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ABSTRACT

The retrograded high-pressure (HP) eclogites in the central Himalaya provide
insights into the metamorphic history of the deep crust beneath the Tibetan plateau.
Due to the paucity of exposure, the nature and timing of the protolith and
metamorphism of the eclogites remain poorly known. Here we report zircon and
titanite U-Pb ages, bulk-rock and mineral compositions and zircon Hf isotope data
on the eclogites from the Thongmdn and Kharta areas in the central Himalaya. The
eclogites record peak HP eclogite-facies metamorphism at >1.6 GPa, high-
temperature to ultrahigh-temperature (HT-UHT) granulite-facies overprinting (ca.

0.88-0.99 GPa and 875-920 °C), and subsequent decompression-cooling retrograde
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metamorphism (ca. 0.42—0.62 GPa and 800—820 °C). Geochemical data suggest that
the eclogite protoliths are most consistent with being seafloor tholeiitic basalts with
an E-MORB signature. Inherited magmatic zircon cores from the eclogites give a
protolith age of ~ 450 Ma and enf(t) values of + 3.2 to + 7.0. The mantle portions of
the zircons record a metamorphic overgrowth, and the rims reflect zircon growth
associated with an early decompression granulite-facies metamorphism (~ 17.9—-15.3
Ma) and later decompression-cooling retrograde metamorphic (~ 14.8—13.3 Ma). The
titanite U—Pb age (~ 15.4 Ma) further indicates the beginning of the later retrograde
metamorphism. All these data and observations allow the proposal that in contrast to
the ultrahigh-pressure (UHP) eclogites in the western Himalayan syntaxis, the HP
eclogites in the central Himalaya record the long-lived burial of the Indian continental

crust since initial Indo-Asia collision at ~ 55 Ma.

Keywords: Zircon and titanite U-Pb dating, Geochemistry, Protolith and

metamorphic ages, HP eclogite, Central Himalaya

1. Introduction

The Himalayan orogeny is a tectonic response to the continued India-Asia
convergence since the initial continental collision at ~ 55 Ma (e.g., Yin and Harrison,
2000; Najman et al., 2010). As the orogenic core, the Greater Himalayan Sequences
(GHS) record critical information for understanding this classic orogenesis. Eclogites,

as one of the important metabasic rock components of the GHS, are expected to
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record the history of the underthrusting Indian crust beneath the Asian plate, and to
contain important information on the nature, timing and duration of the
metamorphism and the burial-exhumation of crustal material from beneath the
Tibetan plateau (e.g., Cottle et al., 2009a). Two types of eclogites in the GHS have
been reported (e.g., Lombardo and Rolfo, 2000). The UHP coesite-bearing eclogites
have been documented to be metamorphosed up to >2.6 GPa during the initial India-
Asia collision, cropping out within or close to the Indus-Tsangpo suture zone (ITSZ,
i.e., the India-Asia suture zone) in the western Himalaya (e.g., Tso Morari in Ladakh
and Kaghan in NW Pakistan) (Guillot et al., 2008 and references therein). In contrast,
the HP eclogites have been reported in the central Himalaya, including the Ama
Drime Massif (ADM) and its adjacent areas of China (e.g., Lombardo et al., 1998;
Groppo et al., 2007; Liu et al., 2007; Cottle et al., 2009b; Kellett et al., 2014; Wang
etal., 2017a,2021; Li et al., 2019), Laya of northwestern Bhutan (e.g., Chakungal et
al., 2010; Grujic et al., 2011; Warren et al., 2011), Sikkim in India (Rolfo et al., 2008)
and Arun Valley in Nepal (Corrie et al., 2010), all of which are hundreds of kilometers
south of the ITSZ (Fig. 1).

These HP eclogites in the central Himalaya show textures compatible with initial
eclogite-facies equilibration, followed by pervasive and strong overprints of later
granulite-facie metamorphism (i.e., granulitized eclogite; e.g., Lombardo and Rolfo,
2000; Groppo et al., 2007; Rolfo et al., 2008; Cottle et al., 2009b; Chakungal et al.,
2010; Warren et al., 2011, Wang et al., 2017a, 2021; Li et al., 2019). Three distinct

peak metamorphic ages have been proposed, including (1) Eocene (ca. 38 Ma, Kellett
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et al., 2014); (2) late Oligocene (ca. 26—23 Ma, Corrie et al., 2010) and (3) Miocene
(ca. 17-14 Ma, Grujic et al., 2011; Wang et al., 2017a; Li et al., 2019). However, the
interpretation of Miocene ages is still controversial, representing eclogite-facies ages
or granulite-facie ages (e.g., Li et al., 2019; Wang et al., 2021). Moreover, the
protoliths of the HP eclogites have been interpreted as the Proterozoic and Paleozoic
continental basalts (Chakungal et al., 2010; Wang et al., 2017a) or the Miocene
mantle-derived mafic dikes (Grujic et al., 2011). Therefore, the timing of the
metamorphism and the protoliths of the HP eclogites are both unconstrained.

For the above reasons, we have carried out a comprehensive study on the HP
eclogites sampled from the GHS in the Thongmon and Kharta areas in the central
Himalaya using bulk-rock elemental compositions, mineral chemistry, zircon and
titanite geochronology and zircon Hf isotopic data. We come to the conclusions that
the protoliths of the HP eclogites are seafloor tholeiitic basalts of Ordovician age, and
the granulite-facie metamorphism can be constrained to occur in the Miocene (~

17.9-13.3 Ma).

