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Amphibolite from the core and the outer part of theNamche Barwa Complex (NBC), southeast Tibet, experienced
upper amphibolite facies metamorphism and records clockwise metamorphic P-T paths. Prograde (M1), peak
(M2) and retrograde (M3) metamorphic mineral assemblages were identified in both amphibolite types. The
M2 P-T conditions in the core and outer part of the NBC are similar: Zhibai amphibolite (ZBA, from the core),
~750 °C/10 kbar; Paixiang amphibolite (PXA, from the outer part), 670–750 °C/ 8.5–10.5 kbar. SIMS zircon
U-Pb dating suggests that the protolith of PXA (the outer part of the NBC) formed at ~90–80 Ma, similar to the
mafic dykeswithin the TethyanHimalaya. Thismagmatism is probably related to tectonic events on the northern
Indian passive margin before its collision with the Eurasian Plate. Furthermore, zircon records metamorphism
from Oligocene to late Miocene (~30Ma to ~10 Ma) in the ZBA, while PXA only documents a Miocene metamor-
phic event (~9Ma). It is inferred that fromOligocene to lateMiocene, semi-continuous advection of relatively hot
material from the depthmight have operated only inNBC core, thus exhuming the ZBA to a shallower level,while
thismaterial did not efficiently reach/affect the PXA. At lateMiocene (~10Ma) rapid exhumation started to prop-
agate to the outer part of NBC and both units were amalgamated as a coherent block.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

The Namche Barwa Complex (NBC) exposed in southeast Tibet,
China. As the eastern syntaxis of the Himalayan Orogenic Belt, the NBC
has experienced a complex exhumation history closely related to the
erosion of the deep Yarlu-Tsangpo gorge (Burg et al., 1997; Zeitler
et al., 2001; Koons et al., 2013; Wang et al., 2014a, 2014b, 2014c). Con-
ceptual models have suggested that the NBC experienced the intimated
coupling of rapid erosion, high-grade metamorphism and partial melt-
ing (Zeitler et al., 2001 and 2014; Koons et al., 2013). Therefore,
documenting its metamorphic evolution is critical for understanding
the driving force behind these phenomena (Booth et al., 2009).

Exposed at the easternmost part of theHigher Himalayan Crystalline
Sequence (HHCS), the NBC consists of diverse types of metamorphic
rocks: metapelite, amphibolite, metagraywacke, ortho- or para-gneiss
and migmatite (Sun et al., 2004; Geng et al., 2006; Zeng et al., 2012;
Xu et al., 2012; Zhang et al., 2015; Tian et al., 2016). Previous studies
show that the NBC experienced high-pressure (HP) granulite facies
metamorphism (e.g. Liu and Zhong, 1997; Ding and Zhong, 1999).
Reported metamorphic peak P-T conditions range from 11 to 18 kbar
and 750 to 950 °C (Liu and Zhong, 1997; Ding and Zhong, 1999; Ding
et al., 2001; Liu and Zhang, 2014; Booth et al., 2009; Guilmette et al.,
2011; Zhang et al., 2015; Tian et al., 2016 and 2017). Dating of accessory
phases points out metamorphic ages between 69 and 9 Ma (e.g. Ding
et al., 2001; Liu and Zhang, 2014; Tian et al., 2016). The protracted and
variable peak P-T conditions of the NBC metamorphic rocks have led
to different tectonic models: (a) isothermal decompression (Liu and
Zhong, 1997; Ding and Zhong, 1999; Ding et al., 2001; Booth et al.,
2009); (b) decompression with cooling (Guilmette et al., 2011) and
(c) decompressionwith heating followed by isothermal decompression
(Zhang et al., 2015) or decompressional cooling (Tian et al., 2016). Such
hypotheses are based mostly on petrological studies of mafic granulite
lenses or other metamorphic rocks from the core of the NBC. Previous
geological mapping shows that the NBC consists of at least of four tec-
tonic slices (Bilu, Zhibai, Paixiang and Duoxiong-La) that differ in meta-
morphic grade and mineral assemblage (Geng et al., 2006; Burg et al.,
1997 and 1998; Zeitler et al., 2001; Koons et al., 2013). Whether the
metamorphic history unraveled from the core of the NBC is similar to
that of other parts of the NBC, is still ambiguous and therefore deserves
further investigation.

Amphibolite, as one of the important components in many orogenic
belts, has been reported to be as early as Precambrian (e.g. de Gomes
et al., 1964; Elueze, 1985; Vijaya Kumar et al., 2006; Xiao et al., 2013;

http://crossmark.crossref.org/dialog/?doi=10.1016/j.lithos.2018.10.002&domain=pdf
https://doi.org/10.1016/j.lithos.2018.10.002
wucm@ucas.ac.cn
Journal logo
https://doi.org/10.1016/j.lithos.2018.10.002
Unlabelled image
http://www.sciencedirect.com/science/journal/00244937
www.elsevier.com/locate/lithos


455T. Peng et al. / Lithos 320–321 (2018) 454–469
Lu et al., 2014;Wang et al., 2014a, 2014b, 2014c; Chen et al., 2015;Meng
et al., 2017), Paleozoic (e.g. Dupuy et al., 1979; Reimann and Stumpfl,
1985; Franceschelli et al., 2005; Peng et al., 2014; Wang et al., 2016a,
b, 2017a, 2017b, 2018a, 2018b), Mesozoic (e.g. Bonini and Baldwin,
1998; Tsujimori et al., 2006; Marroni et al., 2014) to Cenozoic (e.g.
Searle et al., 1992; Macfarlane, 1993; Coleman and Hodges, 1998;
Cottle et al., 2009; Gao et al., 2013). Although amphibolite is not usually
a representative rock of high temperature (HT) or high pressure (HP)
metamorphic events, it still can provide key records on the tectono-
metamorphic process of an orogenic belt. Because of stronger resistance
to weathering, the chemical composition would not be altered as easily
as metapelite. These properties make it a good recorder and accessible
host for petrological investigation.

Amphibolite ismore abundant thanmafic granulite in different parts
and structural levels of theNBC andprovides an opportunity to compare
the metamorphic P-T conditions and tectono-metamorphic evolution
between both the Lower and Upper HHCS. Therefore, in this contribu-
tion, amphibolite samples were collected from different parts of the
NBC to define their metamorphic history. The results help to distinguish
the similarity and difference in metamorphic and tectonic history
between the core and the outer part of the NBC.

