in Methods) and yield a lower intercept age of

15�36 0�2Ma (MSWD 1�6, N 20/21). Two core analyses

yield intermediate ages of 47–35Ma, probably owing to

some mixing with rim domains. Rims are generally

higher in HREE and Y than cores (SD Electronic

Appendix Fig. 5c), and show similar negative Eu

anomalies (Eu/Eu* 0�16–0�46).

In metapelite L11 from the Langtang transect, most

monazites have complex concentric zoning with BSE-

dark cores overgrown by a mantle and a thin rim with

distinct BSE emission (Fig. 4d). Cores yield an average

age of 26�06 0�6Ma (MSWD 1�7, N 7/9), mantle ana-

lyses scatter between 24�1 and 18�7Ma, and three rim

analyses give ages of 17�8–14�2Ma. Inclusions of

plagioclase, muscovite, biotite and quartz were

observed in cores and mantles. Chemically, cores are

higher in HREE and Y than mantles (Figs 6b and 7b).

Only one rim could be analyzed for trace elements; it

shows the same high HREE and Y contents as the cores.

All the analyses have similar weak negative Eu anoma-

lies (Eu/Eu* 0�45–0�52).

Upper GHC samples
In metapelite NL27, a few grains of monazite have small

BSE-dark cores and two larger ones were dated at �492

and 463Ma (Fig. 5a), whereas three smaller ones

(<25 lm) probably yield mixed ages (192, 72, 41Ma).

The ages of the monazite mantles scatter between 33�0

and 25�1Ma and the only significant peak is at

32�06 0�8Ma (MSWD 1�7, N 7/13). In a few crystals a

very narrow (most< 10 lm) rim is present; a single

SHRIMP analysis yielded an age of 22�860�5Ma.

Unzoned grains that have similar trace element com-

positions to the rims yield ages scattering between 25�4

and 20�7Ma. K-feldspar and quartz polymineralic inclu-

sions were observed in the mantles. The mantles dated

at �32�0Ma are higher in HREE than those dated at

29�6–27�3Ma, whereas rims and unzoned grains have

the lowest HREE contents (Fig. 6c). Mantle or rim ana-

lyses exhibit moderate to strong negative Eu anomalies

(Eu/Eu* 0�11–0�32).

Most monazites in metapelite NL29 show weak oscil-

latory zoning or are unzoned (Fig. 5b). They yield a
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single age peak at 25�96 0�3Ma (MSWD 1�6, N 15/17).

Monazites in this sample have inclusions of minerals

that are stable at peak metamorphic conditions, includ-

ing sillimanite, biotite, plagioclase, K-feldspar, musco-

vite and quartz (SD Electronic Appendix Fig. 4). All

monazites are homogeneous in HREE and Y contents

(SD Electronic Appendix Fig. 5d) and have similar mod-

erate Eu anomalies (Eu/Eu* 0�33–0�41).

In metapsammite NY11, monazite grains exhibit two

domains that are intergrown and are distinguished by

bright and dark BSE emission (Fig. 5c). The analyses of

bright domains have higher Th concentrations (most

>70 000 ppm) than the BSE-darker domains

(most< 55 000 ppm). Although the overall age is

28�66 0�3Ma (MSWD 1�8, N 21/27, Fig. 6c), some of the

brighter domains have a tendency to older ages. The

Th-rich domains yield a tight average age of

29�26 0�4Ma (MSWD 0�3, N 9/12), whereas the Th-poor

domains yield an average age of 28�46 0�3Ma (MSWD

1�5, N 11/15), which is, however, barely resolvable from

the Th-rich domains. Polymineralic inclusions of K-

feldspar and quartz are abundant in the Th-poor mona-

zites (SD Electronic Appendix Fig. 4). HREE and Y

contents and negative Eu anomalies are similar across

both domains (Eu/Eu* 0�12–0�20; SD Electronic

Appendix Fig. 5e).

Metapsammite N12 mainly contains unzoned mona-

zite, with a few grains showing a weak core–rim struc-

ture (Fig. 5d). Ages of the unzoned grains scatter from

30�5 to 24�1Ma, with two statistical peaks at

27�16 0�3Ma (MSWD 1�9, N 10/21) and 25�060�6Ma

(MSWD 1�8, N 6/21). Rim analyses are significantly

younger than unzoned grains and scatter from 23�0 to

18�5Ma; however, there is no difference in trace elem-

ent composition between the grains (SD Electronic

Appendix Fig. 5f). Sample N12 may contain excess
206Pb and the weighted average Th–Pb age of unzoned

grains is reported (24�46 0�3Ma, MSWD 1�3, N 16/21).

Polymineralic inclusions of K-feldspar and quartz were

observed in the unzoned grains.

Monazite grains in metapsammite N10 commonly

have concentric zoning with large BSE-dark cores and

narrow BSE-grey rims (Fig. 5e). Cores yield older ages

with a tight average age of 29�560�3Ma (MSWD 1�5, N

15/15). The unzoned or rim analyses scatter from 27�4 to

20�6Ma. K-feldspar and quartz polymineralic inclusions

were observed in the monazite cores. Cores have rela-

tively higher HREE and Y contents than the four rim

analyses (including unzoned) (Figs 6d and 7c). All of the

analyses show strong Eu anomalies (Eu/Eu* 0�09–0�15).

GARNET TRACE ELEMENT COMPOSITION

Garnet is present in several of the investigated samples

(Table 1) where it is a major phase rich in HREE and Y.

