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Abstract Revealing the timescales of metamorphic and anatectic processes is central to our
understanding of tectonic evolution of collisional orogens. High-temperature migmatites and
leucogranites are well exposed in the Himalayan orogenic core, making it an ideal region to study

the timing and duration of partial melting and melt crystallization of the orogen. Here, we report an
integrated and comprehensive data set of petrography, U-Pb age, and trace element data for zircon from
a pelitic granulite and associated leucosomes of the Greater Himalayan Sequence (GHS) in the Yadong
area, eastern Himalaya. Zircon grains with complex internal structure retain variable ages ranging from
32 Ma to 13 Ma that correlate systematically with changes in the concentrations of Y, Th, U, Hf, Nb, Ta,
and HREE, and ratios of Th/U, Eu/Eu*, and Nb/Ta. Combined with petrologic analysis, we conclude
that the granulite witnessed high-temperature metamorphism, melting, and melt crystallization over
~20 Myr. Prograde, simultaneous increases in pressure and temperature and associated dehydration
melting began at least by ~32 Ma and lasted until ~24 Ma. Subsequent quasi-isothermal decompression-
melting occurred between ~22 and 19 Ma, and late melt crystallization spanned ~19 to 13 Ma. Large
volumes of melt generated during prograde metamorphism could have triggered exhumation of GHS
rocks, increasing melt fraction through a positive feedback between exhumation and melting. More
comprehensive analysis of different rock types led to more complete and different interpretations for the
timing of exhumation and melt crystallization in the Yadong-Sikkim region and might enable alternate
interpretations elsewhere in the Himalayas.

1. Introduction

Melting drastically weakens rocks (e.g., Rosenberg & Handy, 2005; Sawyer et al., 2011) and thus is a key
factor that controls the tectonic evolution of orogens (Beaumont et al., 2001, 2004; Jamieson et al., 2004; Rey
et al., 2009). In particular, the timescales of partial melting in high-grade metamorphic rocks, when they
begin to melt in a collision cycle and how long they remain partially molten, can be central to understand-
ing the architecture and deformation of collisional orogenic belts. The Himalayan orogen, the result of the
ongoing Cenozoic collision of the Indian and Asian plates, exposes a spectacular assemblage of migmatites
and leucogranites (e.g., Kohn, 2014; Yin & Harrison, 2000). These rocks, which represent the buried and
subsequently exhumed Indian continental crust, are an ideal vehicle to study active orogenic processes
and test geodynamic models of how the crust responds to continental collision (e.g., Guillot et al., 2008;
Kohn, 2014; Searle et al., 2011). Although the timing and conditions of crustal melting in the Himalayan
orogen, especially its core, have been intensively studied, interpretations of how that melt has affected the
overall deformation behavior of the orogen differs substantially. For example, some have advocated for
critical taper-like behavior (cooler P-T conditions, in-sequence thrusting, decreasing P-T conditions, and
ages structurally downward) with little direct influence of melt on structure, while others have advocated
for channel-flow behavior (warmer P-T conditions, nearly synchronous exhumation of a large thickness of
crust), driven by coupling of the flow of weak migmatites to an erosional front (see detailed reviews of Him-
alayan high-grade metamorphism and tectonics in Kohn, 2014 and Carosi et al., 2018). In the Sikkim-Ya-
dong region, eastern Himalaya, well-exposed migmatites and leucogranites indicate intense anatexis of the
orogenic core (e.g., Chakraborty et al., 2016, 2017; Harris et al., 2004; Kellett et al., 2013; Rubatto et al., 2013;
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Searle & Szulc, 2005; Sorcar et al., 2014; Z. Zhang et al., 2017; Z. M. Zhang et al., 2017). They therefore offer
an excellent opportunity to study the timing and duration of metamorphism, partial melting, and melt crys-
tallization of the Himalayan orogen in the context of its structural evolution.

In this study, to better understand the timescales over which partial melt was produced and crystallized
during the Himalayan orogeny, we present a systematic data set of cathodoluminescence (CL) images, U-Pb
ages, and trace element compositions of zircon from migmatitic pelitic granulite and associated leucosomes
in the Yadong region, eastern Himalaya, immediately east of Sikkim. Our new work builds on a prior study
of the granulite (Z. Zhang et al., 2017) that developed a robust P-T path through thermodynamic modeling,
and identified the general timescale of metamorphism. Here, we add a much more comprehensive data set
of zircon ages and compositions for associated leptosomatic rocks (e.g., discovering an age gap between 24
and 22 Ma that was not recognizable with fewer prior data) and explore tectonic implications more thor-
oughly. These new data show that the pelitic granulite underwent prolonged high-temperature metamor-
phism and anatexis. Three stages of melt evolution include prograde melting with increasing temperature
between ~32 and 24 Ma, decompression melting between ~22 and 19 Ma, and melt crystallization between
~19 and 13 Ma. We suggest that intensive melting and initiation of melt segregation may have triggered the
formation of Himalayan leucogranites and exhumation of mid-lower crustal rocks by altering the strength
profile of the crust.

2. Geological Setting

The 2,500-km-long Himalayan orogen is separated tectono-stratigraphically by the north-dipping South
Tibetan Detachment System (STDS), Main Central Thrust (MCT), and Main Boundary Thrust (MBT). These
structures divide the orogen from north (structurally highest) to south (structurally lowest) into the Teth-
ys Himalayan Sequence (THS, above the STDS), Greater Himalayan Sequence (GHS, between the STDS
and MCT), Lesser Himalayan Sequence (LHS, between the MCT and MBT) and Sub-Himalayan Sequence
(below the MBT; e.g., Yin & Harrison, 2000; Yin, 2006; Figure 1a). Oligocene-Miocene leucogranite dikes
and plutons mainly intruded the upper part of the GHS, or into the THS (e.g., Guo & Wilson, 2012; Le
Fort et al., 1987; Searle et al., 1997; Searle & Godin, 2003; Weinberg, 2016; Wu et al., 2015). The STDS is
characterized by a several hundred meters to kilometer thick ductile to brittle shear zone with a top-to-
the-north shear sense, and is commonly regarded as a detachment fault system. Ductile shear along the
STDS occurred between 25 and 16 Ma and was accompanied by emplacement of leucogranite plutons (e.g.,
Chambers et al., 2011; Cottle et al., 2007; Kellett et al., 2018; Leloup et al., 2010; Searle & Godin, 2003;
Yin, 2006). The MCT is characterized by a kilometer-scale thrust-sense ductile shear zone (Yin, 2006; Yin
& Harrison, 2000). In addition to these structures, major thrust-sense shear zones also occur within the
GHS and many have been correlated along-strike with the High Himalayan Discontinuity (HHD) in Nepal
(see reviews of Carosi et al., 2018; Cottle et al., 2015; Montomoli et al., 2015). These intra-GHS shear zones
are thought to have been active before the MCT, at 25 to 20 Ma versus <20 Ma (e.g., Carosi et al., 2018;
Kohn, 2008).