2. Geological background

The Eastern Himalayan Syntaxis (EHS, Fig. 1), is located at the east-
ernmost part of Himalayan Orogen, where the Indian Plate subducted
Fig. 1. Geological sketch map of the Namche Barwa Complex (NBC) and Eastern Himalaya Sy
represent the sample locations. MBT, the Main Boundary Thrust; MCT, the Main Central Thrus
Indus-Yarlung Tsangpo suture zone; DMSZ, the Dongjiu-Milin shear zone; AMSZ, the Aniqiao
Slice. Paixiang Formation includes Bilu and Qingqing-La slices.
beneath the Eurasian Plate, forming the “great 180-degree bend” of
the Yarlung Tsangpo river. The NBC is the central part of EHS, and is
mainly composed of metamorphic and granitic rocks of HHCS affinity.
The Indus-Yarlung Tsangpo Suture Zone (IYSZ) occurs as an abruptly
curved tectonic boundary between the Lhasa terrane and the NBC, and
it is characterized by dismembered ophiolite and mélange (Xu et al.,
2012). Furthermore, IYSZ can be divided into two sub-tectonic systems
around the NBC: (a) the NE–SW striking, sinistral, strike-slip Dongjiu-
Milin shear zone (DMSZ) in the west and (b) the dextral, strike-slip
Aniqiao-Motuo shear zone (AMSZ) in the east (Burg et al., 1998; Xu
Z.Q. et al., 2012). The Tethyan Himalayan Sequences (THS), consisting
of Paleozoic to Mesozoic sedimentary strata, metamorphosed under
greenschist to epidote-amphibolite facies (e.g. Booth et al., 2004,
2009; Liu et al., 2011), was considered to have been involved in the
IYSZ or ubiquitously mylonitized in the shear zone (Ding et al., 2001;
Xu et al., 2012). Thus, it is difficult to identify the accurate trending of
the Southern Tibetan Detachment (STD) in this area.

The rocks in the NBC were originally named as the Namche Barwa
Group by Zheng and Chang (1979). After updated field mapping, Sun
et al. (2004) divided this group into three packages: (a) Zhibai forma-
tion (Zhibai Slice in Fig. 1), consisting of garnet-bearing gneiss with
sporadic boudins of mafic granulite, garnet clinopyroxenite, kyanite-
bearing pelitic granulite and garnet amphibolite; (b) Paixiang formation
(Bilu and Qingqing-La Slice in Fig. 1), dominantly consisting of felsic
gneiss with subordinate diopside and forsterite-bearing marble,
clinopyroxenite and scapolite diopsidite and (c) Duoxiong-La
ntaxis (EHS). (Modified after Geng et al., 2006 and Xu Z.Q. et al., 2012). The pentagons
t; STD, the South Tibetan Detachment; BNSZ, the Bangong-Nujiang Suture Zone; IYSZ, the
-Motuo shear zone; LZ: Basement of the Lhasa Terrane. Zhibai formation includes Zhibai
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Fig. 2.Outcrops of the garnet-bearing amphibolite in the NBC. (a) and (b), sample X20, located in the Zhibai formationwith leucovein; (c) and (d), sample NB06; (e) and (f), sample NB23;
(g), sample X31 and (h), sample X33.

Table 1
The P-T calculation results from thermobarometer.

M1 M2 M3

X20 No data obtained 749 °C, 10.0 kbar GHPQ 624 °C, 3.5 kbar Hbl-PT
X33 No data obtained 765 °C, 8.9 kbar GHPQ 661 °C, 4.9 kbar Hbl-PT

757 °C, 9.8 kbar GBPQ
NB06 No data obtained 669 °C, 9.7 kbar GHPQ 603 °C, 4.6 kbar Hbl-PT
NB23 No data obtained 748 °C, 10.5 kbar GHPQ 632 °C, 5.5 kbar Hbl-PT
X31 No data obtained 785 °C, 10.3 kbar GHPQ No data obtained

675 °C, 9.7 kbar GBPQ
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migmatite (DMM in Fig. 1), consisting of migmatitic gneiss, augen
gneiss and banded gneiss, and outcropping over a large area in the east-
ern part of the NBC (Geng et al., 2006). Granitic gneiss, with
Paleoproterozoic to Paleozoic protolith ages, within the NBC, indicates
that this complex experienced pre-Himalayan magmatic events (e.g.
Sun et al., 2005; Zhang et al., 2008; Guo et al., 2008; Zhang et al.,
2012; Wang et al., 2014a, b, c). Despite of various pre-Himalayan tec-
tonic events, different rock types of Namche Barwa commonly involved
in the Cenozoic metamorphism up to granulite facies (Zhong and Ding,
1995; Liu and Zhong, 1997). The metamorphism was firstly considered
to have occurred at about 45–69Ma (Ding and Zhong; 1999). Ding et al.
(2001) further constrained this event to be ~40Ma. More recent studies
show that nearly all types of rocks (i.e. mafic and pelitic granulite, am-
phibolite and metapelite) in the NBC record the ~25 Ma or ~18–20 Ma
metamorphism (e.g. Xu et al., 2010; Zeng et al., 2012; Su et al., 2012;
Liu and Zhang; 2014) and a retrograde, amphibolite-facies metamor-
phism at ~9 Ma (Liu and Zhang; 2014). Younger ages of ~10–0.8 Ma
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were also reported (Booth et al., 2009; Wang et al., 2014a, b, c). These
retrogrademetamorphic eventsmay be related to the rapid exhumation
of the NBC. Zhang et al. (2010) found that the High Himalayan rocks in
theNBC experienced only high-P granulite-faciesmetamorphic event at
37–32 Ma, which needs further investigation.

3. Petrography

The amphibolite samples of this study were collected from Jiala
(Zhibai formation), Danniang and Paixiang (Paixiang formation). Sam-
ple localities are shown in Fig. 1. At outcrop scale (Fig. 2a-b), amphibo-
lite from the Zhibai slice (ZBA), core part of the NBC, exhibits remnants
of a garnet-bearing mafic rock with lathy leucosome crystallized be-
tween melanosome, which probably formed as regional leucogranite
during partial melting in the NBC (Zeng et al., 2012). The amphibolite
from Paixiang formation (PXA), outer part of the NBC, occurs as either
enclave or interlayer (Fig. 2c-h) within the metasedimentary rocks,
with relatively less amounts of leucosome. From the metamorphic P-T
paths and ages of these two types of amphibolite from different parts
of the NBC, the tectono-metamorphic evolution of the NBC can be
deciphered more comprehensively.

All the amphibolite samples exhibit similar matrix mineral assem-
blages, but differ in matrix mineral sizes and the composition of min-
erals in symplectites. In the following petrographic description, the
abbreviations M1, M2 and M3 (including mineral subscript 1, 2,
3) refer to the sequential prograde, peak and retrograde stages of a
metamorphic episode and the mineral abbreviations are after Whitney
and Evans (2010).