Its growth probably affected the trace element compos-

ition of monazite. Trace element traverses were ana-

lyzed for garnet porphyroblasts and small garnet grains

from samples NL01, NL27 and N10. Major element tra-

verses or maps of garnet in the same thin sections were

previously published by Wang et al. (2013). The Fe, Mg,

Mn and Ca compositions of garnet porphyroblasts in all

three samples were homogenized by high-temperature

cation diffusion and exhibit similar flat zoning patterns.

At the outmost rims (<100lm), Mn and Fe/(FeþMn) in-

crease and Mg decreases. This is attributed to back-dif-

fusion of Mn and exchange of Fe and Mg with biotite

(Kohn et al., 2004).
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Despite the lack of zoning in major elements, garnet

preserves significant variations in trace element com-

position, particularly in HREE and Y (SD Electronic

Appendix Fig. 6), owing to their much slower diffusion

rates than major elements (Lanzirotti, 1995; Hermann &

Rubatto, 2003). Large garnet porphyroblasts commonly

have high HREE contents in the cores and show distinct

decreases toward the rims, with a transitional mantle

zone in some samples (NL01 and N10). Y contents in

garnet do not always correlate with HREE contents and

are less diagnostic in defining internal zoning. In the

mantle of the NL01 garnet, Y increases and has an op-

posite trend to the HREE. The compositions of small

garnet grains vary in each sample. In sample NL01 the

HREE and Y contents of small garnets are higher than

those of the porphyroblast cores; in samples N10 and

NL27, they are similar to the compositions of the por-

phyroblast rims. Chondrite-normalized REE patterns of

garnet in all the samples show light REE (LREE) deple-

tion below chondrite values, negative Eu anomalies and

relative HREE enrichment (Fig. 8). The negative Eu

anomalies and LREE depletion are similar across differ-

ent garnet domains, whereas the HREE enrichment is

always a maximum in the cores of large garnet por-

phyroblasts. From cores to rims, HREE enrichment

gradually decreases and rims show relatively flat HREE

patterns or slight depletion compared with the middle

REE (MREE).

RUTILE U–Pb GEOCHRONOLOGYAND

THERMOMETRY

Most rutile grains are clear, have euhedral crystal

shapes and vary in color from brown to dark yellow.

Grain sizes vary from �60 to >150lm in radius (bra-

chyaxis) and are relatively larger in samples L11 and

N12. Most rutile grains are homogeneous and do not

show any internal zoning in BSE images (Fig. 9).

Analyses that have unusually high concentrations of Si,

Zr, Hf, Y, Fe, Mn or Th were discarded owing to possible

contamination by inclusions such as zircon, monazite

and ilmenite.

Rutile crystals from samples L11, NY11 and N12

have relatively high concentrations of U (mostly>

40ppm; SD Electronic Appendix Table 5) and were ana-

lyzed for U–Pb dating. Rutile crystals in metapelite sam-

ple L11 yield ages that scatter between 8�7 and 4�4Ma

(Fig. 9) with a significant peak at 6�960�3Ma (MSWD

1�2, N 8/13). Rutile crystals in metapsammite sample

NY11 yield ages that define a peak at 16�460�5Ma

(MSWD 1�5, N 12/15). Rutile crystals in metapsammite

sample N12 have higher U concentrations of 300–

400ppm and a low fraction of common Pb (most<

0�5%). Ages for this sample tightly cluster at

15�76 0�2Ma (MSWD 1�1, N 31/31).

Rutile crystals from samples NL01, L11, NL07 (adja-

cent to N24), NL16 (adjacent to N22), NY11 and N12

were analyzed for their Zr content; average tempera-

tures and uncertainties are reported in Table 1. SamplesT
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NL01 and L11 from the kyanite zone have the lowest Zr

contents of �200–380ppm, which yield average tem-

peratures of 6406 35�C and 660635�C, respectively.

Samples NL07 and NL16 from the sillimanite–muscovite

zone have slightly higher Zr contents of �250–500ppm

and �350–700ppm, respectively. Calculated average

temperatures are 6556 35�C and 675635�C, respect-

ively. Samples NY11 and N12 from the upper GHC have

significantly higher Zr contents (�1000–1400ppm),

which yield average temperatures of 7306 40�C and

7456 40�C, respectively. In summary, the upper GHC

samples have a tendency to record 50–100�C higher tem-

peratures than the lower GHC samples, although the

uncertainties are relatively large.

DISCUSSION

Linking monazite ages to metamorphic

conditions
Accurate interpretation of the ages obtained from

accessory phases is challenging as they can grow at

different stages of the P–T path. In this study, the

following criteria are used to define the timing of mona-

zite formation with respect to other minerals and rock

evolution.
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1. Inclusions in monazite are taken as a reflection of

the mineral assemblage in which the monazite grew.

2. Monazite HREE and Y signatures can indicate the

relative timing of monazite, xenotime and garnet

growth. Xenotime was not observed in thin sections

and garnet is considered to have a major control on

the HREE budget in these samples. In a closed sys-

tem, garnet growth will consume HREE and Y from

the environment and thus reduce their distribution

in monazite (Foster et al., 2002; Hermann & Rubatto,

2003; Buick et al., 2006; Rubatto et al., 2006). In con-

trast, garnet breakdown will release HREE and Y,

which can then be redistributed in monazite growing

at the same time.

