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Collisional zones are commonly considered as important regions for crustal reworking, but the reworkingmech-
anism remains debated. The well-known Himalayan-southern Tibetan orogen, built by India-Asia collision and
convergence, has the thickest continental crust on Earth and is therefore an ideal region for studying crustal
reworking during collisional orogenesis. Here we revisit the Miocene high-silica potassic rocks (trachytes) in
the Konglong area of the central Lhasa block, southern Tibet. Integrated studies of geochronology, mineral com-
positions, bulk-rockmajor- and trace-element geochemistry, and Sr-Nd-Pb-Hf-O isotopes unequivocally indicate
that theKonglong trachytes formedbymixing between enrichedmantle-derived ultrapotassic and thickened an-
cient crust-derived magmas. Combined with post-collisional magma mixing recently identified in the southern
Lhasa block, we suggest that magma underplating and subsequent mantle-crust interaction (i.e., the matter
and energy transfer from the mantle to the crust) has been a common and important crustal reworking process
in southern Tibet during Indian continental subduction. This process may be related to Indian plate flat subduc-
tion and subsequent foundering during the post-collisional stage. In combination with the nature of Cenozoic
magmatism in the Himalaya block, we suggest that in addition to partial melting of the subducted continental
crust,magma underplating and subsequent crust-mantlemixing beneath the obducted continent has also played
an important role in crustal reworking of the collisional zone.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Earth's convergent platemargins (oceanic subduction and continen-
tal collision zones) are important locations for continental crustal evolu-
tion (growth and reworking) (Castro et al., 2013; Ernst, 2010; Hao et al.,
2016a; Hawkesworth et al., 2016; Kelemen, 1995; Rudnick, 1995;
Sengör et al., 1993; Zheng et al., 2007, 2008, 2015). Specifically, oceanic
subduction zones may be the most important regions for continental
crustal growth (Chen and Arakawa, 2005; Jahn, 2004; Rudnick, 1995).
For instance, the combination of vertical addition of juvenile basaltic
components from oceanic subduction-related magmatism into island
arc crust (Rudnick, 1995) and subsequent lateral accretion of the island
arc to a continental plate (Sengör et al., 1993) constitutes a remarkably
tope Geochemistry, Guangzhou
uangzhou 510640, China.
efficient continental crustal growth mechanism. Subduction-related
continental arc magmatism commonly contributes juvenile andesitic
components to continental crustal growth (Castro et al., 2010, 2013;
Chen et al., 2014; Hao et al., 2016b; Taylor andMcLennan, 1985). In con-
trast, continental collision zoneswere generally considered to be key re-
gions for continental crustal reworking (Ernst, 2010; Zheng, 2012).
Continental subduction zones (e.g., continent-continent or continent-
arc collision) often induce partial melting of the subducted accretionary
complex during the syn-collisional stage (Collins and Richards, 2008;
Zheng et al., 2011). They also generally cause syn-exhumation partial
melting of the continental crust, or partialmelting of the subducted con-
tinental crust retained in a continental subduction channel, to produce
post-collisional granitoids (Dai et al., 2017; Gao et al., 2018; Zhao et
al., 2004, 2007, 2011, 2017). For example, the Shidao late Triassic alka-
line complex in the Jiaodong Peninsula of the Dabie-Sulu orogenic belt
(Yang et al., 2005; Zhao et al., 2012), is widely considered to have
been derived by syn-exhumation partial melting of the South China

http://crossmark.crossref.org/dialog/?doi=10.1016/j.lithos.2019.05.035&domain=pdf
https://doi.org/10.1016/j.lithos.2019.05.035
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block continental plate. Similarly, thewidespread early Cretaceous post-
collisional granitoids of the Dabie orogen are commonly interpreted to
have originated via recycling of the subducted South China block conti-
nental crust (Zhao et al., 2017).