3.1. Namche Barwa core (ZBA-sample X20: garnet amphibolite)

Sample X20 (29°40′52”N, 94°54′32″E) was collected at the foothill
of Namche Barwa close to the Yarlung-Tsangpo river. This rock shows
a massive structure and porphyroblastic texture. The porphyroblasts
(10%) are relative uniform 1–3mm sized garnet, whichmainly includes
Qz1, Pl1, Ttn1, Ilm1, Ap1 and Zrn1 as inclusions preserved in the core. The
matrix, peak metamorphic assemblage consists of Grt2, Hbl2 (60%), Pl2
(20%), Qz2 (5%) and accessory minerals such as Ttn2, Zrn2 and Ap2

(5%). The “white-eye socket” symplectite (Ma and Wang, 1994) sur-
rounding Grt2 porphyroblast, consists mainly of thin intergrowth of
Hbl3, Pl3 and Qz3.

The inclusion assemblage preserved in the garnet are ascribed to the
prograde assemblage (M1) and mainly consists of tiny minerals Ttn1

+ Ilm1 + Qtz1 + Pl1, while the matrix minerals – Grt2, Hbl2, Pl2, Qz2
and Zrn2 constitute the metamorphic peak assemblage (M2). The
symplectic assemblage of worm-like Hbl3, Pl3 and Qz3 intergrowth is
the retrograde assemblage (M3). The possible reactions responsible
for the transformation of M1, M2 and M3 assemblages are:

Ttn1 + Ilm1 + Pl1 + (Hbl1?) → Grt2 + Hbl2 + Pl2 + Ttn2 → Hbl3
+ Pl3.

3.2. Outer part of Namche Barwa(PXA)

3.2.1. Sample X31: garnet-bearing biotite-amphibolite gneiss
Sample X31 (29°27′47”N, 94°48′27″E) was collected from the north

bank of the Yarlung-Tsangpo river, 3 km away from Paixiang. The rock
shows gneissic structure and porphyroblastic texture. The
porphyroblast is mainly garnet (5%), usually b2 mm in diameter and
without inclusions. The garnet is usually rimmed by well preserved
“white-eye socket” symplectite consisting of stick-like biotite, plagio-
clase and quartz intergrowth. The matrix assemblage includes granular
Pl2 (40%), short prismatic Hbl2 (20%), flaky Bt2 (15%), fine-grained Qz2
(15%) and some of accessory minerals (e.g. Mag2, Zrn2) (5%). Only the
metamorphic peak assemblage (M2) and retrograde assemblage (M3)
are preserved. Transformation of the M3 from the M2 assemblages
might follow this reaction:
Grt2 + Pl2 + Hbl2 + Bt2 → Bt3 + Pl3.

3.2.2. Sample X33: garnet-bearing amphibolite
Sample X33 (29°27′46”N, 94°48′31″E) was collected 100 m to the

east of sample X31, close to Paixiang. The rock also shows gneissic struc-
ture and porphyroblastic texture. Garnet (4%) is the major
porphyroblast with size ranging from 1 to 3 mm, without inclusions.
Grt2 is rimmed by “white-eye socket” symplectite consisting of Hbl3,
Pl3, Bt3 and Qz3 intergrowth (M3). The matrix mineral assemblage
(M2) includes Hbl2 (40%), Pl2 (30%), Qz2 (15%), Bt2 (8%) and a small
amount of Mag2 and Zr2 (3%). Similarly, transformation from M2 to
M3 assemblages might follow the reaction:

Grt2 + Hbl2 + Bt2 + Pl2 → Hbl3 + Bt3 + Pl3.

3.2.3. Sample NB06: garnet-bearing amphibolite
Sample NB06 (29°27′48.54”N, 94°45′5.57″E) was collected near

Danniang, on the east side of the Yarlung-Tsangpo river. The rock
shows gneissic structure and porphyroblastic texture. Garnet (5%) is
the main porphyroblast with diameters around 1 mm and tiny acces-
sory minerals preserved as inclusions. Three generations of mineral as-
semblages have been identified. The prograde M1 assemblage consists
of Pl1 + Qtz1 + Ap1 + Rt1 + Ttn1 + Ilm1 as mineral inclusions pre-
served in the garnet (M2). The metamorphic peak assemblage (M2) is
composed of matrix minerals, i.e., Hbl2 (50%), Pl2 (20%), Qz2 (20%),
Grt2 (5%), plus minor minerals Ilm2, Ttn2, Mag2 and Zr2. The retrograde
assemblage (M3) is characterized by symplectite consisting of worm-
like Hbl3 + Pl3 + Qz3 intergrowth, rimming the garnet. The following
metamorphic reactions are possibly responsible for the transformation
from M1 to M2 and then to M3 assemblages:

Rt1 + Ttn1 + Ilm1 + Pl1 + (Hbl1?) → Grt2 + Hbl2 + Ttn1

+ Ilm1 + Pl2 → Hbl3 + Pl3.

3.2.4. Sample NB23: garnet-bearing biotite amphibolite
Sample NB23 (29°31′16.44”N, 94°51′57.14″E) was sampled on the

opposite bank of Paixiang, north side of the Yarlung-Tsangpo river.
The structure and texture are similar to sample NB06, but with coarser
biotite and different symplecticminerals. Garnet porphyroblasts are rel-
atively small (diameter b 1 mm) and without inclusions. And two gen-
erations of mineral assemblages were observed. Themetamorphic peak
assemblage (M2) consists of Hbl2, Bt2, Pl2, Grt2 and Qz2 in thematrix, as
well as accessorymineralsMnz2, Ilm2, Ap2 and Zr2. Tiny irregular patchy
Bt3 and Pl3 of the symplectite represents the retrograde mineral assem-
blage (M3). The possible metamorphic reaction from the M2 to M3 as-
semblages might be as follows:

Grt2 + Hbl2 + Pl2 → Bt3 + Pl3.

4. Mineral chemistry

Chemical compositions of the representative minerals of all the am-
phibolite sampleswere analyzed on the JOELSEM JXA 8230 electronmi-
croprobe at the School of Resources and Environmental Engineering,
Hefei University of Technology, China. The analytical conditions were
15 kV accelerating voltage, a beam current of 20 nA with an electron
beam size of 5 μm and 10–20 s counting time. Standards were natural
minerals. The program ZAF was used for matrix corrections. Smaller
mineral inclusions were analyzed using a 3 μm electron beam. Repre-
sentative mean chemical compositions of the minerals are presented
in Supplementary Table S1 and the estimated P-T conditions are listed
in Table 1. Compositional features of the minerals are summarized
below.