3. Negative Eu anomalies in monazite REE patterns are

an indicator of feldspar modal abundance. Among

the feldspars, K-feldspar has a stronger positive Eu

anomaly than plagioclase and is efficiently produced

during muscovite and biotite melting, whereas

plagioclase is consumed during prograde melting

(Groppo et al., 2012). Therefore, the accumulated

negative Eu anomaly in monazite may reflect

the progression of melting (Rubatto et al., 2006,

2013).

In this study, inclusions of sillimanite, K-feldspar,

muscovite, biotite, plagioclase and quartz (þ garnet in

sample N18; see summary in Table 2) are present in

monazite from two samples located on opposite sides

of the Nyalam Discontinuity (N18 and NL29). In the

studied samples this mineral assemblage is stable only

in the sillimanite–K-feldspar stability field, close to peak

temperature conditions. Most monazite grains in sam-

ple NL29 have euhedral shapes and faint oscillatory

zoning, suggesting that they may have crystallized from

a melt (Rubatto et al., 2013). Notably, monazite in each

of these samples yields a single age cluster (18�2–

16�7Ma and 25�960�3Ma) and is also homogeneous in

HREE and Y. These results are taken to indicate that

monazite in samples N18 and NL29 crystallized from a

melt close to peak temperature conditions.

In monazite from the lower GHC sample NL01, HREE

and Y contents increase from core to rim (Figs 6a and

7a). Pseudosection modeling from Wang et al. (2015)

shows that for the lower GHC metapelitic samples in

the Nyalam transect, garnet modal abundance in-

creases during burial and is reduced during decompres-

sion and cooling. Therefore, the HREE- and Y-enriched

monazite rims in sample NL01 (16�1–15�4Ma and

14�16 0�4Ma) are interpreted to grow during decom-

pression associated with garnet breakdown, a process

that has been commonly observed in kyanite-grade

samples from the Nyalam transect (Wang et al., 2015).

The HREE- and Y-depleted core ages of sample NL01

(18�66 0�6Ma) are interpreted as dating prograde con-

ditions associated with garnet growth. Because the

ages of the cores yield a single cluster and are very

close to the rim ages, it is more likely that they (re)crys-

tallized at kyanite grade, close to peak pressure

conditions (Wang et al., 2015). For the sillimanite–mus-

covite-grade sample N24, the polymineralic inclusions

of albite and orthoclase observed in monazite rims rep-

resent crystallized melt (Icenhower & London, 1995;

Cesare et al., 2009). Melt in this sample probably

formed through H2O-saturated melting because pro-

grade muscovite is still present (Wang et al., 2015). This

observation supports our interpretation that the mona-

zite rims in sample N24 (17�36 0�2Ma) yield an age

after H2O-saturated melting.

Monazites in the upper GHC samples (NL27, NY11,

N12 and N10) contain polymineralic inclusions of K-

feldsparþquartz. Similar inclusions with negative crys-

tal shapes are abundant in garnet and are interpreted as

‘nanogranites’ that represent crystallized melt (Cesare

et al., 2009; Ferrero et al., 2012; Groppo et al., 2012). For

the sillimanite-grade upper GHC samples, the observed

polymineralic inclusions are also consistent with the

mineral assemblage at peak temperature conditions,

which was produced through muscovite dehydration

melting (Imayama et al., 2010; Groppo et al., 2012;

Wang et al., 2013). Stronger negative Eu anomalies in

these monazites compared with those formed in K-feld-

spar-absent samples (NL01 and L11) also suggest that

these GHC monazite domains grew in the presence of

K-feldspar. Therefore, we interpret that at least part of

the monazite (re)crystallized during anatexis and ages

from these samples (NL27 3260�8Ma and 29�6–

27�3Ma, NY11 28�660�3Ma, N12 27�1–24�5Ma and N10

29�56 0�3Ma) are interpreted to date formation after

muscovite dehydration melting. In samples NL27 and

N10, monazite HREE or Y contents decrease from older

domains (NL27 326 0�8Ma and 29�6–27�3Ma, N10

29�56 0�3Ma) to younger domains (NL27 25�4–20�7Ma,

N10 27�4–20�6Ma, Figs 6 and 7). The same core–rim de-

crease in HREE is observed in the garnet porphyro-

blasts of samples NL27 and N10. This indicates that

these age intervals are associated with garnet growth.

For the sillimanite-grade upper GHC samples, garnet

modal abundance could increase during burial to Pmax.

Another possibility for garnet growth is along a heating

and decompression path from Pmax to Tmax (Harris

et al., 2004; Groppo et al., 2009, 2012; Zhang et al., 2015)

through the sliding reaction AlsþBtþPlþQz¼Grtþ

Kfsþmelt, which did occur in sample N10. Because

mineral inclusions observed in the older monazites indi-

cate that these samples have already been through

muscovite dehydration melting at �32–25Ma, the low-

HREE rims (25–20Ma) are thus interpreted as dating the

timing from Pmax to Tmax associated with peritectic gar-

net growth.

Sample L11 from the lower GHC section in Langtang

contains monazites that have three concentric growth

domains with decreasing age outward. Specifically,

HREE and Y contents decrease from core to mantle,

suggesting that the monazite cores and mantles grew

during prograde metamorphism associated with garnet

growth. Previous studies in Barrovian metapelites have

shown that metamorphic monazite starts to grow at
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garnet grade (Pyle et al., 2001; Wing et al., 2003; Spear

& Pyle, 2010) or staurolite grade (Kohn & Malloy, 2004)

through breakdown of REE-rich minerals such as allan-

ite (Janots et al., 2007). Therefore, the core age

(26�06 0�6Ma) probably records the first growth of

monazite at prograde garnet or staurolite grade when

HREE and Y were still abundant in the reactive bulk.