2. Geological setting and samples

The Himalayan orogenic belt, spanning ~ 2500 km, has been subdivided, from
north to south, into three lithotectonic units—the Tethyan, Greater and Lesser
Himalayan Sequences (THS, GHS and LHS, respectively) separated by the South
Tibetan Detachment System (STDS) and the Main Central Thrust (MCT) (e.g., Yin,

2006; Kohn, 2014). The THS separated by the STDS from the GHC and the ITSZ to
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the north is mainly composed of the Late Proterozoic to Mesozoic metasedimentary
sequence metamorphosed under lower amphibolite-facies conditions or
unmetamorphosed (cf. Kohn, 2014 and references therein). As the orogenic core, the
GHS, representing the middle to lower crustal material, is composed of high-grade
metamorphic rocks (typically upper-amphibolite to granulite facies) with protoliths
of the Late Proterozoic to Paleozoic sedimentary and magmatic rocks (e.g., Searle et
al. 2003; Goscombe et al. 2006; Cawood et al. 2007; Kohn 2008; Groppo et al. 2009;
Imayama et al. 2010; Wang et al. 2013, 2015). The STDS is a system of one to several
low-angle normal brittle faults and/or ductile shears dipping to the north (e.g.,
Burchfiel et al. 1992; Cottle et al. 2007; Leloup et al. 2010; Grujic et al., 2011). The
Main Central Thrust Zone (MCTZ) is a top-to-the-south thrust ductile shear zone and
separates the hanging-wall GHS rocks from the footwall greenschist-facies to
amphibolite-facies LHS rocks (e.g., Searle et al. 2008; Grujic et al., 2011).

The HP eclogites of this study were collected in the Thongmon and Kharta areas
of the central Himalaya (Figs. 1 and 2). The lithotectonic units in the region include
the THS and GHS (e.g., Groppo et al. 2007; Jessup et al. 2008; Kali et al. 2010). The
GHS in the studied areas consists of metabasic rocks, gneisses and schists, all of
which are locally crosscut by leucogranite (Liu et al., 2007; Cottle et al., 2009b; Li et
al.,2019). The HP eclogites and their granulitized equivalents occur within paragneiss
and schists as lenses or elongate blocks, ranging from several tens of centimeters to
tens of meters in length (Fig. 3). Sample details, including locations, mineral

assemblages, protolith and metamorphic ages, and zircon enr(t) data are given in Table
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3. Petrography

The HP eclogites (granulitized eclogites) display a porphyroblastic texture and
contain garnet, clinopyroxene, orthopyroxene, plagioclase, amphibole, quartz and
biotite with accessory apatite, zircon, rutile, ilmenite, titanite and magnetite. The
coarse-grained garnets occur as porphyroblasts and mostly have a mineral inclusion-
rich core and a nearly inclusion-free rim (Fig. 4a and g).

The granulitized eclogites preserve primary omphacite and rutile inclusions in
garnet cores (Fig. 4a—c) and textural evidence for earlier eclogite-facies
metamorphism, i.e., a distinctive lacy symplectite of clinopyroxene + Na-rich
plagioclase developed as a result of omphacite decompression/decomposition (Fig.
4d-f). However, some omphacite inclusions in garnet core are also replaced by
clinopyroxene + Na-rich plagioclase (Fig. 4g—1). High-temperature granulite-facies
event is represented by the development of a Ca-rich plagioclase + orthopyroxene +
amphibole or Ca-rich plagioclase + amphibole symplectite around garnet (Fig. 4a and
7). In a late medium-pressure (MP) granulite-facies stage, amphiboles have grown
after clinopyroxene-plagioclase or orthopyroxene-plagioclase symplectites and
normally include relics of these symplectites and inclusions of ilmenite and magnetite
(Fig. 4a, d—f). Within symplectite of clinopyroxene + Na-rich plagioclase, minor
titanite rims ilmenite (Fig. 4k—m). Rare biotite grows with plagioclase together in the
matrix.

At least three mineral assemblages have been identified to reflect three events as
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described above, i.e., eclogite-facies (M1) of Grt core + Omp + Rt + [lm, HT
granulite-facies (M2) of Grt rim + Cpx + Opx + Amp + Ca-rich Pl + [lm, and MP

granulite-facies (M3) of Amp + P1 + Bt + Cpx + Opx + Ilm+ Mt.

4. Analytical methods

Cathodoluminescence (CL) and back-scattered-electron (BSE) images obtained
by a TESCAN Integrated Mineral Analyzer (TIMA) at the Institute of Geology,
Chinese Academy of Geological Sciences (CAGS), Beijing, were used to characterize
sample textures and to select zircon/titanite spots for U-Pb dating and zircon Hf
isotope analysis. An automated mineralogy approach has been adopted for
phase/mineral and element distribution mapping obtained by TIMA. The analyses
were performed on the thin section with a 25 kV accelerating voltage, 7.55 nA beam
current, 15 mm working distance and 91.67 nm spot size.

Mineral compositions were analyzed in the Institute of Geology, CAGS, Beijing,
using a JEOL JXA 8900 electron probe microanalyzer (EPM) with 15 kV accelerating
voltage, 20 nA beam current, 10 um probe diameter, and counting time of 10 s for
peak and background. Natural or synthetic standards were used for calibrating EPM
analysis with ZAF corrections applied.

Bulk-rock major and trace element analysis was done at the National Geological
Analysis Center of China, CAGS, Beijing. The major element analysis was done
using X-ray fluorescence (XRF, Rigaku-3080). The trace elements Zr, Nb, Cr, Sr, Ba,

Ni, Rb and Y were analyzed using a different XRF instrument (Rigaku-2100). Other
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trace elements were analyzed by using inductively coupled plasma mass spectrometry
(ICP-MS, TJA-PQ-ExCell) following Li (1997).

Zircon U-Pb dating and trace element analysis were done using LA-ICPMS in
the Mineral and Fluid inclusion microanalysis Laboratory, CAGS. An NWR 193V¢
laser ablation system (Elemental Scientific Lasers, USA) was equipped with
Coherent Excistar 200 excimer laser and a Two Volume 2 ablation cell. The laser
ablation system was coupled to an Agilent 7900 ICPMS (Agilent, USA). The
analytical details are given in Yu et al. (2019). The analysis was done using 25 pm
diameter spot at 5 Hz and a fluence of 2 J/cm?. Iolite software package was used to
calibrate the downhole fractionation and data reduction (Paton et al., 2010). Zircon
91500 and GJ-1 were used as primary and secondary reference materials, respectively.
NIST610 and *'Zr were used to calibrate the trace element concentrations as external
reference material and internal standard, respectively. The measured 2°Pb/*3*U
weighted mean age of zircon 91500 in the batch 1s 1062.1 + 1.7 Ma (MSWD = 0.55,
20, n = 61). Concordia diagrams and weighted mean calculations were made using
Isoplot/Ex_ver3 (Ludwig, 2003). Data-point errors are +1c.