4.1. Garnet

X-ray compositional analysis was conducted on samples X20 and
X33, and rim-core-rim compositional profiles (dashed red line with
arrow in Fig. 3 a-e) were analyzed on the garnet porphyroblast for all



Fig. 3.Micropetrography of amphibolite in theNBC. (a) and (e) aremicropetrographs, garnet profile and X-ray scanned compositionalmap of garnet of samples X20 and X30, respectively;
(b), (c) and (d) are micropetrographs and garnet profiles of samples NB06, NB23 and X31, respectively.
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the samples. Garnet is dominated by almandine, grossular with minor
pyrope, and quite minor spessartine components. In samples X20 and
NB06 the garnet has well preserved inclusions (M1). The elemental dis-
tribution profiles of the garnet indicate negligible chemical zoning from
the core to the rim in all the samples.
4.2. Plagioclase

Plagioclase is present in the inclusion (Pl1), matrix (Pl2) and
symplectic (Pl3) assemblages. As Pl1 is usually too small (1–2 μm) to
bemeasured, only Pl2 and Pl3 were analyzed. Pl2 is chemically homoge-
neous and is andesine (An= 30–46), whereas Pl3 is Ca-rich plagioclase.
Pl3 in samples X23, X31 and X33 is labradorite (An = 50–69) whereas
Pl3 in samples X20 and NB06 are more Ca-richer (An = 70–86), attrib-
uted to bytownite. The higher Ca content of Pl3 is related to its formation
by the breakdown of the neighboring matrix garnet and hornblende.
4.3. Hornblende

Hornblende occurs as both matrix (Hbl2) and symplectic (Hbl3)
minerals in samples X20, X33, NB06 and NB23, and only appears in
the matrix (Hbl2) in samples X05 and X31. No measurable hornblende
inclusions were found in these samples. In samples X20 and NB23,
Al2O3 content increases from Hbl2 to Hbl3 (12.5 to 10.6 wt%, 15.7 to
14.3%, respectively). The TiO2 component also exhibits slight decrease
from Hbl2 to Hbl3. All hornblende crystals contain similar CaO (9.7–
11.4 wt%) and low Na2O (1.5–2.2 wt%) components (Table S1) and are
classified as calcic amphibole.
4.4. Biotite

Biotite is present both in the matrix (Bt2) and symplectic (Bt3) as-
semblages in sample X31, but only appears in thematrix (Bt2) in sample
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Fig. 3 (continued).
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X33, and only appears in the symplectite (Bt3) in sample NB23. In sam-
ple X31, the Bt2 has a higher TiO2 (3.7 wt%) and K2O (9.2 wt%) compo-
nents than Bt3 (2.5 and 8.5 wt%, respectively).

5. Metamorphic P-T paths

The lack of appropriate mineral inclusions impedes the analyses
and thus the estimation of P-T conditions for the prograde mineral
assemblages (M1). For the metamorphic peak assemblage (M2) the
P-T conditions were simultaneously determined by applying the
garnet-hornblende-plagioclase-quartz (GHPQ) geobarometer (Dale
et al., 2000) coupled with the hornblende-plagioclase thermometer
(Holland and Blundy, 1994), as well as the garnet-biotite thermome-
ter (Holdaway, 2000) together with the garnet-biotite-plagioclase-
quartz (GBPQ) geobarometer (Wu et al., 2004). The estimated
random errors of the GHPQ and the GBPQ geothermobarometers are
±40 °C / ± 1.1 kbar and ± 25 °C / ± 1.2 kbar, respectively. To
determine the M2 P-T conditions, the near-rim composition of garnet
was adopted. As for the retrograde assemblage (M3), only the
single-hornblende thermobarometer (Gerya et al., 1997), whose
random errors are ±37 °C and ± 1.2 kbar, is applicable. This is
because of the high Ca content in Pl3 exceeding the applicable
chemical composition of plagioclase for the plagioclase-related
geothermobarometers (e.g. Holland and Blundy, 1994; Bhadra and
Bhattacharya, 2007). The P-T results are listed in Table 1.

The metamorphic peak (M2) and retrograde (M3) P-T conditions of
~750 °C / 10 kbar and ~625 °C / 3.5 kbar were retrieved for sample X20
of the Zhibai formation at the core part of the NBC. Similar P-T condi-
tions of the samples, collected from the outer part of the NBC, were
obtained: ~670–790 °C / 8.5–10.5 kbar (M2) and ~600–660 °C / 4.5–

Image of Fig. 3


Fig. 4. Metamorphic P-T conditions and P-T paths of the NBC amphibolite. See text for explanation of geothermobarometry. Rhombuses are metamorphic P-T conditions considering
random error of thermobarometers. (a) to (e) are metamorphic P-T conditions or P-T paths of samples X20, X31, X33, NB06 and NB23, respectively. (f) is the summary of all the P-T
paths. Metamorphic facies and metamorphic facies series are from O'Brien and Rötzler (2003) and Spear (1993), respectively. The Al2SiO5 polymorph transition lines are from
Holdaway and Mukhopadhyay (1993).
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Table 2
SIMSU-Pb geochronological data of zircon extracted from amphibolite samples X20, X31 &X33. Analytical data with asterisk * were not used for computation in U-Pb concordia diagrams.
The f206 is the proportion of the non-radiogenic 206Pb of the total 206Pb.

Spots U(ppm) Th(ppm) Pb(ppm) Th/U f206(%) 207Pb

235U

±σ (%) 206Pb

238U

±σ (%) 206Pb

238U

Age ± σ (Ma)