Monazite mantle ages scatter between �24�1 and

18�7Ma and are interpreted to record growth from gar-

net or staurolite grade to peak conditions. Rim compos-

itions show an inverted chemical trend with increasing

HREE and Y, suggesting that monazite rims (17�8–

14�2Ma) grew during decompression associated with

garnet breakdown.

The discussion above has shown that the monazite

cores in samples NL01 and N10 and mantles in sample

NL27 formed at prograde near-peak conditions

(Table 2). This allows us to calculate partition coeffi-

cients for REE between monazite and garnet (REEDMnz/

Grt) at amphibolite-facies conditions, using the average

trace element compositions of mineral domains (SD

Electronic Appendix Table 6). The REEDMnz/Grt values for

amphibolite-facies conditions show a similar trend to

that defined by granulite-facies rocks metamorphosed

at �800�C (SD Electronic Appendix Fig. 8; Hermann &

Rubatto, 2003; Buick et al., 2006; Rubatto et al., 2006);
MREEDMnz/Grt values are consistent and largely overlap-

ping with those defined by Hermann & Rubatto (2003)

and Rubatto et al. (2006), but lower than the Buick et al.

(2006) results; HREEDMnz/Grt values show a larger spread

that is, however, within the range of values reported for

granulite-facies rocks. Specifically, YDMnz/Grt values

range from 23 to 47 whereas YbDMnz/Grt values range

from 3�3 to 8�2, indicating that the HREE are preferen-

tially partitioned into monazite relative to garnet.

Many studies have reported inherited ages in

Himalayan monazites (e.g. Harrison et al., 1995; Martin

et al., 2007; Imayama & Suzuki, 2013; Lederer et al.,

2013) and two samples in this study also exhibit appar-

ent inherited ages. The �961Ma monazite core in sam-

ple N22 probably dates the crystallization age of the

protolith granite. Similar ages from detrital zircons of

the GHC have been interpreted as relating to magma-

tism in the East African part of the Pan-African orogeny

(e.g. DeCelles et al., 2000). The Paleozoic ages of 463–

492Ma for the monazite of sample NL27 are more com-

mon in Himalayan samples and have been related to an

early Palaeozoic orogenesis along the Indian margin of

Gondwana (e.g. Cawood et al., 2007).

Rutile: peak Zr-temperatures and cooling U–Pb

ages
Zr-temperatures and U–Pb ages in rutile are expected to

be decoupled in samples that experienced relatively

high temperatures because Zr and Pb have different dif-

fusion rates in rutile. According to Zr-diffusion experi-

ments (Cherniak, et al., 2007), 100 mm radius rutile

grains require temperatures of <680–710�C to maintain

Zr signatures in their cores if cooling fast at rates of 10–

30�C Ma–1, comparable with those proposed for the

GHC (Imayama et al., 2012; Sorcar et al., 2014).

However, studies of natural samples indicate that Zr-in-

rutile has a lower diffusion rate than that which can be

inferred from experiments and that it is robust even to

temperatures of �900�C (Jiao et al., 2011; Kooijman

et al., 2012; Ewing et al., 2013). In this study, the rutile

grains used for trace element analyses have radii of 50–

200mm. Temperatures calculated using Zr-in-rutile

thermometers are 640–680�C in the lower GHC and

730–750�C in the upper GHC (Table 2). These results are

consistent with published temperature results using the

garnet–biotite Fe–Mg thermometer (Wang et al., 2013;

Table 1). Rutile is indeed the Ti-rich phase that is pre-

dicted to be stable in these assemblages at peak condi-

tions (Imayama et al., 2010, 2012; Wang et al., 2013,

2015). We thus conclude that in these GHC samples, Zr

diffusion is insignificant and that the Zr-in-rutile therm-

ometer is robust up to upper-amphibolite-facies tem-

peratures (�750�C).

For the rutile U–Pb ages, it is more likely that these

ages record the timing when the sample cooled below

the Pb diffusion closure temperatures rather than the

timing of rutile growth, for the following reasons: (1) the

metamorphic temperatures of the GHC rocks (640–

750�C, Wang et al., 2013) are higher than the Pb-in-rutile

diffusion closure temperatures (550–630�C, Cherniak,

2000; Kooijman et al., 2010; Zack et al., 2011) and thus

the U–Pb system was probably reset during the tem-

perature peak; (2) rutile U–Pb ages are significantly

younger than monazite ages that represent near-peak

or cooling ages. Closure temperature of U–Pb in acces-

sory minerals mainly depends on grain radius and cool-

ing rate, with larger crystals that cooled faster having

higher closure temperatures (Cherniak, 2000; Cherniak

et al., 2004). Volume diffusion experiments for Pb show

that rutile has a closure temperature of 567–617�C for

70–200lm radius grains (cooling rate 1�C Ma–1;

Cherniak, 2000). Recent studies of Pb diffusion in nat-

ural rutile samples show a more complex picture and

give closure temperatures varying from 5696 24�C (60–

135lm radius, cooling rate 1–2�C Ma–1, Kooijman et al.,

2010) to 630�C (50–100 lm radius, cooling rate 3�C

Ma�1, Vry & Baker, 2006). Considering that most rutile

grains in samples L11, NY11 and N12 have radii of 50–

200lm and that the GHC underwent rapid cooling

(average cooling rate >10–30�C Ma–1, Imayama et al.,

2012; Sorcar et al., 2014), a conservative temperature of

560–620�C is used as the Pb-in-rutile closure

temperature.