In terms of metamorphism, the LHS preserves a nearly orogen-scale classic inverted Barrovian sequence
from chlorite to kyanite zones, where higher metamorphic grades lie successively at higher structural levels
(generally south to north; e.g., Colchen et al., 1986; Dasgupta et al., 2004, 2009; Gaidies et al., 2015; Harri-
son et al., 1998; Kohn, 2008, 2014; Mohan et al., 1989; Mottram et al., 2014). The lithology of the GHS in
different areas varies significantly, but in general, the lower to middle structural level of the GHS consists
of upper amphibolite to granulite-facies metasediments and granitic orthogneisses, and contains abundant
concordant and discordant felsic horizons and lenses (e.g., Le Fort, 1975). Both metasediments and or-
thogneisses underwent dehydration melting of muscovite and biotite (see review of Kohn, 2014). The upper
structural level of the GHS consists mainly of metapelites schists and gneisses, with minor quartzites, mar-
bles, calc-silicate rocks, and (rare) metabasites, hosting networks and lens-shaped bodies of leucogranites
(e.g., Colchen et al., 1986; Le Fort, 1975; Murphy & Harrison, 1999; Searle et al., 2003).

The Sikkim-Yadong region of the eastern Himalaya exposes the inverted metamorphic sequence, major
structures (MCT, STDS, and HHD), and GHS high-grade metamorphic rocks and leucogranites that are
so characteristic of Himalayan structure and metamorphism (Figure 1b; Catlos et al., 2004; Chakraborty
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Figure 1. (a) Geological map of the Himalayan orogen (modified after Yin & Harrison, 2000) showing regional distribution of the main rock units and
structures, and location of our study area. (b) Simplified geological map of Sikkim-Yadong area, showing the local distribution of rock units and structures,

and the sample location. Mineral isograds and samples of lower and upper GHS (Greater Himalayan Sequence) are after Rubatto et al. (2013). Zema Fault (ZF)
and Chungthang-Thambi Thrust (CTT) represent tectonometamorphic discontinuities within the GHS proposed by Rubatto et al. (2013) and Chakraborty
et al. (2019), respectively. MBT, Main Boundary Thrust; MCT, Main Central Thrust; STD, South Tibetan Detachment.

etal., 2016, 2017, 2019; Dasgupta et al., 2004, 2009; Gaidies et al., 2015; Rubatto et al., 2013; Sorcar et al., 2014;
Z. Zhang et al., 2017; Z. M. Zhang et al., 2017). In this area, the GHS consists mainly of schists and par-
agneisses, although orthogneisses and leucogranites dominate the upper part (Figure 2, Gou et al., 2015).
These metamorphic rocks experienced granulite-facies metamorphism (e.g., Rubatto et al., 2013; Sorcar
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Figure 2. Simplified geological map (upper part) and cross-section (lower part) of the Yadong area, showing sampling
site near to the China-India (Sikkim) boundary.

et al.,, 2014; Z. Zhang et al., 2017; Z. M. Zhang et al., 2017) and consist of melanosome (dominated by biotite,
garnet, plagioclase, sillimanite, and kyanite) and millimeters- to centimeters-thick leucosome (dominated
by quartz, plagioclase, and K-feldspar). Recently, Chakraborty et al. (2019) identified a 1- to 5.6-km-wide
shear zone, the Chungthang-Thambi thrust (CTT, Figures 1b and 2), within the lower level of the GHS.
Chakraborty et al. (2019) correlate this structure with the intra-GHS (HHD), and argue for ductile shearing
between ca. 27 Ma and ca. 22.5 Ma, overprinted by later brittle deformation.

3. Petrology

The present investigation focuses on a nearly leucosome-devoid migmatitic pelitic granulite (sample 16-8)
and six associated leucosomes (samples 15-4, 50-3, 50-5, 50-6, 50-7, and 50-12) to the GHS. These rocks
represent the hanging wall of the CTT (HHD) at the upper structural level exposed to the GHS (Figures 1b
and 2). All samples were collected from a locality 15 km to the southwest of the town of Yadong, on the
Chinese side of the China-India border with a GPS position of N27°23'54” and E88°50'28" (Figures 1b
and 2). At the outcrop scale, the granulite consists of planar-foliated, dark, biotite + plagioclase + sil-
limanite 4+ garnet melanosome, alternating with leucosome (Figure 3a). Leucosomes occur as cm- to a
few dm-scale in situ (negligibly mobilized) and in-source (locally coalesced) lenses or veins that consist
mainly of plagioclase, K-feldspar, and quartz (Figures 3a and 3b). Some leucosomes contain small slices
of melanosome. Textures and mineralogy indicate that the leucosomes were derived from partial melting
of the pelitic granulite and experienced variable but small degrees of melt segregation (e.g., see Brown
et al., 1995). Z. Zhang et al., 2017 reported the petrology, general geochronology, and P-T path of the
granulite sample (16-8), and the CL images and geochronologic data of zircon for that sample are after Z.
Zhang et al. (2017).

The pelitic granulite is schistose and consists of plagioclase, biotite, garnet, quartz, and sillimanite, with
minor kyanite, K-feldspar, cordierite, rutile, and ilmenite (Figures 4a and 4b). Garnet occurs as porphyro-
blasts with inclusions of kyanite, plagioclase, biotite, muscovite, and quartz. Kyanite and muscovite occur
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Figure 3. Field photos of the migmatitic pelitic granulite and associated leucosomes. (a) The pelitic granulite consists
of biotite, plagioclase, and quartz with minor garnet and sillimanite, whereas the leucosome occurs as concordant and
discordant bands and veins within the granulite and consists of plagioclase, K-feldspar, and quartz with minor garnet
and biotite. These mineralogies and textures are consistent with segregation of anatectic melts to form foliation-parallel
and locally connecting leucosomes. (b) The pelitic granulite consists mainly of biotite, plagioclase, and quartz, and
contains concordant and discordant leucosome veins that consist mainly of plagioclase, K-feldspar, and quartz with
minor biotite. Locations of samples of leucosome (50-6) and pelitic granulite (16-8) are radiolabeled. The hammer for
scale is 27 cm in length.

only as inclusions within the garnet. Biotite occurs as inclusions in the garnet and in the matrix. Silliman-
ite occurs only in the matrix. Garnet is partly replaced by biotite + plagioclase + sillimanite + cordierite
along its rims, while biotite is replaced by sillimanite along its edges (Figures 4a and 4b). These micro-tex-
tures indicate that an earlier, higher-pressure mineral assemblage of garnet + kyanite + biotite + plagi-
oclase + quartz + muscovite + K-feldspar was replaced by a later, lower-pressure assemblage of garnet + sil-
limanite + biotite + plagioclase + cordierite + quartz (Z. Zhang et al., 2017). Rubatto et al. (2013) and Sorcar
et al. (2014) report similar assemblages and textures nearby in Sikkim, but infer much lower peak pressures.
The studied leucosome assemblage of plagioclase, K-feldspar, and quartz, with minor biotite, cordierite,
sillimanite, and garnet (Figures 4c—4f) is consistent with derivation by partial melting of the host granulite
(Z.Zhanget al., 2017).