The Himalayan-southern Tibetan orogen, as one of the most promi-
nent Cenozoic continent-continent collision zones (Yin and Harrison,
2000), resulted from Neo-Tethyan oceanic subduction, India-Asia colli-
sion and Indian continental subduction (Chung et al., 2005; DeCelles
et al., 2002, 2011; Zhu et al., 2011, 2018), and is an ideal place to
study crustal evolution at a convergent plate margin. Numerous studies
have collectively revealed details of crustal growth in southern Tibet
during Neo-Tethyan oceanic subduction by mantle- or oceanic slab-de-
rived magma accretion (Chu et al., 2006; Ma et al., 2013a, 2013b; Mo et
al., 2008; Zhang et al., 2010; Zhu et al., 2011). However, crustal
reworking in the orogen during Indian continental subduction has re-
ceivedmuch less attention and hasmainly been studied in theHimalaya
block (Gao et al., 2017; Hou et al., 2012; Zeng et al., 2011; Zhang et al.,
2004). The two episodes of granitoid magmatism in the Himalaya
block is widely suggested to have been generated by partial melting of
the subducted Indian continental crust during syn-exhumation and
post-collisional crustal thinning, respectively (Hou et al., 2012; Wu et
al., 2015; Zeng et al., 2011; Zhang et al., 2004). Recently, the post-colli-
sional crustal reworking (metamorphism, anatexis and magmatism) of
the southern Lhasa block (SLB) induced by Indian continental subduc-
tion and ongoing convergence was proposed (Zhang et al., 2015;
Zheng andWu, 2018).Moreover, based on their study ofmeta-granitoid
xenoliths in the Sangsang ultrapotassic lavas,Wang et al. (2016) argued
that underplating of mantle-derived ultrapotassic magmas and subse-
quent mantle-crust mixing was an effective mechanism for SLB crustal
reworking. The ultrapotassic magmas interacted with deep crust to
form hybridized granitoids, leaving a refractory residue that then
underwent complex metamorphism, which was entrained as xenoliths
by later ultrapotassic magmas. Indeed, post-collisional magmatic rocks
generated bymixing of ultrapotassic and juvenile crust-derived adakitic
magmas have increasingly been identified in the SLB (Sun et al., 2018;
Yang et al., 2015), indicating that matter and energy transfer from the
mantle to the crust may have played a key role in crustal reworking of
southern Tibet.

As discussed above, the mechanism for crustal reworking in a colli-
sional zone remains debated. In addition to partial melting of the
subducted continental crust, mixing between mantle- and crust-de-
rivedmagmas beneath the obducted continent is also likely an effective
mechanism for continental crustal reworking in a collisional zone (e.g.,
the Himalayan-southern Tibetan orogen). However, the latter scenario
requires further validation. For example, the Indian continent has
subducted beneath the central Lhasa block (CLB) as revealed by geo-
physical data (Nabělek et al., 2009), but the question of whether
magma mixing occurred in the CLB remains unclear.

A fewpost-collisional potassic lavas in the CLB (e.g., theMiocene tra-
chytes in the Bugasi area) were previously suggested to be likely pro-
duced by mixing between ultrapotassic and lower crust-derived
magmas (Chen et al., 2012). However, this genetic model has been
hotly debated, because: (1) the post-collisional potassic (MgO b 3 wt%,
not ultrapotassic) lavas in the Lhasa block, were generally considered
to have been produced by other mechanisms including partial melting
of crustal components (e.g., the Xungba rocks, Liu et al., 2014), and
crustal assimilation and fractional crystallization processes (AFC) of
ultrapotassic magmas (e.g., the Yangying rocks, Zhang et al., 2017);
(2) themixed crustal end-member for the Bugasi trachytes represented
by the Konglong trachytes remains debated. Chen et al. (2010) sug-
gested that due to absence of ultrapotassic components in the Konglong
area, the Konglong trachytes are unlikely to form via AFC of
ultrapotassic magmas or by magma mixing and thus should have a
crustal origin. Recently, however, we identified abundantmafic igneous
enclaves within the Konglong trachytes and interpreted these enclaves
to have crystalized from primitive ultrapotassic magmas (Hao et al.,
2018). Thus, the petrogenesis of the Konglong trachytes needs to be fur-
ther investigated, and the role of magmamixing in the formation of the
CLB potassic rocks has still not been fully resolved.

In this study, we revisit the KonglongMiocene trachytes (Fig. 1) and
suggest that mixing between mantle-derived ultrapotassic and ancient
crust-derived magmas is likely responsible for their generation, based
on integrated studies of geochronology, mineral compositions, whole-
rock major- and trace-element geochemistry, and Sr-Nd-Pb-Hf-O iso-
topes. We suggest that this newly identified magma mixing in the CLB
has important implications for the crustal reworking of southern Tibet.