Rutile U–Pb age data yield a tight cluster for sample

N12, but show different degrees of scatter in samples

NY11 and L11 (Fig. 9). Two factors may contribute to

the scatter of ages in these samples: (1) rutile has low U

concentrations and for such young Himalayan samples

detection of the radioactive 206Pb yields relatively large

uncertainties (up to 9%); (2) the samples cooled slowly

across the Pb-in-rutile closure temperature and thus
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recorded a range of ages. Therefore, only statistically

consistent age clusters were reported (N> 5). The ob-

tained rutile ages (L11 6�96 0�3Ma, NY11 16�460�5Ma,

N12 15�76 0�2Ma) are 10–12 Myr younger than the

near-peak metamorphic ages revealed from monazite,

and give information on the duration of cooling from

near-peak temperature conditions to 560–620�C.

Timing of partial melting and cooling history
In the age summary of Fig. 10a there is a marked differ-

ence in monazite and rutile ages from lower GHC sam-

ples (monazite age populations between 26 and 14Ma,

rutile ages �7Ma) to upper GHC samples (monazite age

populations between 32 and 20Ma, rutile ages �16–

17Ma), indicating different times of metamorphism for

the two blocks. Together with the petrology and P–T

conditions of these samples (Wang et al., 2013), these

data are used to reconstruct the timing of partial melt-

ing in the two blocks (Fig. 10b). In addition, cooling his-

tories are defined using the monazite and rutile ages

from this study and published mineral cooling ages

from the Nyalam transect. The additional cooling ages

used are muscovite 40Ar/39Ar ages (Wang et al., 2006)

with a closure temperature of 4006 50�C (Hames &

Bowring, 1994), zircon fission-track ages (Wang et al.,

2010) with closure temperature of 2806 20�C (Tagami

et al., 1998) and apatite fission-track ages (Zheng et al.,

2014) with a closure temperature of 1006 10�C

(Gleadow & Duddy, 1981).

Lower GHC block
At �26Ma, monazite began to form at sub-solidus pro-

grade conditions (garnet or staurolite grade, 500–

600�C). Monazites that grew at this stage have relatively

high HREE and Y contents (cores of L11). From 26 to

19Ma the lower GHC block underwent prograde meta-

morphism towards peak conditions. Monazite grew in

equilibrium with garnet and recorded decreasing HREE

and Y contents (mantles of L11). At 19–16Ma, most

samples reached peak metamorphic conditions (640–

675�C) and most monazites grew at this stage (cores of

NL01, N24 and N18). After the metamorphic peak, the

lower GHC samples underwent different degree of de-

compression from the peak pressures (10–13 kbar) to

�4 kbar (Wang et al., 2013, 2015) and newly forming

monazite had higher HREE and Y contents owing to gar-

net breakdown (rims of NL01, L11, N22). The degree of

partial melting that the metapelitic rocks experienced

varies and largely depends on the pressures reached by

the samples. Partial melting in most metapelitic sam-

ples (NL01, L11 and N24) was limited to a few per cent

(�5–7%) and was the result of an H2O-saturated melting

reaction (Table 1). During decompression, when the

sample entered the muscovite-dehydration field (4 kbar,

N18) a larger percentage of melt was produced

(�2065%). Initial cooling probably began at �16Ma.

From �16 to 7Ma, the lower GHC block cooled slowly

from peak temperatures to rutile U–Pb closure

temperatures (560–620�C) with an average cooling rate

of �1065�C Ma–1. From �7Ma, this block underwent

much faster cooling to zircon or apatite fission-track

closure temperatures with an average cooling rate of

1006 20�C Ma–1.

Upper GHC block
No monazite that grew in sub-solidus prograde condi-

tions was preserved. The oldest preserved monazites

(mantles of NL27) grew at �32Ma, during prograde

anatexis after muscovite dehydration melting and incor-

porated relatively high HREE contents. For Himalayan
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sillimanite-grade metapelites, the temperature condi-

tions of the muscovite dehydration melting reaction

have been constrained to be 650–750�C (5–9 kbar) for a

variety of compositions (e.g. Groppo et al., 2010, 2012;

Imayama et al., 2012; Sorcar et al., 2014). From �30 to

25Ma most samples reached the sillimanite–K-feldspar

stability field close to peak temperature conditions

(730–750�C) and abundant melt was produced through

muscovite dehydration melting. Most monazites

(re)crystallized at this stage and show a strong negative

Eu anomaly (NL27, NY11 and N10) and moderate HREE

contents (mantles of NL27). Anatexis during heating

and decompression probably lasted until 25–20Ma, as

recorded by the monazite rims in samples NL27 and

N10, which have the lowest HREE and Y contents and

were associated with peritectic garnet growth. From

�20 to 16Ma the upper GHC block gradually cooled

from peak temperatures to rutile U–Pb closure tempera-

tures (560–620�C) with an average cooling rate of

�3568�C Ma–1 (Fig. 11b). After �16Ma this block

underwent a much faster cooling to zircon fission-track

closure temperatures with an average cooling rate of

1206 40�C Ma–1.