4. Prior P-T Path Interpretation

Phase equilibrium models of the pelitic granulite were calculated by Z. Zhang et al. (2017) using a melt-re-
integrated bulk composition in the system MnO-Na,0-Ca0-K,0-FeO-Mg0-Al,05-Si0,-H,0-TiO,-0, (Mn-
NCKFMASHTO). In the context of these models and petrographic observations, especially the occurrence
of rutile and kyanite inclusions in garnet, a peak metamorphic assemblage can be inferred: Bt + P1 + Kf +
Grt + Ky + Qz + Rt + Ilm (+melt; Z. Zhang et al., 2017; Figure 4). This assemblage is stable at high-pressure
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Figure 4. Photomicrographs of the migmatitic pelitic granulite and leucosomes using plane-polarized light (a-b)

and cross-polarized light (c-f). (a) Pelitic granulite (sample 16-8) contains garnet, plagioclase, biotite, and quartz

with minor K-feldspar, kyanite, and sillimanite. Kyanite and muscovite occur only as inclusions within garnet
porphyroblasts, whereas sillimanite occurs along the margins of garnet and biotite. (b) In pelitic granulite (sample
16-8), porphyroblastic garnets are partly replaced by biotite + plagioclase + sillimanite + cordierite along their edges,
and biotite grains are replaced by sillimanite along their margins. (c)-(f) Leucosome samples (50-3, 50-7, 50-5, and 15-4,
respectively) consist mainly of plagioclase, quartz, and K-feldspar. Some samples contain minor biotite, sillimanite, and
cordierite. Mineral abbreviations: Bt, biotite; Crd, cordierite; Gt-garnet, Kf, K-feldspar; Ky-kyanite; Ms, muscovite; P1,
plagioclase; Qz, quartz; Sil-sillimanite.

granulite-facies condition of 12.0-15.5 kbar and 820-870°C. In contrast, the observed matrix (retrograde)
assemblage-Bt + P1 4+ Grt + Sil + Crd + Qz + IIm (Figure 4b), is stable at LP granulite-facies condition of
<6.6 kbar and 700-850°C (Figure 5). Thus, the pelitic granulite records a clockwise P-T path, characterized
by heating and burial to high-pressure granulite-facies conditions, subsequent approximately isothermal
decompression, and approximately isobaric cooling (Figure 4; Z. Zhang et al., 2017). As we discuss below,
our new zircon petrochronological results reinforce this P-T path.
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Figure 5. P-T pseudosection of the pelitic granulite modeled using the melt-reintegrated bulk composition
(recalculated after Z. Zhang et al., 2017). The peak and retrograde mineral assemblages are shown by the bold red fonts.
The bold red line with arrow is the metamorphic P-T path. Darker shaded fields have fewer stable minerals. Mineral
abbreviations: Bt, biotite; Crd, cordierite; Gt, garnet; Ilm, ilmenite; Kf, K-feldspar; Ky, kyanite; L, liquid; Ms, muscovite;
P, plagioclase; Qz, quartz; Rt, rutile; Sil, sillimanite; St, staurolite; Ta, talc.

5. Analytical Methods

In-situ zircon U-Pb dating and trace element analysis were simultaneously conducted by LA-ICP-MS at the
Wuhan Sample Solution Analytical Technology Co., Ltd. Intracrystalline domains with uniform CL intensi-
ty or composition (Figure 6) were targeted for analysis. Detailed operating conditions for the laser ablation
system and the ICP-MS instrument and data reduction are the same as described by Zong et al. (2017). Laser
sampling was performed using a GeolasPro laser ablation system that consists of a COMPexPro 102 ArF
excimer laser (wavelength of 193 nm and maximum energy of 200 mJ) and a MicroLas optical system. An
Agilent 7700e ICP-MS instrument was used to acquire ion-signal intensities. Helium was applied as a carri-
er gas. Argon was used as the make-up gas and mixed with the carrier gas via a T-connector before entering
the ICP. A “wire” signal smoothing device is included in this laser ablation system (Hu et al., 2015). The spot
size and frequency of the laser were set to 32 or 24 um and 5 Hz, respectively.

Zircon 91500 was used as an external standard for U-Pb dating, with zircons GJ-1 and PleSovice as check
standards. Glass NIST610 and SiO, (32.7 wt%) were used for trace element external calibration and internal
standardization, respectively. The obtained weighted mean ***Pb/***U ages for zircon standards GJ-1 and
Plesovice were 601.3 + 3.4 Ma (95% confidence limits, n = 16, MSWD = 0.70) and 336.7 + 1.7 Ma (95% con-
fidence limits, n = 16, MSWD = 0.71), respectively (Table S1). These comparisons are consistent with recom-
mended values (602.1 + 4.9 Ma for GJ-1, Liu et al., 2010; 337.1 = 0.37 Ma for PleSovice, Slama et al., 2008),
and demonstrate that our calibration is accurate to +0.5%. This propagated calibration error is strongly sub-
sidiary to age precision (on average ~5% or ~1 Ma, 2c; Table S1) and is not considered in our interpretations.
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Figure 6. Cathodoluminescence (CL) images of zircon, showing the analyzed spot locations and relevant ages (in Ma).
(a) Pelitic granulite and (b)-(g) leucosomes. The core, mantle, and rim structure of zircon is marked in a representative
grain for each sample. All scale bars are 100 um. CL, Cathodoluminescence.
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Each analysis incorporated a background acquisition of approximately 20-30 s followed by 50 s of data ac-
quisition from the sample. These conditions yielded pit depths of ~10 um. An Excel-based software ICPMS-
DataCal was used to perform off-line selection and integration of background and analyzed signals, time-
drift correction, and quantitative calibration for trace element analysis and U-Pb dating (Liu et al., 2010).
Alternate data processing software (Iolite) does not yield significantly different results. All traces of the
data presented in Table S1 were verified for flat signals to ensure that ablation did not inadvertently inter-
sect an inclusion or fracture, or create mixed analyses by penetrating compositionally and chronologically
different domains below the imaged surface. Any questionable traces (humps, troughs, oscillations, abrupt
shifts, etc.) were eliminated. Concordia diagrams and weighted mean calculations were made using Isoplot/
Ex_ver 4 (Ludwig, 2003).

6. Results

6.1. Internal Structure of Zircon

Zircon in both pelitic granulite and leucosome occurs as matrix grains or as inclusions within garnet, pla-
gioclase, and biotite. Zircon grains from both the granulite and leucosome are colorless, euhedral to sub-
hedral, and prismatic, and exhibit a typical core-mantle-rim structure in CL images (Figure 6), although
inherited core or mantle domains are missing in some grains, and rims can be very thin.

Zircon in the granulite has small inherited detrital cores, wide mantles, and very narrow rims (Figure 6a; Z.
Zhang et al., 2017). The core domains show light luminescence. The mantle domains are generally CL dark
and either show weak patchy zoning or are unzoned. The narrow rims show light luminescence. These rims
were too thin to analyze, which is what prompted us to sample leucosomes in search of thicker rims that
could be analyzed to learn more about the later-stage evolution of these rocks.

Zircon separated from leucosomes has small inherited cores with variable shape, luminescence and zoning,
wide mantles, and narrow to wide rims. Similar to zircons that were directly sampled from the host rock
granulite, the mantle domains in leucosome zircon show very dark luminescence and weak patchy and os-
cillatory zoning or are unzoned. Thick rims show light luminescence and weak patchy or oscillatory zoning
(Figures 6b-6f). The zircon from the leucosome sample 50-6 shows the same core-mantle-rim structure as
zircons from other rocks, but the rim can be divided into an inner rim with light luminescence and weak
patchy or oscillatory zoning, like the rims of the zircon from other leucosome samples, and an outer rim
with very dark luminescence and lack of zoning (Figure 6g).

6.2. U-Pb Ages of Zircon

Zircon analyses from the granulite (n = 14) and leucosomes (n = 223) yielded variable **°Pb/**U ages
ranging from 32 to 13 Ma that are all concordant within uncertainty (Figures 7, 8, and 9a; Table S1). The
zircon mantle domains of the granulite and leucosomes are relatively old, ranging from 29 to 20 Ma and
32 to 24 Ma, respectively (Figures 7, 8, and 9a; Table S1). The zircon rim and inner rim domains of the leu-
cosomes range in age from 22 to 14 Ma (Figures 7, 8, and 9a; Table S1), whereas the outer rim domains of
zircons from leucosome sample 50-6 have the youngest ages ranging from 14 to 13 Ma (Figure 8e; Table S1).
Two age population clusters occur at ~26 Ma and ~17 Ma (Figure 9b), respectively. A distinct age gap is
observed between 24 and 22 Ma that corresponds with the boundary between the mantle and rim domains
of zircons from the leucosomes (Figures 9a and 9b).