a. Qinghu standard
Qinghu@1 2558 1691 81 0.661 0.12 0.1730 1.6 0.02529 1.5 161.0 2.4
Qinghu@2 2774 1113 82 0.401 0.02 0.1725 2.3 0.02523 2.2 160.6 3.5
Qinghu@3 1731 675 52 0.390 0.00 0.1718 1.7 0.02542 1.5 161.8 2.4
Qinghu@4 621 217 18 0.349 0.08 0.1676 2.2 0.02455 1.5 156.3 2.3
Qinghu@5 1798 876 53 0.487 0.05 0.1699 1.8 0.02487 1.5 158.4 2.4
Qinghu@6 1601 701 47 0.438 0.09 0.1697 1.8 0.02494 1.5 158.8 2.4
Qinghu@7 1890 897 57 0.475 0.04 0.1704 1.7 0.02519 1.5 160.4 2.4
b. Sample results (Only for the older group with age N 80 Ma of X31 and X33, a 204Pb-based common Pb correction has been applied)
X31@01 860 433 15 0.503 0.19 0.09247 2.7 0.01406 1.6 90.0 1.4
X31@03 905 394 16 0.436 0.00 0.09566 2.0 0.01438 1.5 92.0 1.4
X31@04 1163 754 21 0.648 0.06 0.09489 2.1 0.01441 1.5 92.3 1.4
X31@05 414 192 7 0.464 0.29 0.09193 3.6 0.01404 1.6 89.9 1.4
X31@06 640 469 12 0.734 0.33 0.09494 2.2 0.01425 1.5 91.2 1.4
X31@07 359 297 6 0.828 0.28 0.08924 3.7 0.01377 1.6 88.2 1.4
X31@08* 200 150 3 0.747 0.00 0.09078 3.3 0.01340 1.5 85.8 1.3
X31@10* 237 172 4 0.727 0.43 0.08805 3.8 0.01357 1.6 86.9 1.3
X31@11* 286 209 5 0.732 0.00 0.08595 3.0 0.01318 1.6 84.4 1.3
X31@12 391 163 7 0.417 0.31 0.09553 3.2 0.01430 1.5 91.5 1.4
X31@15 91 44 2 0.478 0.49 0.09161 4.6 0.01427 1.7 91.3 1.6
X31@17 316 148 6 0.469 0.00 0.09385 2.8 0.01452 1.6 92.9 1.4
X31@18 310 155 5 0.500 0.23 0.09199 2.8 0.01412 1.6 90.4 1.4
X31@20* 576 84 9 0.146 25.96 0.07901 56.1 0.01417 3.3 90.7 3.0
X33@01 262 24 4 0.090 0.14 0.08733 4.3 0.01293 1.8 82.8 1.5
X33@02 289 186 5 0.643 0.27 0.09211 4.6 0.01394 1.8 89.2 1.6
X33@03 719 34 10 0.047 0.21 0.08601 3.1 0.01313 1.5 84.1 1.3
X33@05* 205 13 3 0.063 0.00 0.08366 4.5 0.01249 1.8 80.0 1.4
X33@06* 297 49 4 0.166 1.07 0.07351 10.5 0.01300 1.6 83.2 1.4
X33@08 1232 73 18 0.060 0.15 0.09000 2.4 0.01380 1.5 88.3 1.4
X33@09 641 48 9 0.075 0.23 0.08801 2.9 0.01324 1.6 84.8 1.3
X33@11 295 31 4 0.105 0.59 0.08650 3.3 0.01372 1.6 87.8 1.4
X33@13* 384 1 5 0.003 0.28 0.07977 3.4 0.01259 1.6 80.7 1.3
X33@14* 368 18 5 0.048 0.18 0.08382 3.1 0.01275 1.6 81.6 1.3
X33@15 317 15 5 0.049 0.83 0.09106 3.2 0.01346 1.5 86.2 1.3
X33@16* 355 34 5 0.095 0.69 0.08359 3.3 0.01326 1.6 84.9 1.3
X33@17 152 16 2 0.103 0.83 0.08614 4.3 0.01297 1.6 83.1 1.3
X33@20 837 82 12 0.098 0.00 0.09121 2.3 0.01345 1.5 86.1 1.3
X33@21 380 53 6 0.140 0.37 0.08925 2.9 0.01330 1.5 85.2 1.3
X33@22 509 52 8 0.103 0.15 0.08971 3.0 0.01363 1.6 87.3 1.3
X33@23 372 17 5 0.044 0.58 0.08898 3.0 0.01313 1.6 84.0 1.4
c. Sample results (All adopted 207-corr Age)
X20@1 41 6 0 0.150 2.86 215.6 3.1 0.04957 10.1 29.7 0.9
X20@2 51 7 0 0.137 0.00 290.3 3.1 0.04341 12.7 22.3 0.7
X20@3 166 25 1 0.151 0.00 353.8 2.2 0.04359 7.1 18.3 0.4
X20@4 32 8 0 0.260 26.31 391.1 4.6 0.19980 9.0 13.2 0.7
X20@5 125 2 1 0.018 0.59 244.1 2.8 0.04705 6.3 26.3 0.7
X20@6 93 25 0 0.265 29.27 400.1 4.1 0.15389 9.4 13.9 0.7
X20@7 81 13 0 0.166 0.00 437.5 5.3 0.06255 13.3 14.4 0.8
X20@8 27 8 0 0.300 31.08 255.1 5.0 0.05730 18.5 24.9 1.3
X20@9 66 11 0 0.172 16.81 261.8 3.6 0.10598 13.7 22.8 0.9
X20@10 23 7 0 0.303 30.50 564.9 9.1 0.11204 26.4 10.4 1.0
X20@11 97 3 0 0.029 7.61 260.7 2.7 0.05494 9.6 24.4 0.7
X20@12 98 13 0 0.132 0.00 355.5 3.2 0.05201 11.5 18.0 0.6
X20@13 246 73 1 0.295 0.92 388.3 2.8 0.04808 12.0 16.5 0.5
X20@14 41 9 0 0.212 3.53 253.2 4.2 0.05523 16.0 25.1 1.1
X20@15 53 10 0 0.185 9.36 292.7 3.3 0.05571 13.7 21.7 0.7
X20@16 16 3 0 0.205 42.90 558.7 10.5 0.09340 28.1 10.8 1.2
X20@17 199 44 0 0.222 5.12 429.3 3.0 0.04397 11.5 15.0 0.5
X20@18 80 25 0 0.307 10.81 301.3 3.0 0.05246 11.2 21.2 0.7
X20@19 89 26 0 0.294 9.69 426.7 4.5 0.05423 12.6 14.9 0.7
X20@20 86 16 0 0.191 16.64 428.0 4.0 0.08377 14.6 14.3 0.6
X20@21 47 0 0 0.004 3.22 163.1 3.0 0.04868 11.3 39.3 1.2
X20@22 38 1 0 0.036 10.95 179.6 5.3 0.06175 11.7 35.1 1.9
X20@23* 87 13 0 0.145 10.91 366.7 4.6 0.04512 12.6 17.6 0.8
X31@1 860 433 15 0.503 0.19 71.01 1.6 0.04918 1.6 90.0 1.4
X31@2 44 1 0 0.021 0.00 715.7 6.2 0.07503 16.5 8.8 0.6
X31@3 905 394 16 0.436 0.00 69.55 1.5 0.04825 1.4 92.0 1.4
X31@4 1163 754 21 0.648 0.06 69.34 1.5 0.04825 1.2 92.3 1.4
X31@5 414 192 7 0.464 0.29 71.02 1.5 0.04974 2.2 89.9 1.4
X31@6 640 469 12 0.734 0.33 70.17 1.5 0.04832 1.6 91.2 1.4
X31@7 359 297 6 0.828 0.28 72.40 1.6 0.04918 2.2 88.3 1.4
X31@8* 200 150 3 0.747 0.00 74.63 1.5 0.04914 2.9 85.7 1.3
X31@9 41 1 0 0.019 16.39 690.2 6.0 0.04502 21.1 9.5 0.6
X31@10* 237 172 4 0.727 0.43 73.71 1.6 0.04707 3.5 86.9 1.4
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Table 2 (continued)

Spots U(ppm) Th(ppm) Pb(ppm) Th/U f206(%) 207Pb

235U

±σ (%) 206Pb

238U

±σ (%) 206Pb

238U

Age ± σ (Ma)