Our results indicate that blocks within the GHC

underwent at least two stages of cooling at different

rates (Fig. 11b), rather than monotonous cooling. A

period of relatively slow cooling from peak T to 560–

620�C was followed by rapid cooling to �280�C. During

this evolution, each block of the GHC resided at rela-

tively high temperatures (>600�C) for a relatively long

period of �15 Myr. The duration of partial melting at

near-peak conditions lasted for �3 Myr in the lower

GHC and as long as 7–12 Myr in the upper GHC. Long

residence at high temperatures has been reported for

other regions of the Himalaya such as the Leo Pargil

dome of northwestern India (Lederer et al., 2013), the

Annapurna region of central Nepal (Kohn & Corrie,

2011), east–central Nepal (Larson et al., 2011, 2013), the

Mount Everest region (Cottle et al., 2009), eastern Nepal

(Imayama et al., 2012) and Sikkim (Rubatto et al., 2013),

and might be a common feature across the orogenic

belt.

Discontinuities within the GHC and overview
The established timescale for the GHC in the Nyalam re-

gion indicates that the upper GHC block underwent par-

tial melting and cooling �5–10 Myr earlier than the

lower GHC block (Fig. 10). In addition, upper GHC rocks

also yield �60–80�C higher peak temperature condi-

tions and reached a higher degree of melting than the

lower GHC rocks. These results point to a discontinuity

within the GHC in the Nyalam region. The position of

the discontinuity inferred from the geochronological

and petrological data is consistent with the location of

the Nyalam Discontinuity recognized previously by a P–

T inversion of �40�C and �3 kbar toward higher

structural levels (Wang et al., 2013). Although most

metapelites from the upper GHC reached their

temperature peak at relatively low pressures (Wang

et al., 2013), plagioclase–amphibole gneisses from this

section record metamorphic pressure of 10�66 1�2 kbar

(Zhang et al., 2012), indicating that the upper GHC rocks

were once buried to �30–40 km depth and were juxta-

posed with the lower GHC at a later time. Kinematically,

this discontinuity is marked by slightly mylonitized par-

agneisses and augen orthogneisses with top-to-the-

south shear sense (Wang et al., 2013). However, it is dif-

ficult to determine the width of this shear zone owing to

pervasive deformation across the GHC (Larson, 2012;

From & Larson, 2014). Extensive high-temperature re-

crystallization throughout the GHC (Reddy et al., 1993;

Larson & Cottle, 2014) would also hinder the develop-

ment of mylonitic structures. We argue that a meta-

morphic and geochronological discontinuity lies

between the upper and lower GHC of the Nyalam re-

gion, and separates the GHC into two portions. The

upper GHC was buried earlier than the lower GHC to

higher temperatures and to a possibly similar depth,

and was then thrust on top of the lower GHC along the

Nyalam Discontinuity.

In the adjacent Langtang region, discontinuities

within the GHC were first proposed based on detailed

fabric analyses (Reddy et al., 1993) and high-precision

thermobarometric data (Fraser et al., 2000). The

Langtang Thrust was subsequently identified based on

geochronological and thermobarometric data (Kohn

et al., 2004; Kohn, 2008). This thrust is located at a
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similar position to the Nyalam Discontinuity and is

close to the K-feldspar-in isograd. Initial cooling of the

lower GHC in Langtang is constrained to be at �16Ma

(Kohn et al., 2004), consistent with what we report for

the Nyalam region. Initial cooling of the upper GHC in

Langtang is constrained at around 21Ma. Metamorphic

conditions in both regions are similar, with rocks in the

hanging wall yielding �50–70�C higher temperatures

than the footwall rocks (Kohn, 2008). Because these two

adjacent regions are so close (<50 km) and have similar

metamorphic conditions and timing, we argue that the

Nyalam Discontinuity and Langtang Thrust are con-

nected and that blocks in these two regions underwent

the same evolution.

Discontinuities within the GHC have also been re-

ported in other regions along the strike of the

Himalayan orogenic belt. In the Lower Dolpo region of

western Nepal a high-temperature top-to-the-SW shear

zone has been recognized (Fig. 1a, Toijem shear zone;

Carosi et al., 2007). This shear zone was active between

�26 and 17Ma, as constrained by U–Pb dating of mona-

zite in a mylonitic mica-schist and cross-cutting leucog-

ranite dyke (Carosi et al., 2010). Some 100 km to the

west, another 4 km thick shear zone (Mangri shear

zone) has been recognized and its activity dated at �25–

18Ma (Montomoli et al., 2013). In central–western

Nepal, two discontinuities have been identified (Martin

et al., 2010; Corrie & Kohn, 2011) and the initial activa-

tion of the structurally higher Sinuwa Thrust (<25Ma,

Corrie & Kohn, 2011) is close in timing to the Nyalam

Discontinuity. In east–central Nepal a discontinuity in

the temperatures of deformation has been recognized

within the GHC (Larson & Cottle, 2014), but may lie

below the Nyalam Discontinuity because all the sam-

ples of Larson & Cottle (2014) were collected from lower

in the GHC compared with samples collected in this

study. The timing of metamorphism across this discon-

tinuity is indistinguishable and dated to be from �24 to

16Ma (Larson & Cottle, 2014; From et al., 2014), which

corresponds to the prograde metamorphism of the

lower GHC from this study. In eastern Nepal, the High

Himal Thrust (HHT) was recognized by Goscombe et al.