6.3. Trace Elements of Zircon

Trace element concentrations and ratios in zircon analyses are presented in Table S1 and vary substantially
(over an order of magnitude for many elements), but nonetheless show patterns in scatter and slope (Fig-
ures 7-10), organized according to age and CL domain.

DING ET AL.
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6.3.1. 32-24 Ma (Mantle Domain)

Th and Th/U increase strongly (Figures 10a and 10c); U, Y, and heavy rare earth elements (HREEs) increase
slightly (Figures 10b-10e); Eu/Eu*, Hf, Nb, Ta, and Nb/Ta show large scatter (Figures 10f-10j); HREE pat-
terns are flat (Figures 7, 8, and 9c).

6.3.2. 24-22 Ma (Age Gap Between Mantle and Rim)

Comparing trends before 24 Ma and after 22 Ma, the following changes are observed across the age gap: a
change in slope for Th and U (Figures 10a and 10b); a compositional offset for Y and HREE (Figures 10d
and 10e); and decreased scatter for Eu/Eu* (Figure 10f), Hf, Nb, Ta, and Nb/Ta (Figures 10g-10j). The steep-
ness of HREE also increases (Figures 7, 8, and 9c).

6.3.3. 22-19 Ma (Rim and Inner Rim)

Th/U, Y, and HREE increase while Eu/Eu* decreases.

6.3.4. 19-14 Ma (Rim and Inner Rim)

The slope for Y and HREE steepens (Figures 10d and 10e), while Th/U switches trend (decreases, some
spots show sharp decreases; Figure 10c) and Eu/Eu* continues to decrease (Figure 10f).

6.3.5. 14-13 Ma (Rim and Outer Rim)

The following changes are observed: A large change in slope for U (Figure 10b), possibly Y + HREE (Fig-
ures 10d and 10e), Hf, Ta, and Nb/Ta (Figures 10g-10j); an offset for Eu/Eu* (Figure 10f); and increased
steepness of HREE (Figure 10e).

7. Discussion
7.1. Zircon Petrochronologic Interpretation

A rigorous interpretation of zircon ages requires relating the different domains to specific metamorphic
stages and, ideally, to specific reactions. Particularly important is to determine whether zircon formed
during prograde metamorphism, melting at or near peak temperature, or during retrograde overprint at
super- or sub-solidus conditions (Kohn & Kelly, 2018; Rubatto, 2017; Rubatto et al., 2013). Accessory min-
eral modeling demonstrates that, from a mass balance perspective, the mode of zircon cannot increase
during prograde metamorphism and melting (Kelsey et al., 2008; Kelsey & Powell, 2011; Kohn et al., 2015).
Increases in abundances of garnet, rutile, and melt must result in a net decrease in the volume of zircon.
Yet, zircon grains commonly show age- and CL-distinct domains with chemistry or mineral inclusions that
are consistent with the formation during prograde metamorphism or melting (Kohn & Kelly, 2018; Rubat-
to, 2017). The volume of zircon that is remobilized and reprecipitated during prograde metamorphism
also far exceeds the amount needed to explain Zr contents in other minerals plus melt. Thus, some zir-
con crystals form and preserve domains during prograde metamorphism and melting, even as the overall
abundance of zircon decreases. These domains are interpreted to form by dissolution-reprecipitation and/
or Ostwald ripening (see summaries of Rubatto, 2017; Kohn and Kelly, 2018; also Nemchin et al., 2001).
Subsolidus zircon domains that precipitate from aqueous solutions typically contain microporosity and mi-
croinclusions of U-Th-HREE minerals (thorite, xenotime, etc.), whereas zircon domains that precipitate in
the presence of a melt generally lack these features (Kohn & Kelly, 2018; Rubatto, 2017). Zircon domains in

Figure 7. U-Pb concordia diagrams (left columns) and chondrite-normalized REE patterns (right columns) of zircon. (a) and (b) Zircons from pelitic granulite
represent a single textural domain (mantle). These show sparse ages with an age gap between about 22 and 26 Ma, and moderate HREE contents with flat
patterns. (c)-(h) Zircons from the leucosomes represent multiple textural domains. Mantle versus rim domains show systematic age differences with an age
gap between about 22 and 24 Ma. Pink arrows indicate increasing HREE contents and deepening negative Eu anomalies from mantle to rim, implying garnet
breakdown and plagioclase growth, respectively, during retrograde metamorphism and melt crystallization.
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Figure 8. U-Pb concordia diagrams (left columns) and chondrite-normalized REE patterns (right columns) of zircon from the leucosomes. Zircons from these
leucosomes represent multiple textural domains. Mantle versus rim domains show systematic age differences with an age gap between about 22 and 24 Ma.
Chemically zoned rims show an age range from about 15 to 13 Ma. Pink arrows indicate increasing HREE contents and deepening negative Eu anomalies from
mantle to rim, implying garnet breakdown and plagioclase growth, respectively, during retrograde metamorphism and melt crystallization.

the studied samples show no microporosity or unusual microinclusions (Figure 6). These textures suggest
formation in the presence of a melt, but we further use chemistry to interpret the conditions of formation
of these domains.
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Figure 9. Summary diagrams for all zircon age and REE data. (a) U-Pb
Concordia diagram shows a nearly continuous distribution of ages from 32
to 13 Ma, but with a distinct age gap between 24 and 22 Ma, corresponding
generally to mantle versus rim domains. (b) U-Pb age relative probability
diagram shows the 24-22 Ma age gap and a pronounced peak in age at
ca.17 Ma. (c) Chondrite-normalized REE pattern. Red arrows indicate
increasing HREE contents and deepening negative Eu anomalies, implying
garnet breakdown and plagioclase growth, respectively, during retrograde
metamorphism and melt crystallization.

Petrographically, we observe only one episode of garnet growth and con-
sumption in the studied granulite, and geochemically we observe no
multiple clustering of ages or oscillations in Th/U, Y, HREE, and Eu/Eu*
(Figures 9a and 10c-10f). Consequently, we interpret these zircons to
have formed during only one continuous process of metamorphism, ana-
texis, and melt crystallization, rather than multiple cycles of temperature
change or melt production, loss, crystallization, and so on. The similarity
in CL textures, ages, and trace element compositions among zircons sepa-
rated from granulite versus leucosome (Figures 6-10; Table S1) is consist-
ent with the derivation of both rock types and their zircons from the same
precursor. Consequently, we interpret all zircon ages and compositions
together and do not parse data according to hand specimen or rock type.
In general, we interpret the chemical trends in mantle and rim zones of
zircons in the context of major and trace phase abundances and overall
P-T evolution, according to the following principles:

1. Melting dissolves monazite preferentially compared to zircon (Kelsey
et al., 2008; Yakymchuk & Brown, 2014), and because monazite pref-
erentially incorporates Th relative to U, increased melting should
produce higher Th/U in zircon (Yakymchuk & Brown, 2019; Yaky-
mchuk et al., 2018). Conversely, melt crystallization should result in
lower Th/U in zircon