Zircon Hf isotope analysis was done using a GeoLas Pro UP193nm laser-
ablation microprobe, attached to a Neptune multi-collector ICP-MS in the MNR Key
Laboratory of Metallogeny and Mineral Assessment, Institute of Mineral Resources,
CAGS, Beijing. Instrumental conditions and data acquisition were detailed in Hou et
al. (2007). A stationary spot was used during the analysis, with a beam diameter of 44

um at 8 Hz and a fluence of 8-10 J/cm?. In order to correct for isobaric interferences
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of 7°Lu and '7°Yb on '7°Hf, '7°Lu/!*Lu = 0.02658 and '"°Yb/'*Yb = 0.796218 ratios
were determined (Chu et al., 2002). For instrumental mass bias correction Yb isotope
ratios were normalized to '">Yb/!*Yb of 1.35274 and Hf isotope ratios to '7’Hf/!""Hf
of 0.7325 using an exponential law (Chu et al., 2002). Zircon GJ1 was used as the
reference standard, with a weighted mean "®Hf/*""Hf ratio of 0.282018 + 0.000020
(20, n = 3) during our routine analysis, which is essentially the same as the weighted
mean Y®Hf/""Hf ratio of 0.282013 £ 0.000019 (25) by Elhlou et al. (2006).

Titanite U-Pb dating were carried out using LA-ICP-MS in the Milma Lab. of
China University of Geosciences (Beijing). Detailed analytical procedure is given in
Sun et al. (2012). The beam diameter of the laser was set to 35 um. The titanite
standard BLR-1 was analyzed as an external standard. Another standard MKED1 was
analyzed as unknowns to check the data accuracy, which yielded a mean 2°Pb/>3*U
age of 1518 33 Ma (MSWD = 1.5, 1o, n = 6). The results are identical within error
to the recommended values (1517 £ 0.3 Ma, Spandler et al., 2016). The measured,
uncorrected, compositions of titanite were plotted on a Tera—Wasserburg diagram
(Tera and Wasserburg, 1972), and they define a line which intersects the y-axis at the
common *’Pb/*®Pb value. The measured **’Pb was applied for common-Pb
correction using the two-stage model of Stacey and Kramers (1975), and the
206pb/238U weighted mean ages were calculated using Isoplot/Ex ver3 (Ludwig,

2003). Data-point error symbols are +1o.

5. Results
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5.1. Mineral major element data

Representative mineral compositions for garnet, pyroxene, plagioclase and
amphibole in sample T15-5-7 are given in Supplementary Table 1-4, respectively.

Garnet is characterized by almandine (41-47 mol.%), grossular (23—32 mol.%),
pyrope (23-29 mol.%) and minor spessartine (2 mol.%), retaining compositional
zoning. The garnet cores (inclusion-rich) has higher Fe, Mg and Mn and lower Ca
contents than the rims (inclusion-free) (Figs. 4c, h and 5a). The core compositions are
essentially uniform, suggesting that they have been largely homogenized at high
temperature (Fig. 5a, Florence and Spear, 1991; Spear, 1991; Kohn and Spear, 2000).

Clinopyroxene has been identified into three types, according to its
microstructure as described above and compositions, including (1) omphacite occurs
as inclusions in garnet; (2) clinopyroxene occurs as symplectite with Na-rich
plagioclase after omphacite in the matrix, (3) clinopyroxene occurs as inclusions in
garnet, retrogressive product of precursor omphacite or prograde relict. Omphacite
has jadeite component contents ranging from 20 mol.% to 26 mol.% (Fig. 5b) and
Xna (Na/(Nat+Ca)) values of 0.21-0.26. The clinopyroxene as symplectite in the
matrix is augite (Fig. 5¢), with low Xna values of 0.046—0.056. The clinopyroxene as
inclusions in garnet is also augite (Fig. 5c¢), with Xna values of 0.034-0.234.
Orthopyroxene is enstatite with the end-member components Engsg-0.59Fs0.39-
0.40Wo00.01-0.03 (Fig. 5¢).

Plagioclase has been grouped into three types, based on its microstructure as

described above. The first type of plagioclase forms fine-grained intergrowths of
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clinopyroxene as symplectite in the matrix, or occurs with clinopyroxene as
inclusions in garnet, developed after omphacite decomposition with andesine (Ans7-
49) composition. The second type of plagioclase occurring with orthopyroxene as
symplectite around garnet is labradorite, bytownite and anorthite (Aneo-92). The third
type of plagioclase occurring in the matrix is labradorite (Ans;_s3).

Amphibole has been identified into two types, according to its microstructure as
described above. Although two types of amphibole are all pargasite, amphibole
occurring as symplectite around garnet has higher Ti (0.190-0.217 a.p.f.u.) and Al
(2.248-2.435 a.p.f.u.) than those occurring in the matrix (Ti = 0.134-0.135 a.p.f.u.
and Al =2.136-2.229 a.p.fu.).

5.2. Bulk-rock major and trace element data

Bulk-rock major and trace element compositions of the HP eclogites are given
in Supplementary Table 5. They have basaltic Si0, (42.7-51.6 wt.%), relatively
higher FeOt (11.3-16.0 wt.%) and TiO; (1.26-2.85 wt.%) than calc-alkaline rocks,
indicating a tholeiitic basalt protolith (Fig. 6a—c). They have a weak fractionated REE
pattern ([La/Yb]n = 1.23-2.08, Fig. 7a), and show significant positive Rb, U and Pb
anomalies (Fig. 7b), reflecting fluid related enrichment.

5.3. Zircon U-Pb age and Hf isotope

Zircon U-Pb age data of four samples and Hf isotopic compositions of two
samples are given in Supplementary Tables 6 and 7, respectively.