(2006), based on the finding of a 100–400m thick shear

zone, but no jump in P–T conditions has been docu-

mented (Imayama et al., 2012). The timing of initial cool-

ing was established to be 27–23 Ma in the hanging wall

and 18–16Ma in the footwall (Imayama et al., 2012), and

is similar to that for the Nyalam region. Further to the

east in Sikkim, a discontinuity within the GHC was rec-

ognized on the basis of monazite and zircon U–Pb ages

(Rubatto et al., 2013). However, this discontinuity differs

from those recognized in Nepal in that the timing of pro-

grade melting and peak conditions is older in the foot-

wall (�31–27Ma) and younger in the hanging-wall

section (�26–23Ma; Rubatto et al., 2013). Monazite U–

Th–Pb dating of the lowest GHC in this section con-

strains the timing of partial melting to be �23–19�5Ma

(Mottram et al., 2014), which allows for the identifica-

tion of a new discontinuity between the lowest GHC and

the �31–27Ma sequence of Rubatto et al. (2013). In

Bhutan, the discontinuity within the GHC is termed the

Kakhtang Thrust, which separates a hanging wall that

records younger metamorphic ages (14–13Ma) from a

footwall that exhibits older metamorphic ages (21–

17Ma) (Hollister & Grujic, 2006; Grujic et al., 2011;

Warren et al., 2011). This thrust is thus considered as an

out-of-sequence thrust.

This overview clarifies the presence of an in-se-

quence thrust within the GHC in the central Himalaya,

which extends from western Nepal to central and east-

ern Nepal and possibly to the Sikkim region, and is lo-

cally named the Mangri Shear Zone, Toijem Shear

Zone, Sinuwa Thrust, Langtang Thrust, Nyalam

Discontinuity and the High Himal Thrust from west to

east. According to the present data, this thrust cannot

be extended to Bhutan, where an out-of-sequence

thrust has been identified. A conservative estimate of

length of the thrust is �800 km oriented parallel to the

strike of the Himalayan orogen. This thrust has been

named the ‘High Himalayan Discontinuity’ in west

Nepal (Montomoli et al., 2013) and the ‘High Himal

Thrust’ in east Nepal (Goscombe et al., 2006); here we

suggest the unifying name ‘High Himalayan Thrust’.

Further work is needed to investigate whether this

thrust is connected to the Main Himalayan Thrust at

mid- to deep crustal levels (Fig. 11).

Implications for Himalayan tectonics
The diachroneity of two distinct blocks within the GHC,

as well as the different cooling rates within each block,

has important implications for tectonic models that

have been proposed for the Himalaya. The original

channel flow model (HT-1, Jamieson et al., 2004) and

other extrusion models such as wedge extrusion (Grujic

et al., 1996) and tectonic wedging (Webb et al., 2011)

consider the GHC as a coherent segment and assume

that the GHC was exhumed by coeval movement along

the top-to-south MCT and top-to-north STD. For these

models, synchronicity is a necessary factor. However,

our results and previous studies (Kohn et al., 2004;

Corrie & Kohn, 2011; Grujic et al., 2011; Warren et al.,

2011; Imayama et al., 2012; Rubatto et al., 2013) show a

diachroneity in the age of peak metamorphism and ex-

humation across the different portions of the GHC. In

Nyalam, the upper GHC block was exhumed �5–10 Myr

earlier than the lower GHC block. This timing implies

that movements along the STD and MCT were not sim-

ultaneous and that the initial activity of the STD in the

Nyalam region (�27–25Ma, Liu et al., 2012; Xu et al.,

2013) was �10 Myr earlier than that of the MCT

(�16Ma). Therefore, the earlier channel flow models

are not compatible with the timescales obtained from

this study or other studies of central Himalayan regions.

The evolved versions of the channel flow model (HT-

111 or HT-111E, Hollister & Grujic, 2006; Jamieson

et al., 2006; Jamieson & Beaumont, 2013) are able

to incorporate discontinuities and diachronous
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metamorphism, where a structurally higher and later

dome overlies a structurally lower and earlier GHC se-

quence. These channel flow models more successfully

explain the out-of-sequence pulsed channels observed

in Bhutan (Hollister & Grujic, 2006; Grujic et al., 2011;

Warren et al., 2011), but are inconsistent with the in-se-

quence thrusting across the GHC observed in the Nepal

Himalaya regions. Another model that considers dia-

chroneity across the GHC is the critical taper model,

which suggests exhumation of the GHC by propagating

thrusts (Kohn, 2008). The distinct timing of peak meta-

morphism and cooling across the upper and lower GHC

supports the idea that these units were exhumed by in-

sequence thrusting along the High Himalayan Thrust

and MCT. Such an exhumation model is compatible

with the critical taper model.

Another important factor for comparing different tec-

tonic models is the duration of high-temperature meta-

morphism. The channel flow models highlight the effect

of low-viscosity crustal melts, and assume a hot chan-

nel that sustained high-temperature conditions for >10–

15 Myr (Jamieson et al., 2004, 2006). In contrast, the

critical taper model suggests that the duration at high

temperatures was only �5 Myr (Kohn, 2008). In particu-

lar, the degree of partial melting in the Nyalam upper

GHC was high (15–25%, 730–750�C, muscovite dehydra-

tion melting) and sustained for a relatively long

duration (7–12 Myr), which favors a low-viscosity mid-

dle–lower crust that may have contributed to the ex-

humation of the upper GHC. On the other hand, partial

melting in the lower GHC was not sufficiently high (0–

10%, 640–680�C, H2O-saturated melting) and its dur-

ation was shorter (�3 Myr), indicating that melting in

the lower GHC rocks exposed at present may not be suf-

ficient to trigger lateral crustal flow. However, pro-

tracted high-temperature metamorphism (>600�C for

�15 Myr) in each block suggests that the unexposed

deeper rocks have the potential to sustain a longer dur-

ation of melting, which may be important for the trans-

port of heat and material in large hot orogens.