X31@11* 286 209 5 0.732 0.00 75.89 1.6 0.04731 2.5 84.4 1.4
X31@12 391 163 7 0.417 0.31 69.93 1.5 0.04845 2.8 91.5 1.4
X31@13 60 2 0 0.031 6.67 694.0 5.1 0.04657 18.1 9.4 0.5
X31@14 68 2 0 0.025 36.27 781.4 7.1 0.05764 15.9 8.2 0.6
X31@15 91 44 2 0.478 0.49 70.09 1.7 0.04657 4.3 91.5 1.6
X31@16 20 1 0 0.041 43.51 610.7 7.8 0.06750 22.8 10.4 0.8
X31@17 316 148 6 0.469 0.00 68.89 1.6 0.04689 2.3 93.0 1.4
X31@18 310 155 5 0.500 0.23 70.83 1.6 0.04726 2.4 90.4 1.4
X31@19* 108 81 2 0.752 0.00 84.32 1.8 0.04971 4.2 75.8 1.4
X31@20* 576 84 9 0.146 25.96 52.26 2.7 0.24687 4.5 91.3 3.6
X31@21 32 0 0 0.003 31.92 654.2 7.3 0.05857 29.0 9.8 0.7
X31@22* 87 0 0 0.004 13.44 677.6 6.9 0.04578 13.1 9.6 0.7
X33@1 262 24 4 0.090 0.14 77.24 1.8 0.05013 3.1 82.7 1.5
X33@2 289 186 5 0.643 0.27 71.56 1.8 0.05005 3.0 89.2 1.6
X33@3 719 34 10 0.047 0.21 76.02 1.5 0.04919 1.9 84.1 1.3
X33@4* 556 45 7 0.081 0.30 82.20 2.2 0.04926 2.2 77.8 1.7
X33@5* 205 13 3 0.063 0.00 80.03 1.8 0.04856 4.1 80.0 1.4
X33@6* 297 49 4 0.166 1.07 76.11 1.6 0.04953 3.8 83.9 1.4
X33@7 164 2 0 0.009 7.92 720.9 3.8 0.05915 11.0 8.9 0.3
X33@8 1232 73 18 0.060 0.15 72.48 1.5 0.04731 1.9 88.4 1.4
X33@9 641 48 9 0.075 0.23 75.52 1.5 0.04820 2.4 84.7 1.3
X33@10 131 2 0 0.018 5.73 717.3 5.3 0.05196 19.6 9.0 0.5
X33@11 295 31 4 0.105 0.59 72.88 1.6 0.04572 2.9 88.1 1.4
X33@12 141 2 0 0.016 6.97 667.7 5.5 0.04737 13.0 9.7 0.5
X33@13* 384 1 5 0.003 0.28 79.40 1.6 0.04593 3.1 80.9 1.3
X33@14* 368 18 5 0.048 0.18 78.45 1.6 0.04769 2.6 81.6 1.3
X33@15 317 15 5 0.049 0.83 74.28 1.5 0.04906 2.8 86.1 1.3
X33@16* 355 34 5 0.095 0.69 75.41 1.6 0.04572 2.9 85.1 1.3
X33@17 152 16 2 0.103 0.83 77.10 1.6 0.04816 4.0 83.0 1.4
X33@18 68 0 0 0.002 29.14 596.1 7.3 0.06701 16.4 10.6 0.8
X33@19* 59 0 no data 0.001 4.35 563.9 4.7 0.05603 16.1 11.4 0.5
X33@20 837 82 12 0.098 0.00 74.38 1.5 0.04920 1.7 85.9 1.3
X33@21 380 53 6 0.140 0.37 75.20 1.5 0.04868 2.5 85.1 1.3
X33@22 509 52 8 0.103 0.15 73.34 1.6 0.04772 2.6 87.3 1.4
X33@23 372 17 5 0.044 0.58 76.28 1.6 0.04923 2.5 83.8 1.4
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5.5 kbar (M3), respectively. Therefore, the amphibolite in theNBCmight
have experienced similar metamorphic evolution, although it is out-
cropping in different parts of the NBC.

The metamorphic peak (M2) P-T conditions belong to the amphibo-
lite facies and the medium P/T facies series. Four samples (X20, X33,
NB06 and NB23) record clockwise P-T paths (Fig. 4). The P-T paths
from the peak (M2) to retrograde (M3) stages indicates a decompres-
sion and cooling process, possibly indicating a relatively quick tectonic
exhumation after the amphibolite reached the maximum depth. How-
ever, similar P-T paths do not necessarily relate to the same metamor-
phic event, as will be discussed in the next section.

6. SIMS U-Pb dating of zircon

6.1. Method

Zircon grains separated from the amphibolite samples X20, X31 and
X33 were vacuum-coated with high-purity gold prior to SIMS analysis,
and isotopes of U, Th, and Pb were measured using a Cameca
IMS-1280 SIMS mass spectrometer at the Institute of Geology and Geo-
physics, Chinese Academy of Sciences (IGGCAS), Beijing. Detailed de-
scriptions of the instrument and analytical procedure are given in Li
et al. (2009). The size of the primary O2

‐ ion beam spot is set as ~30 μm
× 20 μm. Reference zircon Plešovice (206Pb/238U age = 337.13 ±
0.37 Ma, Sláma et al., 2008) was used to calibrate Pb/U ratio and refer-
ence zircon 91,500 (Th = 29 ppm, and U = 81 ppm, Wiedenbeck
et al., 1995) was adopted to calibrate the U and Th concentration. The
measured Pb content was corrected for common Pb using non-
radiogenic 204Pb and in case of young zircon the 207Pb-based common
Pb correction method has been applied. An average present-day crustal
composition (Stacey and Kramers, 1975) was adopted for common Pb
based on the assumption that the common Pb is largely related to sur-
face contamination introduced during sample preparation. The
Isoplot/Ex v. 4.15 program (Ludwig, 2012) was used for data reduction.
Uncertainties on individual analyses in the data table (Table 2) are re-
ported at 1σ level, and the concordia U/Pb (Pb/Pb) mean ages are
given at the 95% confidence level. To monitor the external uncertainties
of SIMS U-Pb zircon dating, an in-house zircon standard Qinghu was al-
ternately analyzed as an unknown together with other unknown zircon
grains. Seven measurements on Qinghu zircon (Table 2a) yielded a
concordia age of 159.6 ± 1.9 Ma (Fig. 6a), which is identical within
error with the recommended value of 159.5 ± 0.2 Ma (Li et al., 2013).
A long-term uncertainty of 1.5% (1σ RSD) for 206Pb/238Umeasurements
of the standard zircons was propagated to the unknowns (Li et al.,
2010), despite that the measured 206Pb/238U error in a specific session
is generally ≤1% (1σ RSD). The analytical data are listed in Table 2.