Zircons from samples T15-15-5 and T15-10-1 are subhedral-euhedral oblong or

prismatic with varying size (~ 50-200 um). CL images show two types of zircons.
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One type shows a core-rim structure consisting of inherited cores with oscillatory
zoning and dark rims without zoning (Fig. 8a and b). The other type shows weak
sector or fir-tree zoning (Fig. 8b). The analyzed spots on zircon cores yield weighted
mean 2%°Pb/?*8U ages of 449 + 2 Ma (n =38, MSWD = 0.84) and 447 + 3 Ma (n = 10,
MSWD = 0.85) (Fig. 9a and c), and relatively high REE contents and fractionated
patterns (Fig. 10a and c). The 43 Hf isotopic analyses on zircon cores give euf(t) > 0
(+ 3.2 to + 7.0; Fig. 11). Analyzed spots on zircon rims yield 2*°Pb/?*8U ages of 15.3
+ 0.9 Ma (n=9, MSWD = 1.4) and 17.9 £ 0.2 Ma (n =21, MSWD = 3.1) (Fig. 9b
and d), and lower REE contents than the core domains and flat HREE patterns (Fig.
10b and d). Analyzed spots on the second type of zircons from sample T15-10-1 yield
a mean 2%°Pb/*®U age of 13.9 + 0.1 Ma (n = 22, MSWD = 1.9) (Fig. 9d) with higher
REE contents and steeper HREE patterns than zircon rims of the first zircon type (Fig.
10d).

Zircons from samples T15-17-2 and T15-7-3 are subhedral-euhedral prismatic
or oblong with varying size (~ 100-200 pm). CL images show that most zircons have
a core—mantle-rim structure. The cores are rich in inclusions, mostly overprinted by
mantle; the mantles show patchy zoning with relatively bright luminescence (too
narrow to analyze for T15-7-3); the rims show dark luminescence without zoning
(some zircons from T15-17-2 are without rims, Fig. 8c). The analyzed spots on zircon
mantles of sample T15-17-2 yield a mean 2°°Pb/?*8U age of 15.5 + 0.1 Ma (n = 30,
MSWD = 0.71) (Fig. 9¢e), with a relatively flat HREE pattern than zircon rims (Fig.

10e). Analyzed spots on zircon rims yield weighted mean 2°°Pb/?*%U ages of 13.3 =
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0.2Ma (n=5, MSWD =2.2) and 14.8 £ 0.1 Ma (n =33, MSWD = 1.9) (Fig. 9¢ and
f), with a steep HREE pattern (Fig. 10e and ).
5.4. Titanite U-Pb age

One titanite-rich sample T15-10-1 was selected for LA-ICP-MS titanite U-Pb
dating. SE and BSE images of representative titanite are shown in Supplementary Fig.
1 and the titanite U-Pb age data are given in Supplementary Table 8.

Titanites are subhedral-anhedral with varying size (~ 50-200 um) without
zoning. The analyzed spots yield lower intercept age of 15.3 £ 0.3 Ma (Fig. 12a).
After correction using 2°’Pb, the 2*°Pb/?*8U weighted mean age is 15.4 £ 0.2 Ma (n =
39, MSWD = 1.2) (Fig. 12b).

6. Metamorphic P-T conditions
6.1. Phase equilibria modelling

The metamorphic conditions of sample T15-5-7 were estimated using P-T
pseudosection modeling. The pseudosection and mineral composition isopleths were
done using computer program GeoPS (ver. 2.9, Xiang et al., 2020) and the
thermodynamic data set of Holland and Powell (2011, hp62ver.dat) for the multi-
component system NaxO — CaO - K20 — FeO —MgO - AlxO3 - SiO2 - H20 - TiO2 - Oz
(NCKFMASHTO). The pseudosection has been calculated using the following
activity-solution models: biotite, garnet and orthopyroxene (White et al., 2014); K-
feldspar and plagioclase (Holland and Powell, 2003); ilmenite (White et al., 2000);
amphibole, augite and melt (Green et al., 2016); muscovite (Coggon and Holland,

2002; Auzanneau et al., 2010); omphacite (Green et al., 2007); epidote and
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clinozoisite (Holland and Powell, 1998). Quartz, rutile, HO and titanite were
regarded as pure endmember phases. Omphacite and augite models were used,
respectively, for calculation in pressure fields >13 kbar and <13 kbar (Green et al.,
2016).

The P-T pseudosection was constructed using the measured bulk composition
(in mol%: Na,O =1.52, CaO = 13.61, K20 =0.19, FeO = 11.92, MgO = 13.90, Al>O3
=9.26, SiO> = 43.91, TiO, = 1.21, H20 = 3.29 and O> = 1.01) for the P-T range of
700-1000 °C and 0.2-2.5 GPa. In the calculated P-T range, the speculated peak
mineral assemblage (M1) of Grt + Omp + Rt + Ilm is stable at P-T conditions of >1.8
GPa and >870 °C in the presence of melt (Fig. 13a). The isopleths of Xna=0.21-0.26
in omphacite have gentle slopes and are sensitive to change in pressure of ca. 1.4-1.8
GPa (Fig. 13b). The observed HT granulite-facies mineral assemblage (M2) of Grt
(rim) + Cpx + Opx + P1 (Ca-rich) + Amp + IIm is stable at P-T conditions of ca. 0.85—
1 GPa and >830 °C in the presence of melt. The retrograde mineral assemblage (M3)
of Amp + Bt + Cpx + Mt + Opx + Pl + [lm is stable at P—T conditions of ca. 0.2-0.7
GPa and 700-855 °C in the presence of melt.
6.2. Conventional thermobarometry

Given the large stability fields of mineral assemblages corresponding to each
metamorphic event in the Pseudosections, we also used conventional
thermobarometry to calculate P-T7 conditions. The garnet-orthopyroxene-
plagioclase-quartz thermobarometry (Lal, 1993) and amphibole-plagioclase

thermometry (Holland and Blundy, 1994) with amphibole-plagioclase-quartz
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barometry (Bhadra and Bhattacharya, 2007) (Hbl-P1-Q thermobarometry) are used to
calculate the two-stage decompression metamorphic P—T conditions, respectively.
Using the compositions of orthopyroxene + plagioclase symplectite around
garnet and garnet rim, the Grt-Opx-Pl-Q thermobarometry gives metamorphic
conditions of 0.88—0.99 GPa and 875-920 °C in the stability field of Grt + Cpx + Opx
+ Pl + Amp + Ilm + L (Fig. 13b). By using the compositions of amphibole and
plagioclase in the matrix, the Hbl-P1-Q thermobarometry gives P—7 conditions of
0.42—0.62 GPa and 774-822 °C in the two stability fields of Amp + Bt + Cpx + Mt +

Opx + Pl + Ilm = L (Fig. 13b).