2. Plagioclase strongly partitions Eu** compared to other phases, in-
cluding melt (the partition coefficient, D, is approximately 2), where-
as K-feldspar moderately partitions Eu** (D ~ 0.75), and other phases
take very little (Holder et al., 2020). In our models, K-feldspar is never
modally abundant, and any growth is more than offset by dissolu-
tion of plagioclase (Figures 11a and 11b). Thus, decreasing Eu/Eu*
indicates increasing abundance of plagioclase, but not K-feldspar.
Changes to redox state (Eu**/Eu*") also depend on pressure (Holder
et al., 2020), but predicted changes to Eu/Eu* for very large changes
to pressure are only ~20%-30% (Holder et al., 2020), whereas we ob-
serve changes of a factor of ~2-3 (Figure 10f)

3. Garnet, allanite, and xenotime take up substantial Y and HREE
(Engi, 2017; Hermann, 2002; Spear & Pyle, 2002), but there is no pe-
trographic evidence for prograde allanite or xenotime in the studied
rocks. So, lower Y and HREE of zircon and a flatter slope to HREE
trends mainly reflect garnet growth. However, increasing tempera-
ture might cause diffusional loss of Y and HREE from garnet cores
(e.g., 700°C-900°C; Carlson, 2012; Kohn, 2009), increasing the HREE
and Y content of the reactive rock. In general, we expect that garnet
growth should lead to steadily decreasing Y and HREE availability,
while dissolution of garnet (and possibly stasis at very high temper-
ature of >~700°C; Ding et al., 2021) should lead to increasing Y and
HREE availability. Dissolution of monazite will also increase avail-
able Y and HREE, but in general garnet growth and consumption
dominate the mass balance of these elements (Spear & Pyle, 2010)

4. High field strength elements (Hf, Nb, and Ta) depend on abundanc-
es of biotite, rutile, and ilmenite (e.g., Luvizotto & Zack, 2009), but
because partition coefficients are not well known, we are as yet una-
ble to independently interpret Hf, Nb, Ta, and Nb/Ta trends. Trends
generally parallel other trace elements or show changes in slope at
similar times (Figures 10g-10j), indicating that Hf, Nb, and Ta likely
respond to melt production and crystallization
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Within the framework of chemical trends and ages of zircon (Figures 7-10), we make the following
interpretations:

32-24 Ma (mantle domains): Increasing Th and Th/U (Figures 10a and 10c) indicate an increase in melt
content. We interpret the slight increases in Y and HREE (Figures 10d and 10e) to reflect either diffusional
re-equilibration of garnet (fluxing Y and HREE to the matrix), or slight garnet consumption.

24-22 Ma (age gap between mantles and rims): The increase in steepness of HREE patterns (Figures 7, 8,
and 10e) across the age gap suggests garnet dissolution.

22-19 Ma (rim and inner rim): The increase in Th/U, slight increases in Y and HREE, and decrease in Eu/
Eu* (Figures 10c-10f) indicate that melt fraction and plagioclase abundance were increasing, while garnet
was dissolving.

19-14 Ma (rim and inner rim): The reversal in Th/U at ~19 Ma (Figure 10c) indicates a switch to crys-
tallization of leucosomes, while the steepening slope for Y and HREE (Figures 10d and 10e) indicates an
increasing rate of garnet consumption.

14-13 Ma (rim and outer rim): The offset for Eu/Eu* (Figure 10f) and the increased steepness of HREE
and Y (Figures 10d and 10e) indicate further dissolution of garnet in the context of very late-stage feldspar
growth and melt crystallization.

On the basis of the phase equilibrium modeling of Z. Zhang et al. (2017), we calculated isomodes of melt
and minerals on a P-T pseudosection (Figures 11a-11e) as well as the dependence of the solidus tempera-
ture on the assumed amount of melt (e.g., to distinguish crystallization conditions of partially segregated
leucosomes compared to the original melt-reintegrated composition; Figures 11f). In comparison with P-T
diagrams contoured for isopleths of melt, garnet, and plagioclase (Figures 11a-11e), we can link the ages
petrogenetically as follows:

Between 32 and 24 Ma, the increases in Th and Th/U (Figures 10a and 10c) indicate that zircon mantles
formed during partial melting and increasing melt mode, likely through dissolution-reprecipitation or Ost-
wald ripening (Kohn & Kelly, 2018; Rubatto, 2017). The slight increase in Y and HREE with decreasing age
(Figures 10d and 10e) is consistent with the formation of zircon at sufficiently high temperature for Y and
HREE diffusion in garnet, or during a stage of very slight garnet dissolution. Phase equilibrium modeling
indicates that the garnet mode slightly decreases and melt mode largely increases during prograde musco-
vite dehydration-melting (Figure 11c). Thus, we interpret the age of 32-24 Ma to represent the timing of
prograde melting (Figure 11d).

The lack of zircon ages between 24 and 22 Ma does not allow close interpretation. However, zirconium
mass-balance models show that the zircon mode should decrease during partial melting (Kelsey et al., 2008;
Kelsey & Powell, 2011; Kohn et al., 2015; Yakymchuk et al., 2017). Therefore, we consider the 24-22 Ma
age gap to bracket the timing of peak metamorphism and associated melting, when a large amount of melt
formed over a relatively small change in pressure and temperature (Figure 11d).

Between 22 and 19 Ma, increases in Th, Th/U, HREE, and Y, and decrease in Eu/Eu* in zircon (Figures 10a
and 10c-10f) are consistent with increases in melt and plagioclase fractions and a slight decrease in garnet
fraction. These changes can occur only during a nearly isothermal decrease in pressure (Figures 11a-11e).
Replacement of garnet and kyanite by sillimanite, biotite, and cordierite also requires a nearly isothermal
decrease in pressure, so we infer high-temperature exhumation to retrograde pressures <6-7 kbar during
this time interval. In the restitic granulite, we interpret the lack of large zircon domains younger than
~20-21 Ma (Figure 7a; Table S1), to reflect segregation of leucosomes. Leucosome segregation removes melt

Figure 10. Diagrams of composition versus age for key trace element values and ratios for zircon from the pelitic granulite and leucosomes. The data fields for
zircon mantle, rim (and inner rim) and outer rim are demarcated by the dotted lines. The light green filled areas indicate the peak metamorphic age range (age
gap). (a) Th, (b) U, (c) Th/U, (d) Y, (e) HREE, (f) Eu/Eu*, (g) Hf, (h) Nb, (i) Ta, and (j) Nb/Ta. Note that Th and Th/U increase distinctly in the zircon mantles,
indicating an increasing melt content; Y and HREE increase and Eu/Eu* decrease markedly in the zircon rims, indicating garnet breakdown and feldspar
growth during the partial melting and melt crystallization, respectively; Nb and Ta increase in variable degree from the zircon mantles to rims, and Nb/Ta shows
variable, moderate and low ratios in the zircon mantles, rims + inner rims, and outer rims, respectively.
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Figure 11. Isopleths of mineral and melt modes (white and black numbers, in volume percent) and the range of
possible leucosome solidi, showing variations of major minerals and melt abundances along P-T evolution (bold red
line with arrow; red numbers refer to metamorphic ages in Ma) and solidus temperature variation with different
added melt volumes. The original melt-reintegrated solidus (effective solidus) is shown by thin red line. (a) Plagioclase
increases slightly in abundance after crossing the solidus and during high-temperature exhumation, then increases
rapidly during melt crystallization. (b) A small amount of K-feldspar is predicted at peak P-T conditions, but broke
down during exhumation and cooling. (c) Muscovite decreases in abundance after the P-T path crosses the solidus,
and completely disappears from the rock just before reaching peak metamorphic conditions. (d) Melt increases in
abundance during prograde heating and nearly isothermal exhumation, then decreases during late-stage cooling.
Labels along P-T-t path indicate periods of heating and melting, peak metamorphism and melting, decompression and
melting, and cooling and melt crystallization as well as periods of zircon mantle and rim growth. The numbers marked
on the P-T path refer to metamorphic ages in Ma. (e) Garnet does not change mode significantly after P-T path crosses
the solidus, but decreases during exhumation and especially during cooling. (f) The solidus temperatures decrease with
increasing melt content, and indicate that partially segregated leucosomes and zircons likely crystallized between ca.
650°C and ca. 700°C. The dotted lines represent solidi calculated using the melt-reintegrated bulk composition with
different added melt volume, marked by the numbers (in wt%). Melt composition is from Z. Zhang et al. (2017).