Due to its high precision on young zircon (b500 Ma), the 206Pb/238U
ages are used for interpretation. Low U and thus 206Pb contents in
Cenozoic zircon, with common Pb correction using 204Pb, can result in
imprecise or even incorrect U-Pb ages (Li et al., 2012; Yang et al.,
2014). The 206Pb/238U age using the 207Pb common Pb correction
(207-Corr age) assuming concordancy generally is more reliable for
younger zircons. Some data are excluded because the possible mixture
of two different domains of the zircon or they are outliers in comparison
to others.
6.2. Analytical results

Three samples were dated in this study and the results of SIMS anal-
yses are listed in Table 2b and c. The spot locations are shown on CL im-
ages in Fig. 5.



Fig. 5. Representative cathodoluminescence (CL) images of zircon of amphibolite of the NBC. The ellipse represents analytical spot locations for secondary ion mass spectrometry (SIMS).
Numbers adjacent to the zircon are 207Pb common Pb-corrected ages. Some spots also obtain the 206Pb/238U age corrected by 204Pb, which are very close or identical to 207-corrected ages.
The isotope data are shown in Table 2b. Data points shown in blue ellipses are excluded from age calculation, because their isotope compositionmay possibly be contaminated by adjacent
previous measured spots. These data are shown with asterisk in Table 2.
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Fig. 6. Concordia diagram for SIMS U-Pb analysis. (a) Concordia diagram for zircon standard Qinghu. (b-d) Probability density diagrams for zircon ages of samples X20, X31 and X33,
respectively. The colored shades mark the two main age groups. Sample X20 data show continuous zircon (re-)crystallization during metamorphism from ~30 Ma to ~10 Ma, whereas
samples X31 and X33 are characterized by a huge gap between ~80 Ma and ~9 Ma. (e) and (g) Concordia diagram for older zircon age group of samples X31 and X33; (f) and
(h) Tera-Wasserburg diagram for younger age group of samples X31 and X33.
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Zircon grains separated from sample X20 are 40 to 130 μm long and
well-rounded with patchy or homogenous texture (Fig. 5a) in the wide
outer domains, whereas the cores show distinct oscillatory zoning.
Overall they resemble the characteristics described of high-grademeta-
morphic zircon (Hoskin and Black, 2000; Corfu et al., 2003; Hoskin and
Schaltegger, 2003). Three types of overgrowth structures, core-mantle-
rim, core-rim and homogeneous (Fig. 5a), were observed in these zircon
grains. For thosewith inherited cores, the core shows relics of broad os-
cillatory zoning, as it is typical from magmatic zircon. Therefore, the
ages of such cores possibly represent the protolith ages. Zircon grains
which both rim and mantle are homogeneous in CL, indicating (re-)
crystallization during metamorphism. Many zircon grains show a dis-
tinct narrow (b5 μm) dark rim, which is too small to conduct meaning-
ful analysis. Thus, ages were only obtained from core and mantle. We
have performed a total of 23 analyses on 21 zircon grains. Twomeasure-
ments on oscillatory zoning yielded ages of 39.3 ± 1.2 Ma and 35.1 ±
1.9 Ma, possibly indicating Eocene magmatism. The remaining spot
analyses yielded ages (Fig. 6b) from ~30 Ma to ~10 Ma, with a gap at
~21–18 Ma. It is noteworthy to point out that among these measured
zircon grains, the mantle in the youngest two grains yielded age of
~10 Ma, suggesting that the dark narrow outermost rim is younger
than ~10 Ma.

Zircon grains in sample X31 show similar overgrowth texture to
those in sample X20, although they are much larger by a factor of 2–4.
We performed 22 spot analyses on 12 zircon grains. Except for several
spots which possibly yielded mixed ages of the core and mantle, the
cores yielded substantially older ages than the metamorphic rim. The
core and mantle yielded ages between ~84 and ~93 Ma and among
which ten spots yielded a weighted 206Pb/238U ages of 90.9 ± 0.9 Ma
(N = 10, MSWD = 0.99) (Fig. 6e), with higher Th/U (N 0.4). This age
is interpreted to date the formation of its protolith. Zircon rims are char-
acterized by much younger ages ranging from 10.4 to 8.2 Ma with a
weighted mean 207-Corr age of 9.21 ± 0.71 Ma (N = 6, MSWD =
1.3) (Fig. 6f), which is interpreted to represent the metamorphic age.

For sample X33, most of its zircon grains are ovoid to round in shape
and are b100 μmlong. Unlike theprevious samples, there are noobvious
core-mantle-rim structures in these zircon grains. We performed 23
spot analyses on 21 grains (Table 2b and c). Those with broad growth
zoning yielded ages older than 80 Ma and are characterized by moder-
ate to high U (152–1232 ppm) but low Th (mostly b80 ppm) contents
and thus low Th/U ratios (b 0.1). These spots yielded a 206Pb/238U age
of 85.7 ± 1.3 Ma (N = 12, MSWD = 2.2) (Fig. 6g), slightly younger
than that of sample X31. Analysis on the brighter and homogeneous
CL domains of those grains are characterized by moderate U (59–
164 ppm) but low Th (b 2 ppm) contents, resulting also in low Th/U ra-
tios (b0.1). The obtained ages range from ~8 Ma to ~11 Ma. Four spots
yielded a weighted mean 207-Corr age of 9.25 ± 0.99 Ma (N = 4,
MSWD=1.8, Fig. 6h), and is interpreted to represent themetamorphic
age.

7. Discussion

7.1. Metamorphic history and tectonic implication

Since Zhong and Ding (1995) first reported HP granulite in the NBC,
many studies (e.g. Liu and Zhong, 1997; Ding et al., 2001; Booth et al.,
2009; Zhang et al., 2015; Liu and Zhang, 2014; Tian et al., 2016) have
been carried out to constrain the metamorphic P-T conditions in the
Zhibai formation. Previous studies have shown that the estimatedmeta-
morphic peak P-T conditions range from10 to 18 kbar and 700 to 950 °C.
The wide P-T interval might be due to the following reasons: (1) differ-
ent methods were used in determining the P-T conditions of different
rocks; or (2) the rocks really record different metamorphic P-T condi-
tions of varied tectonic levels. Our amphibolite samples are from differ-
ent parts of the NBC and their metamorphic peak P-T conditions (ZBA,
~750 °C/10 kbar; PXA, 670–750 °C/ 8.5–10.5 kbar) are similar, which
possibly implies that the ZBA and PXA once reached similar depth.
As the amphibolite samples are interlayered with / enclosed in the
metasedimentary rocks, it can be inferred that the PXA, from the
outer part of the NBC, together with its surrounding metasedimentary
rocks, were once carried to depths comparable with those reached by
the ZBA in the NBC core. However, it is unclear whether the ZBA
and PXA have experienced such similar peak metamorphism
simultaneously.