7. Discussion
7.1. Early Paleozoic protolith and significance

Zircon U-Pb dating on inherited zircon cores of the HP eclogites gives a
concordant age of ~450 Ma. The clear oscillatory zoning of these inherited cores with
relatively high REE contents than their rims (see Figs. 8a and b, 9a and ¢, 10a and d)
1s consistent with their being of magmatic origin (e.g., Hoskin and Schaltegger, 2003).
Thus, it is reasonable to suggest the Ordovician zircon core age represents the
protolith crystallization age of the HP eclogites.

On the basis of bulk-rock compositional systematics, especially those of
immobile incompatible elements (i.e., high field strength elements such as Nb, Ta, Zr,
Hf, Ti and heavy REEs vs. mobile elements such as Rb, U and Pb), we reason that

the protoliths of the HP eclogites are most likely seafloor basalts with an E-MORB
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signature (Figs. 6,7,14). They have flat or weakly enriched light REE patterns
([La/Sm]ny = 0.92-1.56, [Sm/Yb]xn = 1.07-1.58, where subscript N refers to
normalization again primitive mantle values of Sun and McDonough, 1988) without
depletion of Nb, Ta and Ti (Fig. 7). Moreover, the HP eclogites have positive eus(t) of
zircon magmatic cores, indicative of mantle source without important crustal
assimilation at the time of the protolith magmatism. In addition, the systematic
increases in FeO1r/MgO, TiO2, FeOr and V (Figs. 6,15) with decreasing MgO 1is
consistent with varying extent of basaltic magma evolution before Titanomagnetite
on the liquidus (e.g., Niu, 2005). We should emphasize that the protoliths of the HP
eclogites are unlikely to be arc basalts (IAB) because the latter would be highly
depleted in water insoluble elements (e.g., Nb, Ta, Ti) and enriched in water-soluble
elements (e.g., Ba, Rb, U, K, Sr, Pb) (e.g., Tatsumi and Eggins, 1995), but this is not
the case. The apparent enrichment in Rb, U and Pb (Fig. 7) reflects fluid effects during
metamorphism as reported in many other eclogites/blueschists of MORB protoliths
such as in the Qilian orogen (e.g., Song et al., 2009), Variscan Sardinia orogen and
Western Alps (e.g., Cruciani et al., 2017, 2018).

As we report here, Wang et al. (2017a) showed that the protoliths of the HP
eclogites in ADM have positive bulk-rock eng(t) values and similar geochemical
affinities with E-MORB (Figs. 6, 7, 11 and 14), and their inherited magmatic zircons
also indicate the Ordovician protolith age (~ 480-430 Ma). Moreover, the coeval
mafic rocks (~ 457 Ma) have been reported near the Kharta area and felsic magmatism

(~470-440 Ma) is also widespread in the Everest, Gyirong and Yadong areas within
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the GHS (e.g., Viskupic and Hodges, 2001; Cottle et al., 2009b; Visona et al., 2010;
Dong and Tian, 2019; Gao et al., 2019). We reason that the widespread Ordovician
magmatism along the northern margin of the Indian continent is probably related to
accretionary orogens of East Gondwana (e.g., Cawood and Buchan, 2007). Further
study will be needed with more data to verify the E-MORB protolith interpretation
for the HP eclogites.
7.2. Cenozoic metamorphism
7.2.1. P-T conditions of the central Himalayan eclogites

It is a challenge to obtain accurate peak metamorphic P—T conditions of the
central Himalayan eclogites, most of which have been strongly overprinted by
granulite-facies metamorphism (Lombardo and Rolfo, 2000; Groppo et al., 2007;
Rolfo et al., 2008; Cottle et al., 2009b; Chakungal et al., 2010; Warren et al., 2011,
Wang et al., 2017a, 2021; Li et al., 2019). In our samples, omphacite (inclusion) of
peak eclogitic minerals has been preserved in the cores of porphyroblastic garnets.
The compositions of eclogite-face garnet cores have been modified by diffusion
during late granulite-facies metamorphism, representing a uniform composition
pattern (Fig. 5a). Thus, the highest Xna isopleth of omphacite gives the pressure
condition of ca. 1.6—1.7 GPa in the omphacite stability field without plagioclase (Fig.
13b). Considering the observed breakdown of some omphacite inclusions (into Aug
+ Na-rich P1) within garnet, this P condition is likely the minimum pressure constraint
for eclogite-facies metamorphism. In the same studied area, Wang et al. (2021)

obtained the pressure-peak condition of ~ 2 GPa by compositional isopleths of
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omphacite. For the subsequent metamorphic events M2 and M3 overprinting the
eclogite metamorphism, the P-T conditions are constrained by overlapping fields of
the mineral assemblage stability fields in the P—T pseudosection and using the
conventional thermobarometry. For the event M2, HT-UHT granulite facies
conditions of 0.88—0.99 GPa and 875-920 °C were constrained by the Grt-Opx-P1-Q
thermobarometry that is consistent with the mineral assemblage stability field (Grt +
Cpx + Opx + Pl + Amp + Ilm + L) (Fig. 13b). For the event M3, the Hbl-PI-Q
thermobarometry yielded P-T conditions across two stability fields of Amp + Bt +
Cpx + Mt + Opx + Pl + Ilm + L. With this result, together with the petrography
showing < 0.5 vol.% biotite in our samples, we suggest that the M3 P-T conditions
are ca. 0.42—0.62 GPa and 800-820 °C (Fig. 13b).