DING ET AL.

16 of 27



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2020GC009539

as a major source of Zr, and decouples reaction of restitic garnet + biotite + sillimanite from feldspathic
melt. However, segregation could not have happened instantaneously, and granulite and leucosomes could
not have been completely chemically isolated (zircons from the granulite do have very thin rims). Possibly,
segregation began earlier, even during the age gap at 22-24 Ma.

At ~19 Ma, the reversal in Th/U (Figure 10c) marks a major transition from melt generation to melt crys-
tallization. The lack of thick rims of this age or younger in zircon from the restitic granulite (Figure 6a)
suggests leucosome segregation was more complete by this time.

After 19 Ma, the steepening slope for Y and HREE (Figures 10d and 10e) indicates that the rate of gar-
net consumption increased during melt crystallization (decreasing Th/U). The large changes in slope of Y,
HREE, and Eu/Eu* at 14-13 Ma (Figures 10d-10f) reflect rapid plagioclase growth and garnet breakdown
during the latest stages of melt crystallization (Figures 11a and 11e). Segregation of leucosomes implies that
the last zircon crystallization temperature (lowest solidus) could have been as low as ~650°C (Figure 11f).

7.2. Petrochronologically Informed Metamorphic P-T-t Path

Linking ages to our calculated mineral assemblage diagram is consistent with the following interpretation:
prograde partial melting occurred with increasing P and T between 32 and 24 Ma up to peak P-T conditions
of 825-850°C and ~13 kbar (Figures 5 and 11). A period of slight heating but substantial melt production
at 24-22 Ma resulted in a hiatus of zircon growth or possibly caused zircon to dissolve. Exhumation to ca.
7 kbar and ~825°C occurred by 19 Ma, implying rapid exhumation (20 km in ~3 Myr, or ~6 mm/yr exhu-
mation). Melts had likely segregated locally (Figure 3) by 19 Ma, and perhaps had started segregating as
early as 22-24 Ma. The dramatically increasing Y and HREE in zircon to ~14 Ma are consistent with an in-
creased rate of garnet dissolution along a quasi-isobaric cooling P-T path (Figure 11e). Zircon rims between
14 and 13 Ma represent the final crystallization of melts (Figure 11d).

These interpretations imply a ~20 Myr process of high-temperature metamorphism, melting, and melt crys-
tallization. The prograde increases in P and T, and associated dehydration melting, began at least by ~32 Ma
and lasted to ~24 Ma, the subsequent isothermal decompression melting occurred between ~22 Ma and
19 Ma, and late melt crystallization initiated at ~19 Ma and ended at ~13 Ma (Figure 11d). These in-
terpretations are consistent with increasing recognition in the central and eastern Himalayan orogen of
middle Eocene to Early Oligocene (45-30 Ma) high-grade metamorphism (e.g., Cottle, Searle, et al., 2009;
Ding et al., 2016; Kellett et al., 2014; Kohn & Corrie, 2011; Lee & Whitehouse, 2007; Regis et al., 2014;
Rubatto et al., 2013; Wang et al., 2015; Zhang et al., 2015; and many others) and leucogranite magmatism
(e.g., Aikman et al., 2012, 2008; Gou et al., 2016; Hou et al., 2012; Liu et al., 2017; Wu et al., 2015; Zeng
et al., 2011). The interpreted segregation of partial melts by 19 Ma and possibly as early as 22-24 Ma is con-
sistent with older voluminous 18-23 Ma leucogranites exposed to the north at the STDS in the Yadong area
(Gou et al., 2016; Liu et al., 2017) and in the upper GHS in neighboring Bhutan (Cooper et al., 2015; Kellett
et al., 2009) and Sikkim (Kellett et al., 2013). The inferred ~3 Myr duration of rapid exhumation (between
22-19 Ma or ~6 mm/yr) of the granulite also generally agrees in age and tempo with the activity of the
STDS and intra-GHS thrusts (especially the HHD) that are related to the extrusion of the GHS (see review
of Carosi et al., 2018). Our interpretation supports previous studies that suggest that high-temperature duc-
tile extension along the STDS lasted no more than a few million years at ~20 Ma (Carosi et al., 2013, 2018;
Chambers et al., 2011; Iaccarino et al., 2017; Sachan et al., 2010), although other studies have proposed more
protracted deformation, both earlier and later (see summary of Kellett et al., 2018).

7.3. Mechanisms of Melting of the Pelitic Granulite

Most studies of high-grade metamorphic rocks from the GHS demonstrate extensive partial melting to
produce the Himalayan leucogranites (e.g., Aoya et al., 2005; Breton & Thompson, 1998; Guillot & Le
Fort, 1995; Guo & Wilson, 2012; Harris et al., 1995; Harris & Massey, 1994; Knesel & Davidson, 2002; Le
Fort et al., 1987; Patifio Douce & Harris, 1998; Weinberg, 2016; Zeng et al., 2012). Two distinct processes
that lead to melting have been proposed: prograde heating with an increase in pressure (Groppo et al., 2010;
Guilmette et al., 2011; Visona & Lombardo, 2002; Zhang et al., 2004), and decompression melting during
exhumation (Davidson et al., 1997; Guo & Wilson, 2012; Harris et al., 2004; Harris & Massey, 1994; Harrison
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et al., 1997; Patifio Douce & Harris, 1998; Viskupic et al., 2005). Other studies have proposed water-fluxed
melting (Gao et al., 2017; Gao & Zeng, 2014; Knesel & Davidson, 2002; Weinberg, 2016), but such melting
occurs at much lower temperatures than we interpret for our rocks and is unlikely to be relevant to our
study, an aqueous fluid is unstable at near-peak P-T conditions relative to melt, and all melts appear locally
derived (Figure 3).

Migmatites in the GHS underwent granulite-facies metamorphism at 750°-850°C, which is sufficient to
induce dehydration melting of muscovite and biotite during prograde heating of pelitic and felsic granu-
lites, and to generate significant amounts of melt (up to 15-30 vol%) (Groppo et al., 2010, 2012; Guilmette
et al., 2011; Rubatto et al., 2013; Zhang et al., 2015, Z. Zhang et al., 2017). Phase equilibria models show
that during the prograde metamorphism of pelitic granulite, the volume of muscovite markedly decreases
(Figure 11c), whereas the volume of melt distinctly increases (Figure 11d). Our peak P-T conditions as
calculated based on the observed mineral assemblage imply that dehydration melting of muscovite during
heating and burial produced melt volumes up to ~20 vol% (Figure 11d). Decreasing pressure would drive
further melting if leucosomes maintain any communication with granulite (melt isopleths show compara-
ble slopes for all models in Figure 11f), but the constraint that plagioclase must be increasing in abundance
(Figure 11a) implies that total melt production did not exceed ~30 vol.% (Figure 11d), which is the amount
we now observe as leucosomes in outcrop (Figure 3). Overall, prograde heating (and burial) drove most melt
production of the pelitic granulite, whereas decompression drove subsidiary melting.