In conclusion, the in-sequence thrusting and rela-

tively long duration of high-temperature metamorph-

ism imply that channel flow and critical taper processes

are not mutually exclusive (Beaumont & Jamieson,

2010; Larson et al., 2010, 2011; Jamieson & Beaumont,

2013; From et al., 2014; Larson & Cottle, 2014), but

evolved spatially and temporally. The channel flow

process is more likely to dominate the exhumation of

high-grade migmatitic rocks, whereas the critical taper

process seems more appropriate for the exhumation of

low-grade metamorphic or cooled migmatitic rocks. We

propose a simplified scenario to illustrate the tectonic

evolution of the GHC in the Nepal Himalaya (Fig. 11).

Before �25Ma, the upper and lower GHC rocks were

progressively buried owing to thickening of the

Himalayan orogen. The upper GHC rocks were buried

to mid- to lower-crustal levels and reached melting tem-

peratures as early as �32Ma, whereas the lower GHC

rocks were still at a shallow crustal level. From �25 to

16Ma, the upper GHC rocks were exhumed by coeval

movement along the STD and High Himalayan Thrust

in a setting that was dominated by lateral crustal flow,

whereas the lower GHC was continuously buried. From

�16 to �10Ma the lower and upper GHC blocks were

juxtaposed and exhumed together along the MCT.

Because the upper GHC migmatites had already cooled,

and the degree and duration of partial melting in the

lower GHC was not sufficient to trigger crustal flow, the

juxtaposed GHC sequences were exhumed as a critical

thrusting wedge. Movements along the High Himalayan

Thrust and STD probably ceased at this time.

Movement along the MCT ceased at around 10–8Ma

(Harrison et al., 1997; Kohn et al., 2004; Larson et al.,

2013) and the thrusting wedge then shifted toward the

south to lower structural levels. After �16Ma, tunneling

channel flow may have still existed, but retreated be-

neath the edge of the Tibetan plateau (Nelson et al.,

1996; Jamieson & Beaumont, 2013) or was exhumed as

domes to the north as in the Bhutan region (Hollister &

Grujic, 2006; Grujic et al., 2011; Warren et al., 2011).

CONCLUSIONS

Determination of monazite ages in metapelites, meta-

psammites and orthogneiss indicates that monazite in

amphibolite-facies (650–750�C) rocks can record either

inherited ages or metamorphic ages at various stages

along a Barrovian-type P–T path. Accurate interpret-

ation of these ages requires the combined study of

monazite zoning, mineral inclusions, age populations,

trace element signatures, and bulk-rock P–T evolution.

Given the complexity and non-continuity of mineral re-

cords, dating migmatization requires investigation of

several samples from each block. Rutile in amphibolite-

facies rocks records cooling ages at its closure tempera-

ture. The Zr-in-rutile thermometer is robust at amphibo-

lite-facies conditions and can record peak temperature

conditions. Monazite and garnet partition coefficients

(DMnz/Grt) from amphibolite-facies samples are consist-

ent with those reported for granulite-facies samples.

The multidisciplinary approaches used in this study

allow us to link monazite and rutile U–Pb ages to meta-

morphic stages and to constrain the timing of partial

melting and cooling across the GHC in the Nyalam–

Langtang region. The GHC in this region consists of two

distinct blocks. The upper GHC block was the first to be

buried and reached higher peak temperatures (730–

750�C) and a higher degree of partial melting (15–25%),

dominated by muscovite dehydration melting.

Monazite records the earliest prograde melting at

�32Ma and large-scale partial melting lasted from 29 to

25Ma, possibly to �20Ma. From �20 to 16Ma this

block slowly cooled from peak T to 560–620�C at an

average cooling rate of 356 8�C Ma–1, followed by rapid

cooling (1206 40�C Ma–1). The lower GHC block experi-

enced lower peak temperatures (640–675�C) and a

lower amount of partial melting (0–10%) via H2O-satu-

rated or muscovite dehydration melting. Monazite
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records early sub-solidus prograde ages of �26Ma and

partial melting lasted from �19 to 16Ma, while the

upper section was already cooling. From �16 to 7Ma,

the lower block slowly cooled from peak T to 560–620�C

at an average cooling rate of 1065�C Ma–1, followed by

rapid cooling (100620�C Ma–1). The timescale of meta-

morphism suggests a long duration (�15 Myr) of high-

temperature metamorphism (>600�C). Partial melting

in the upper GHC lasted for 7–12 Myr, whereas partial

melting in the lower GHC was sustained for only �3

Myr.

The diachroneity of two distinct blocks within the

GHC implies a discontinuity in the study area, which is

probably connected to other discontinuities in the cen-

tral Himalaya. These discontinuities together constitute

the High Himalayan Thrust, which was active during the

period 25–16Ma. Diachronous metamorphism and in-

sequence thrusting across the GHC is compatible with

the critical taper model, whereas a long period at high

temperature in each block is more supportive of the

channel flow model. For the rocks exposed at present in

the Himalaya a channel flow process dominated the ex-

humation of the high-grade upper GHC during the

period 25–16Ma, whereas a critical taper process domi-

nated the exhumation of the lower GHC rocks and

cooled upper GHC migmatites from 16 to 10Ma. This

study implies that both propagating thrusting along

large tectonic boundaries and low-viscosity lateral crus-

tal flow contribute to the exhumation of high-grade

metamorphic rocks in Himalaya-like large collisional

orogens.
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