Therefore, the eclogites in the central Himalaya experienced peak eclogite-facies
metamorphism at >1.6 GPa, followed by HT-UHT decompression granulite-facies
metamorphism (ca. 0.88—0.99 GPa and 875-920 °C) and by the subsequent cooling
and decompression granulite-facies retrograde metamorphism (ca. 0.42—-0.62 GPa
and 800-820 °C).

7.2.2. Metamorphic time of the central Himalayan eclogites

Compared with older orogens, 1 Myr resolution for Himalayan metamorphism
can be achieved by using typical microanalytical methods (with uncertainties of 2 %),
whereas the same chronologic resolution in Paleozoic or Proterozoic orogens requires
analytical methods that attain < 0.1 to 0.5 % uncertainties (e.g., Kohn et al., 2014).

Our zircon U-Pb geochronology shows that most zircons of the HP eclogites have
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core—rim or core—mantle—rim structures, characteristic of mantle with patchy zoning
and rim without zoning; other zircons have weak sector or fir-tree zoning, all
suggesting zircons (including overgrown mantle, rim and metamorphic growth one)
of metamorphic origin (Fig. 8; e.g., Corfu et al., 2003). Based on zircon REE
characteristics, these metamorphic zircons give two group ages: (1) 17.9-15.3 Ma
with a low-flat HREE pattern (green in Fig. 8b,d,e) and a weak or no Eu anomaly
(Supplementary Table 6), (2) 14.8—13.3 Ma with a high-steep HREE pattern and a
remarkable negative Eu anomaly (Figs. 9 and 10). We suggest that the timing of 17.9—
15.3 Ma recorded by three samples is the granulite-facies metamorphic age for two
reasons: (1) under the granulite-facies conditions, the existing garnets hold HREEs of
the bulk rock, resulting in the low-flat HREE pattern of the zircons (e.g., Rubatto,
2002); (2) zircons forming under granulite-facies need to compete Eu with the
existing and forming plagioclase, thus developing a strong negative Eu anomaly (cf.
Rubatto, 2002 and references therein). We interpret that U-Pb system of minor
zircons without a negative Eu anomaly (11/53) must have been completely reset
during HT granulite facies metamorphism, but the host zircons preserve the REE
characterisctis. Based on the P-T path (Fig. 13b), the HP eclogites in the central
Himalaya experienced decompression cooling (Fig. 13b). During this process, garnet
breaks down and plagioclase forms near the solidus, leading to abundant HREEs and
Eu redistributed in the bulk-rock. Meanwhile, the coexisting and/or growing
metamorphic zircons continue to grow with high HREE contents and a steep pattern

with variably large negative Eu anomalies. Therefore, we interpret the 14.8—-13.3 Ma
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age recorded by three samples as representing the retrograde decompression-cooling
history.

Petrographically, titanite that rims ilmenite (both included in clinopyroxene-
plagioclase symplectite) can be understood as formed by reactions such as:
clinopyroxene + ilmenite — titanite + magnetite (Kohn, 2017) (Fig. 4k—m). Thus,
the titanite U-Pb age of 154 Ma may indicate the onset of the retrograde
decompression-cooling metamorphism. This age interpretation is consistent with the
phase equilibria modelling (i.e., magnetite formation from M2 to M3; Fig. 13).

Therefore, our study suggests that the eclogites in the central Himalaya
underwent HT-UHT granulite-facies metamorphism at ~ 17.9-15.3 Ma, followed by
retrograde MP granulite-facies metamorphism at ~ 15.4-13.3 Ma.

7.2.3. Tectonic evolution

With all the observations, and discussion above, including the timing and P-T
conditions of metamorphic events, we propose a clockwise P—7—¢ path that best
describes the history of the HP eclogites in the central Himalaya. The P—7—¢ path is
characterized by decompression from the HP eclogite facies to HT-UHT granulite
facies at ~ 17.9—15.3 Ma and decompression-cooling across granulite facies to the
solidus at ~ 14.8-13.3 Ma (Fig. 16).

The HP eclogites in the central Himalaya record a different evolution history
from the UHP eclogites in the western Himalayan syntaxis. (1) They are not spatially
associated with the ITSZ, but occur within the GHS or the MCTZ (Fig. 1); (2) they

do not preserve UHP index minerals, but HP omphacite; and (3) they have strong
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granulite- and amphibolite-facies overprinting (e.g., Lombardo and Rolfo, 2000;

Zhang et al.,, 2019). The most conspicuous feature of the HP eclogites is the
clinopyroxene + plagioclase symplectite texture that has been reported in retrogressed
eclogites in many orogenic belts, and is thought to be the replacement of omphacite

by plagioclase and clinopyroxene formed during the transition from eclogite to HP
granulite facies (e.g., Heinrich, 1982; O’Brien, 1990; Rubie, 1990; Joanny et al., 1991;
Smelov and Beryozkin, 1993; Maller, 1998; Lombardo and Rolfo, 2000; Zhao et al.,

2001). Based on the petrography, the samples in the Thongmdn and Kharta areas of
the central Himalaya have omphacite inclusions in garnet as well as the above-
mentioned retrogressed eclogites textures, indicating the presence and significance of
the peak HP eclogite-facies metamorphism (e.g., Li et al., 2019; Wang et al., 2021

and this study). Moreover, the HP eclogites in the central Himalaya underwent UHT
granulite facies overprinting. Wang et al. (2021) suggested that the UHT conditions
could be achieved in 30—40 Myrs after crustal thickening for rocks buried to > 60 km,
which is consistent with our study. If the time of initial Indo-Asia continental collision
1s ~ 55 Ma (Hu et al., 2015), the HP eclogites must have begun to exhume at ~ 17.9—
15.3 Ma, indicating their residence time in the deep crust for more than 30 m.y. The
HP eclogites in the central Himalaya record long-lived burial and rapid exhumation

histories.