Many studies cite much lower melt volumes (<10%) as a critical threshold for melt interconnectivity (Rosen-
berg & Handy, 2005) and escape (Brown, 2007, 2010; Etheridge et al., 2020). Interconnected melts are not
necessarily mobile, however, and image processing of migmatites with incipient melt segregation (e.g., Fig-
ure 3; Figure 5 of Brown, 2010) indicates much higher melt volumes of c. 30% before segregation begins.
Such a high fraction is consistent with mixed crystal-melt models, which indicate a high probability of melt
extraction only at melt fractions >30% (Dufek & Bachmann, 2010). Whereas ~30% melt in the studied mig-
matites did not escape at the outcrop scale, the GHS consists mainly of anatectic pelitic and felsic granulites.
More efficient melt extraction in other rocks, for example, because of lower viscosities (higher water con-
tent), higher melt fractions (higher primary mica contents, higher temperatures), structural idiosyncrasies
(deformation and proximity to shear zones), and so on, could readily have sourced Himalayan leucogranites
that occur in the upper structural level of the GHS and within the THS (see also Le Fort et al., 1987; Harris
and Massey, 1994; Guillot & Le Fort, 1995; Harris et al., 1995; Groppo et al., 2013; Searle & Fryer, 1986;
Searle, 2013; Wu et al., 2015; Zhang et al., 2015).

7.4. Tectonic Implications
7.4.1. Exhumation Mechanisms of the GHS

Despite several decades of investigations, exhumation mechanisms of the GHS remain vigorously debated.
A major outstanding question focuses on the causal relationship between exhumation and partial melting.
Many workers have argued that rapid decompression during exhumation resulted in the partial melting
of the GHS, that is, that tectonics drove melting (e.g., Harris & Massey, 1994; Harrison et al., 1997; Zhang
et al., 2004). However, recent studies (Ding et al., 2021; Iaccarino et al., 2015; Rubatto et al., 2013; Wang
et al.,, 2015, 2016; Zhang et al., 2015; Z. M. Zhang et al., 2017) and this work reveals that the GHS underwent
protracted (~10-20 Myr) high-temperature metamorphism and anatexis via dehydration melting from the
Early Oligocene to Early Miocene (Figure 11). These ages distinctly precede the widely accepted Miocene
timing of decompression melting (e.g., Harris et al., 2004). Partial melts dramatically reduce the strength
and density of anatectic rocks (Rosenberg & Handy, 2005), so once melt contents reach a critical threshold,
deformation must partition differently. We propose that the early (>25 Ma) melt generated during prograde
metamorphism of the GHS was insufficient to promote significant changes to deformational style until it
reached a critical threshold of at least 20 vol % (Figure 11d). At that point, either buoyancy forces triggered
rapid exhumation of GHS rocks, or sufficient melt escaped from other GHS rocks to change the overall
strength profile of the orogenic wedge. As Brown (2007, 2010) emphasizes, melt extraction simultaneously
strengthens the lower crust (loss of inviscid liquid) and the upper crust (crystallization of strong, feld-
spar-rich rocks). According to critical wedge theory, a stronger wedge adopts a narrower taper, which could
be achieved through activation of STDS extension. That is, melt extraction to form leucogranites could have
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Figure 12. Metamorphic P-T-t path of the migmatitic pelitic granulite (this study) and published P-T (-t) paths for
comparison. Published paths include pelitic and mafic granulites from the Sikkim region (Faak et al., 2012; Rubatto

et al., 2013; Sorcar et al., 2014), felsic granulites from Nepal (Groppo et al., 2012; Iaccarino et al., 2015) and Namche
Barwa (Guilmette et al., 2011), pelitic granulites from Nyalam (Wang et al., 2016) and Namche Barwa (Zhang

et al., 2015), mafic granulite from Namche Barwa (Zhang et al., 2018), and channel flow model (Jamieson et al., 2004).
All the numbers marked on P-T path refer to metamorphic ages in Ma. The solidus (a) and solidus (b) are after this
study and Iaccarino et al. (2015), respectively.

catalyzed STDS extension by strengthening the wedge. Once exhumation began, decompression melting
provided a positive feedback to continue driving exhumation. That is, melting catalyzed initial exhumation
that then augmented further melting and exhumation.

7.4.2. Comparisons to P-T-t Paths From the Eastern and Central Himalaya

Many studies infer clockwise P-T paths of the GHS rocks in the eastern Himalaya, but have reported dis-
tinctly different metamorphic P-T conditions, depending on geographic area and structural level (Fig-
ure 12). Some previous studies could have underestimated peak-pressure conditions in metapelites because
late-stage sillimanite- and cordierite-bearing low-pressure (LP) assemblages commonly overprint prograde
assemblages (e.g., Groppo et al., 2009, 2010, 2012; Harris et al., 2004; Iaccarino et al., 2015; Wang et al., 2016;
Zhang et al., 2015; Z. Zhang et al., 2017). At least in some rocks, prograde assemblages contained kyanite
plus melt and were stable only at P > 10 kbar and T > 800°C.

In the Sikkim and Yadong region, calculated peak metamorphic pressures of migmatitic granulites of the
GHS are particularly different among different studies. Some studies report pressures of at most 8-10 kbar
at ~800°C and assign these rocks to a medium-pressure (MP) metamorphic belt characterized by silliman-
ite-K-feldspar + cordierite assemblages (Anczkiewicz et al., 2014; Dasgupta et al., 2004, 2009; Gaidies

DING ET AL.

19 of 27



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2020GC009539

et al., 2015; Rubatto et al., 2013). In contrast, other studies argued that the GHS in Sikkim formed at pres-
sures of 13-15 kbar, indicating high-pressure granulite-facies metamorphism within the kyanite stability
field; it was only subsequent decompression at an elevated temperature that caused rocks to enter the sil-
limanite stability field to produce medium-pressure assemblages (Harris et al., 2004; Sorcar et al., 2014; Z.
Zhang et al., 2017).

Pressures calculated for rocks approximately along strike from ours in Sikkim (Figure 1b) are approximately
4 kbar lower than ours (8-9 kbar at ~800°C; Figure 12; Rubatto et al., 2013). These disparities could reflect
different structural levels and imperfect structural correlation. Nonetheless, a high-pressure metamorphic
stage up to 12-13 kbar also has been estimated for mafic granulites occurring as blocks within pelitic and
felsic granulites in the Sikkim area (Figure 12; Faak et al., 2012), as well as higher metamorphic pressures
up to 14-20 kbar for granulitized eclogites in neighboring regions of Nepal and Bhutan (Corrie et al., 2010;
Cottle, Jessup, et al., 2009; Groppo et al., 2007; Grujic et al., 2011; Kellett et al., 2014; Li et al., 2019; Lom-
bardo & Rolfo, 2000; Wang et al., 2017; Warren et al., 2011). Recent studies have indicated that the GHS
anatectic granulites in the eastern Himalaya commonly experienced high-pressure granulite-facies meta-
morphism with P-T conditions of up to 12-16 kbar and clockwise P-T paths (e.g., Ding et al., 2001; Groppo
et al., 2012, 2010; Guilmette et al., 2011; Kali et al., 2010; Tian et al., 2016; Zhang et al., 2015, 2018; Z. M.
Zhang et al., 2010). Thus, our inferred peak P-T condition and P-T path are consistent with numerous stud-
ies both nearby in Sikkim and more generally within the eastern sector of the Himalaya.