The HP granulite facies metamorphism in the NBC was previously
considered to have occurred at ~40 Ma (Ding et al., 2001), with retro-
grade stage occurred at 18–23Ma. Further studies interpreted U-Pb zir-
con ages of ~20–25 Ma as recording the HPmetamorphic stage (e.g. Xu
et al., 2013; Liu and Zhang, 2014; Tian et al., 2016) and ~9Ma as the ret-
rograde stage (Liu and Zhang, 2014). Much younger ages (b 10 Ma)
have also been reported, e.g. monazite U-Th-Pb and titanite U-Pb ages
of ~3–10 Ma (Booth et al. 2009), zircon U-Th-He, apatite and zircon fis-
sion track, and biotite 40Ar/39Ar cooling ages of b10 Ma (Wang et al.,
2014a, b, c), and zircon U-Pb age from 0.8 to 10 Ma (Zeitler et al.,
2014). Based on low Th/U ratios (b0.1) of their analyses, Zeitler et al.
(2014) interpreted that these young ages are related to the zircon
growth during the tectonic exhumation (decompression) coupled
with fluid infiltration and/or partial melting (e.g. Rubatto, 2002). Such
tectonic exhumation process might have occurred also in the amphibo-
lite of the NBC, albeit no evidences show that our samples once reached
granulite facies condition.

The zircon from the ZBA (X20) yielded U-Pb ages from ~30 Ma to
10 Ma, which are nearly identical to recently reported zircon ages
(29.2–10.2 Ma) from amphibolite in the NBC core (Tian et al., 2017).
Such age pattern might be due to: (i) zircon only records two events
and incomplete resetting during the second event caused the dispersed
ages; or (ii) zircon grew with fluid infiltration, at different but continu-
ous episodes of metamorphism. As the ZBA contains leucosome veins, it
possibly suggests the existence of fluid for zircon growth. Therefore, the
interpretation ofmore than twometamorphic episodes reported in pre-
vious studies (e.g. Ding et al., 2001; Xu et al., 2010; Zeng et al., 2012; Su
et al., 2012; Liu and Zhang 2014) seems more plausible. Two samples
(X31 andX33) of the PXAonly record themainmetamorphic event dur-
ing late Miocene (~11 Ma to ~8 Ma). The younger ages, especially for
those of late Miocene from the zircon rim with very low Th/U ratio
(b0.1, Fig. 7), are interpreted as metamorphic ages (e.g., Hoskin and
Schaltegger, 2003; Schulz et al., 2006; Yakymchuk et al., 2018). In addi-
tion, some outermost rim of the zircon grains, which is too narrow to
perform analysis, should record ages possibly younger than 10 Ma. It
is noteworthy that all these amphibolite samples contain leucosome
veins at the outcrop scale, which might play an important role in the
overgrowth of zircon grains.

Protracted high-T metamorphism can be explained when consider-
ing semi-continuous advection of relatively hot material from depth
(Koons et al., 2013; Zeitler et al., 2001), which could promote partial
melting by decompression and heating up of those rocks at relatively
shallower levels. It should be noted that the zircon ages from the ZBA in-
dicate a continuous metamorphic event (~30 Ma to ~10 Ma), while
those from the PXA only record metamorphic ages younger than
~9 Ma. It can be inferred that since Oligocene, such advection process
might have operated only in the NBC core, thus exhumed the ZBA to a
shallower level with continuous dissolution and overgrowth of zircon
grains. Whereas zircon grains in the PXA could not grow because of
lacking of fluids until ~10 Ma. Previous study, on mineral cooling ages
(b10 Ma, Wang et al., 2014a, b, c) from the upstream of the Yarlung-
Tsangpo river, suggests that both the NBC core and the outer part
have undergone similar exhumation process since ~10 Ma. The age dif-
ferences in the amphibolite from the core and the outer part of the NBC
might suggest a rim-ward progressive exhumation, i.e., the NBC experi-
enced rapid exhumation initiated from the core before ~10Ma, and then
propagated to the outer part of theNBCat ~10Ma, and finally, theywere
amalgamated as a coherent block.



Fig. 7. Plot of 207Pb common Pb-corrected age versus Th/U ratio for zircon of samples X20,
X31 and X33. Most zircon grains, especially the younger population at ~9 Ma, has Th/U
ratios b0.1, except for older population of X31 zircon (Th/U = 0.4–0.9).
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7.2. Late Cretaceous magmatism

Zircon cores from the PXA samples X31 and X33 record similar ages
of ~80–90 Ma, but with distinct Th/U ratios (X31, Th/U b 0.2; X33, Th/U
= 0.4–0.9; Fig. 7). The tight age cluster and relict oscillatory zoning of
the zircon are consistent with the idea that they record the protolith
age. In fact, the mafic rocks with similar crystallization ages have been
reported from the Ramba Gneiss Dome (Liu et al., 2014), the Gyangze-
Kangma area (Wang et al., 2016a, b) and the Lazi-Dingri area (Zeng
et al., 2016)within the Tethyan Himalaya. Therefore, these two samples
might representmagmatic rocks formed along the northern Indian pas-
sive margin, before the continental subduction of the Indian plate.

Did the ZBA also experience suchmagmatic event? If it did, one pos-
sible explanation would be that the ZBA in the NBC core was consider-
ably influenced by the advection of the hot deep crust material, thus
the older zircon grains might be totally recrystallized or homogenized
and such record has been lost. Nevertheless, either the magmatic age
in the PXA, or the existence of suchMesozoic event in the ZBA needs fu-
ture investigation.
8. Conclusion

(a) Prograde, peak and retrograde metamorphic mineral assem-
blages of amphibolite from the core and outer part of the
Namche Barwa Complex (NBC), southeastern Tibet, China, have
been identified. Amphibolite samples record amphibolite-facies
P-T conditionswith clockwisemetamorphic P-T paths. Themeta-
morphic peak can be ascribed to medium P/T facies series.

(b) SIMS zircon U-Pb dating suggests that the Zhibai amphibolite,
core of the NBC, experienced metamorphism from Oligocene to
late Miocene (~30 Ma to ~10 Ma). The Paixiang amphibolite,
outer part of the NBC, just records the late Miocene (~9 Ma)
metamorphism.

(c) From Oligocene to late Miocene (30–10 Ma), semi-continuous
advection of relatively hot materials from depth might have op-
erated only in the NBC core, thus exhuming the Zhibai formation
to a shallower level. Until late Miocene, rapid exhumation might
have propagated from the core to the outer part of the NBC, and
subsequently amalgamated as a coherent block after ~10 Ma.

(d) Inherited zircon core ages of ~80–90Ma likely relate tomagmatic
events of the Indian Plate before its collision with the Eurasian
Plate.
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