8. Conclusion

(1) The HP eclogites of the GHS in the Thongmon and Kharta areas in the central
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Himalaya preserve omphacite inclusions and textural evidence for peak eclogite-
facies metamorphism and record HT-UHT granulite-facies and MP granulite-
facies retrogressed overprints.

(2) The protoliths of the HP eclogites are seafloor tholeiitic basalts with E-MORB-
like geochemistry, formed at ~ 450 Ma. These Ordovician basaltic protoliths
show varying extent of fractional crystallization dominated magma evolution
prior to titanomagnetite on the liquidus.

(3) The HP eclogites underwent decompression granulite-facies metamorphism at
17.9—-15.3 Ma and subsequent decompression-cooling retrograde at 14.8—13.3
Ma, suggesting that the lower crustal materials of the Indian continent

experienced a long-lived burial history since the India-Asia collision at ~ 55 Ma.
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Supplementary Table 1 Representative electron probe analyses of garnet from the HP
eclogite (sample T15-5-7) in the central Himalaya

Supplementary Table 2 Representative electron probe analyses of pyroxene from the
HP eclogite (sample T15-5-7) in the central Himalaya

Supplementary Table 3 Representative electron probe analyses of plagioclase from

the HP eclogite (sampleT15-5-7) in the central Himalaya
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Supplementary Table 4 Representative electron probe analyses of amphibole from the
HP eclogite (sample T15-5-7) in the central Himalaya

Supplementary Table 5 Bulk-rock major and trace element data of the HP eclogites
in the central Himalaya

Supplementary Table 6 Zircon LA-ICP-MS U—-Pb age and trace element data of the
HP eclogites in the central Himalaya

Supplementary Table 7 Zircon Lu-Hf isotopes data of the HP eclogites in the central
Himalaya

Supplementary Table 8 Titanite LA-ICP-MS U-Pb age data of the HP eclogites in the

central Himalaya

Figure captions:

Fig. 1. Sketch geological map of the central Himalaya (modified after Schelling, 1992;
Goscombe and Hand, 2000; Goscombe et al., 2006; Bhattacharyya and Mitra, 2009;
Kali et al., 2010; Kellett et al., 2010; Grujic et al., 2011), showing locations of HP
eclogite outcrops reported in the literature: Laya of NW Bhutan (Grujic et al., 2011),
Sikkim of India (Rolfo et al., 2008), Ama Drime Massif (ADM, e.g., Lombardo et al.,
1998; Groppo et al., 2007; Cottle et al., 2009a, b; Kellett et al., 2014; Wang et al.,
2017a) and Thongmon (Cottle et al., 2009a, b; Li et al., 2019; Wang et al., 2021) of
China, Arun Valley of Nepal (Corrie et al., 2010). Inset shows the region in the context
of the Himalaya-Tibet orogen. Abbreviations: MBT = Main Boundary Thrust, MFT

= Main Frontal Thrust, and STDS = South Tibetan Detachment System.
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Fig. 2. Simplified geological map of the Dinggye region (see Fig. 1), central Himalaya
(modified after Wang et al., 2017b), showing the locations and ages of HP eclogites
and outcrops of the Ordovician mafic rocks reported in the literature: [1] Visona et al.
(2010), [2] Li et al. (2003), [3] Cottle et al. (2009a), [4] Li et al. (2019), [5] Wang et
al. (2021), [6] Cottle et al. (2009b), [7] Kellett et al. (2014), [8] Wang et al. (2017a).
Red and green values refer to protolithic/magmatic ages and metamorphic ages (Ma),

respectively.

Fig. 3. Field photographs of the HP eclogites in the Thongmén ([2-5] in Fig. 2) and
Kharta ([1, 6-7] in Fig. 2) areas. (a) a HP eclogite block “hosted” in gneiss and schist.

(b) HP eclogite lenses and their granulitized equivalents “hosted” in paragneiss.

Fig. 4. BSE images (a, e, f, 1 and j), elemental maps (b, c, h, 1 and m) and
photomicrographs (d, g and k) of the representative HP eclogites in the central
Himalaya. (a) preservation of primary omphacite and rutile in the core of a garnet
crystal, indicating prior eclogite-facies metamorphism. The garnet rims showing
replacement by symplectite of amphibole + Ca-rich plagioclase. Fine-grained
magnetite is scattered in amphiboles in the matrix. (b) and (c) are Na and Ca X-ray
mappings of the Fig. 4a view field with element content increasing from cold to warm
color as in Fig. 4h, 1 and m. (d) and (e) Showing retrograde transition from eclogite

to HP granulite facies: A symplectite of amphibole + Na-rich plagioclase aggregates
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replacing precursor omphacite. (f) MP granulite-facies retrogression: Amphiboles
replace symplectite of clinopyroxene-plagioclase. (g) HP eclogite consists of garnet,
clinopyroxene, orthopyroxene, plagioclase, quartz, amphibole. (h) Ca X-ray mapping
of Fig. 4g field. (i) The porphyroblastic garnet has inclusions of clinopyroxene, Na-
rich plagioclase, quartz, rutile and ilmenite in its core, which could be retrogressive
product of eclogite-facies mineral assemblage. (j) Decompressing mineral reactions:
A Ca-rich plagioclase + orthopyroxene + amphibole symplectite replaces garnet and
quartz. (k) Titanite rimming ilmenite occurs in symplectite of clinopyroxene +
plagioclase (see | and m). (1) and (m) Ca and Ti X-ray mappings of Fig. 4k view field.
Mineral abbreviations: Amp-amphibole, Ap-apatite, Cpx-clinopyroxene, Grt-garnet,
[lm-ilmenite, Mt-magnetite, Omp-omphacite, Pl-plagioclase, Opx-orthopyroxene,

Qz-quartz, Rt-rutile, Ttn-titanite.

Fig. 5. (a) Major element zoning profile of garnet as shown in Fig. 4a. (b) and (c)
Representative compositions of pyroxene within the HP eclogites in the central

Himalaya (Morimoto, 1988).