7.4.3. Architecture of the GHS

Most petrochronological studies imply that different GHS rocks witnessed significantly different initia-
tion and duration of high-temperature metamorphism and melting (e.g., cf. Figure 12), and that several
tectonometamorphic discontinuities occur within the GHS (e.g., Carosi et al., 2010; Corrie & Kohn, 2011;
Grujic et al., 2011; Kohn et al., 2004; Imayama et al., 2012; Larson et al., 2013; Montomoli et al., 2013;
Larson & Cottle, 2014; Wang et al., 2013, 2015, 2016; Warren et al., 2011, 2014). If so, the GHS should
have a complex architecture (Goscombe et al., 2006; Larson et al., 2015; Montomoli et al., 2015; Muk-
herjee, 2015; Wang et al., 2016) that contrasts to older models in which the GHS forms a single coherent
tectonic unit with only two structures, the STD and MCT, as its top and bottom boundaries (e.g., Le
Fort, 1975; Searle et al., 2011; Yin & Harrison, 2000). In the Sikkim Himalaya, based on zircon and mona-
zite petrochronological study of the pelitic granulites, Rubatto et al. (2013) and Anczkiewicz et al. (2014)
argued for at least two slices of GHS rocks, each with a distinct P-T-t history, separated by an out-of-se-
quence tectonometamorphic discontinuity (the Zema Fault, ZF; Figure 1b). In their interpretation, the
lower GHS reached peak metamorphism and began melting earlier than the upper GHS (Figure 12). It
is evident, however, that the P-T-t path of the granulite in this study differs markedly from either the
upper or lower GHS rocks examined in Rubatto et al. (2013), despite their mutual proximity. In addition,
Chakraborty et al. (2019) proposed that the structurally lower CTT (HHD, Figures 1b and 2) initiated
ca. 27 Ma (based on interpretations of Rubatto et al., 2013), before the peak age (ca. 24-22 Ma) of our
samples. Because the hanging wall of a thrust should cool, not heat, during thrusting, these ages are not
easily reconcilable. Either there are more tectonometamorphic discontinuities in the area, discontinu-
ities in the Sikkim area do not propagate into the adjacent Yadong area, or the ages of CTT movement
and Sikkim metamorphism should be reconsidered. As one example, acknowledging that Eu trends for
Sikkim rocks at low structural levels have interpretational latitude, the ages and inferred P-T-t path there
can be reconciled with the younger peak metamorphic age (22-24 Ma) that we infer at Yadong and with
younger CTT movement.

For Nepal and nearby areas, where there has been more work on tectonometamorphic discontinuities in
the GHS, different studies yield diverse interpretations of the numbers of thrust sheets and prograde met-
amorphic ages. Many petrochronological studies divide the GHS into two or more thrust sheets, with de-
creasing metamorphic conditions and ages toward the lower structural levels (Corrie & Kohn, 2011; Larson
et al., 2013; Montomoli et al., 2013; Walters & Kohn, 2017; Wang et al., 2015, 2016). Other studies (Ambrose
et al., 2015; Goscombe et al., 2018; Larson et al., 2015) have proposed that the GHS contains a series of
slabs with wide-ranging metamorphic conditions and ages. In the lower GHS of the Kali Gandaki valley,
central Nepal, ages are interpreted to reflect prograde metamorphism and protracted high-pressure melting
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between 36 and 28 Ma, with high-temperature decompression and cooling between 25 and 18 Ma (Carosi
et al., 2014; Taccarino et al., 2015; Figure 12). These metamorphic and anatectic ages are distinctly older
than those obtained from the lower GHS in other studies, so in a broader geographic context appear incom-
patible with the decreasing metamorphic age trend toward lower structural levels of the GHS as suggested
in many studies.

The conflicting interpretations regarding the number of thrust sheets and the timing of their metamor-
phism across Nepal-Sikkim sector of the Himalaya, may perhaps, in part, reflect an artifact arising through
reliance on geochronologic analysis of the residuum of migmatites. The studied Yadong rocks clearly show
that the zircon from the pelitic granulite records only the timescale of prograde metamorphism and asso-
ciated partial melting, whereas zircon from the leucosomes provides a more nearly complete picture of the
metamorphism, anatexis, and melt crystallization. Some prior studies restricted consideration to specific
rock types that may not have recorded the full history of anatexis and high-temperature exhumation. If so,
the spatial distribution and temporal evolution of tectonometamorphic discontinuities within the GHS may
be more coherent than currently appear along different sectors of the Himalaya. This hypothesis could be
tested by analyzing leucosomes in addition to melanosomes in future study.

7.4.4. Compatibility With Numerical Models

Several different thermal-mechanical and thermal-kinematic models have been proposed for the Hima-
laya, including channel flow (Beaumont et al., 2004; Godin et al., 2006; Jamieson et al., 2004), critical
taper-type models (Célérier et al., 2009; Herman et al., 2010), and generalized thermal-mechanical mod-
els of continental collision (e.g., Warren et al., 2008). Channel flow has commonly been proposed as a
mechanism to explain the tectonics, P-T paths, and timing of metamorphism and partial melting for the
Himalayan orogen. Application of such models to the GHS, especially channel flow does successfully
reproduce the shape of many P-T paths observed across the eastern Himalaya (Jamieson et al., 2004),
including the prograde heating and isothermal decompression that characterizes the GHS granulites
from Yadong (Figures 11 and 12). However, the rates of exhumation are quite different (Figure 11), for
example, requiring more than 10 Myr for pressure to decrease by 4-5 kbar in channel flow models,
whereas our data indicate ca. 5.5 kbar decompression in only 3 Myr. As identified first by Jamieson
et al. (2004), the timing of cooling and exhumation of the GHS is also much earlier than channel flow
models predict. Although we do not have sufficient data to completely evaluate thermal-mechanical and
thermal-kinematic models proposed for the Himalayan orogen, the improved timescales of metamor-
phism and exhumation for the GHS now call for more sophisticated numerical simulations that better
explain natural petrochronological constraints. Future models should account not only for melt weak-
ening (Beaumont et al, 2001, 2004; Jamieson et al., 2004), but also strengthening associated with melt
extraction (Brown, 2007, 2010).

8. Conclusions

The migmatitic pelitic granulite of the GHS in the Yadong area, eastern Himalaya, underwent high-temper-
ature and high-pressure granulite-facies metamorphism and associated dehydration melting. Zircon from
the pelitic granulite and leucosomes has variable ages ranging from 32 Ma to 13 Ma with an age gap between
24 Ma and 22 Ma, while Y, Th, U, Hf, Nb, Ta, and HREE, Th/U, Eu/Eu*, and Nb/Ta of zircon show system-
atic changes over time. These changes of trace element concentrations and ratios can be linked to important
reactions involving melt, garnet, and plagioclase, allowing rates of melting, isothermal exhumation, and
melt crystallization to be determined. The high-temperature metamorphism, partial melting, and melt crys-
tallization process of the granulite was over ~20 Myr: initial heating above the solidus (~700°C) by ~32 Ma
until ~24 Ma, isothermal decompression melting between ~22 Ma and 19 Ma, and melt crystallization be-
tween ~19 Ma and ~13 Ma. The intensive melting and progressive increase in melt abundance in the region
between 24 and 19 Ma could have triggered the exhumation of GHS rocks, and contributed to the formation
of Himalayan leucogranites. Future study should test tectonometamorphic discontinuities within the GHS
and the implications for complex internal architecture through a more comprehensive chronologic analysis
of both granulites and leucosomes.
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