Fig. 6. Classification diagrams of the HP eclogites in the central Himalaya. (a) Nb/Y
vs. Zr/Ti diagram (Winchester and Floyd, 1976). (b) (Na2O + K>O)-FeO—MgO
(wt.%) diagram (AFM) (Irvine and Baragar, 1971). (c¢) FeO¢yMgO vs. TiO2 (wt.%)
diagram (Miyashiro, 1974). Literature data for ~ 457 Ma mafic rocks near the Kharta

area and the ADM HP eclogites are from Visona et al. (2010) and Wang et al. (2017a),
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showed in Fig. 2 [1] and [8] respectively.

Fig. 7. Ocean crust-normalized REE (a) and ocean crust-normalized multi-element (b)
patterns for the HP eclogites in the central Himalaya. Average ocean crust, oceanic
gabbro and island arc tholeiitic basalt compositions are from Niu and O'Hara (2003)
and Ewart et al. (1998); Data of E-MORB and OIB are from Sun and McDonough
(1989). Literature data for ~ 457 Ma mafic rocks near the Kharta area and the ADM

HP eclogites are from Visona et al. (2010) and Wang et al. (2017a), respectively.

Fig. 8. CL images of the representative zircons of the HP eclogites in the central
Himalaya. The circles are the analytical spots with ages in Ma. Red open circles
represent the analysis domain on zircon cores (Fig. 8a and b), giving the protolith
ages. Green open circles represent the analysis domain of overgrown rims (Fig. 8a
and b) or mantles (Fig. 8c), giving the HT granulite-facies metamorphic ages. Blue
open circles represent the analysis domain on metamorphic growth zircons (Fig. 8b)
or overgrown rims (Fig. 8c and d), giving the retrograde MP granulite-facies
metamorphic ages. Red dotted-line represent domains of residual zircon cores with
abundant inclusions, C, M and R represent core, mantle and rim domains of zircons

(Fig. 8c and d).

Fig. 9. Zircon U-Pb concordia diagrams for the HP eclogites in the central Himalaya.

Red ellipses represent the analyses on zircon cores (Fig. 8a and b), giving the protolith
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ages (Fig. 9a and c). Green ellipses represent the analyses on overgrown rims (Fig.
8a and b) or mantles (Fig. 8c), giving the HT granulite-facies metamorphic ages (Fig.
9b, d and e). Blue ellipses represent the analyses on metamorphic growth zircons (Fig.
8b) or overgrown rims (Fig. 8c and d), giving the retrograde MP granulite-facies

metamorphic ages (Fig. 9d—f).

Fig. 10. Chondrite-normalized REE patterns of zircons of the HP eclogites in the
central Himalaya. Data of the chondrite are from Sun and McDonough (1989). Red
lines are REE patterns of analyses on zircon cores (Fig. 8a and b) of the protolith
magmatic crystallization (Fig. 10a and c). Green lines are REE patterns of analyses
on zircon rims (Fig. 8a and b) or mantles (Fig. 8c) of the HT granulite-facies
metamorphic overgrown (Fig. 10b, d and e). Blue lines are REE patterns of analyses
on metamorphic zircons (Fig. 8b) or rims (Fig. 8¢ and d) of the retrograde MP

granulite-facies metamorphic growth (Fig. 10d—f).

Fig. 11. U-Pb age vs. zircon enuf(t) (left) and bulk rock ena(t) (right) diagram for the
HP eclogites and related rocks from the central Himalaya. Average N-MORB
composition of end(t) = 10.04 is from Niu et al. (2002). Literature data for ~ 457 Ma
mafic rocks near the Kharta area and the ADM HP eclogites are from Visona et al.

(2010) and Wang et al. (2017a), respectively. Abbreviations: DM = depleted mantle.

Fig. 12. Titanite U-Pb concordia diagrams of the HP eclogite in the central Himalaya.
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Fig. 13. P-T pseudosections for the HP eclogite (sample T15-5-7) in the central
Himalaya, calculated for the system NCKFMASHTO (+ Ilm) using the measured
bulk composition. In (a) Phase assemblage fields are shaded more heavily according
to variance. Omphacitic pyroxene (Di) and augite (Aug) were used for labelling in
the HP field (>13 kbar) and medium- to low-pressure fields (<13 kbar), respectively,
and the omphacitic pyroxene with a jadeite component larger than 20% was marked
as omphacite (Omp). The pseudosection (b) is contoured with isopleths of Xna (Omp)
in omphacite using blue lines and vol% biotite using brown lines. Translucent rose-
red rectangles represent P—T conditions for M2 and M3 calculated using conventional
thermobarometry. The dark rose-red fields are overlapping fields of the mineral
assemblage stability field and conventional thermobarometry, finally limiting the P—
T conditions of M2 and M3 stages. Mineral abbreviations: Amp-amphibole, Aug-
augite, Bt-biotete, Di-diopside, Ep-epidote, Grt-garnet, [lm-ilmenite, Ma-margarite,
Ms-muscovite, Mt-magnetite, Omp-omphacite, Pl-plagioclase, Opx-orthopyroxene,

Qz-quartz, Rt-rutile, Ttn-titanite, Zo-zoisite, L-liquid.

Fig. 14. Th/YD vs. Ta/Yb diagram for of the HP eclogites and related rocks from the
central Himalaya. Data of E-MORB, N-MORB and OIB are from Sun and
McDonough (1989). The literature data for ~ 457 Ma mafic rocks near the Kharta
area and the ADM HP eclogites are from Visona et al. (2010) and Wang et al. (2017a),

respectively.
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Fig. 15. MgO variation diagrams of FeOy, TiO2, and V for the HP eclogites in the

central Himalaya.

Fig. 16. Integrated metamorphic P—T paths of the HP eclogites in the central Himalaya
(modified after Li et al., 2019). The facies boundaries are modified after Winter
(2001). The dark rose-red fields are P—T conditions of M2 and M3 stages that overlap

the fields of the mineral assemblage stability field and conventional thermobarometry.
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