2. Geologic setting and samples

The Himalayan-Tibetan orogen is composed of the Himalaya, Lhasa,
Qiangtang, and Songpan-Ganze blocks, from south to north, separated
from each other by the Indus-Yarlung-Zangbu, Bangong-Nujiang, and
Jinsha suture zones (Fig. 1). The Lhasa block of southern Tibet was the
last geological terrane accreted to Eurasia in the early Cretaceous before
its collision with the northward drifting Indian continent in the early
Cenozoic (Yin and Harrison, 2000). During these two collage-forming
processes (Lhasa-Eurasia and India-Lhasa), the Lhasa block underwent
episodes of oceanic subduction (Bangong-Nujiang ocean to the north
and Indus-Yarlung-Zangbu Neo-Tethyan ocean to the south), which
caused significant additions of juvenile materials (i.e., magmas derived
from the depletedmantle and oceanic slab) into its northern and south-
ern edges (Zhu et al., 2013). Accordingly, the Lhasa block can be
subdivided into the northern, central, and southern Lhasa subterranes,
which are separated by the Shiquanhe-Nam Tso mélange zone and
Luobadui-Milashan fault from north to south (Fig. 1) (Zhu et al., 2018).

The initial India-Eurasia (India-Lhasa) collision is generally sug-
gested to have occurred in the early Cenozoic (65–55 Ma) (Hu et al.,
2015). The ongoing collision, where Indian continental lithosphere is
dragged by subducted Neo-Tethyan oceanic lithosphere, would induce
slab breakoff (i.e., separation of the oceanic and continental lithosphere)
due to the buoyancy of Indian continental lithosphere (Zhu et al., 2015).
Slab breakoff most likely occurred at 50–45Ma, based on the presence
of a magmatic flare-up and OIB-type rocks (DeCelles et al., 2011; Ji et
al., 2016; Jiang et al., 2014; Zhu et al., 2015). During the period from ini-
tial collision to oceanic slab breakoff, thewell-known Linzizong volcanic
succession (LVS) and its coeval granitoid batholiths formed (Ji et al.,
2009). Oceanic slab breakoff resulted in rapid exhumation of slices of
the subducted Indian continental slab, which produced the 44–35 Ma
adakites and leucogranites in the Himalaya block (Hou et al., 2012).

After oceanic slab breakoff, the collision zone converted into a post-
collisional intra-continent setting with Indian continental subduction
beneath the Lhasa block. The widespread post-collisional magmatism
in theHimalaya block ismainly composedof the 26–7Ma leucogranites.
The post-collisional magmatism is widespread in the Lhasa block and
primarily consists of the 25–8 Ma isotopically-enriched ultrapotassic-
potassic lavas and 26–10 Ma isotopically-depleted adakitic rocks,
which are mainly distributed in the CLB and SLB, respectively (Chung
et al., 2005) (Fig. 1).

Our studied post-collisional magmatism is found near the Pozico (a
lake) in the Konglong area and within the south-western part of the
north-south-trending TangroYumco-Xuruco graben in the central
Lhasa block. The Konglong post-collisional volcanic rocks were erupted
upon the Dianzhong and Nianbo Formations of the Linzizong volcanic
succession and consist of two circular domes with a total area of ~ 81
km2. Recent studies have shown that the Konglong volcanic rocks are
mainly composed of trachytes with minor rhyolites (Chen et al., 2010)
and A-type felsic lavas (Hao et al., 2019). Chen et al. (2010) reported a
whole-rock 40Ar\\39Ar age of ~21 Ma for a rhyolite. Our recent work
(Hao et al., 2019) showed that the A-type felsic lavas with ages of 24–
23 Ma could be erupted slightly earlier than the trachytes (~21 Ma)
and rhyolites.We have also identified numerousmafic igneous enclaves
in the Konglong trachytes, which are interpreted to have crystallized
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from primitive ultrapotassic magmas (Hao et al., 2018). Here, we fo-
cused on the trachytes. Representative field relationship photos and
photomicrographs for the Konglong trachytes are shown in Hao et al.
(2018, 2019). The trachytes are light-gray in color and show massive
structure and typical porphyritic texture, with abundant phenocrysts
(5–30%) in a fine trachytic groundmass. The trachytes have abundant
mafic minerals [e.g., clinopyroxene (Cpx), amphibole (Amp), phlogo-
pite (Phl)] and K-feldspar (Kfs) with minor plagioclase (Pl) and quartz
(Qz) as phenocrysts (Chen et al., 2010; Hao et al., 2019). The Kfs com-
monly shows simple twins and is aligned and the Amp and Phl com-
monly have dark margins. The accessory minerals are mainly Fe\\Ti
oxides, apatite, and zircon. The trachytic groundmass is composed of
Kfs, biotite, opaque minerals and glass.

Here, integrated studies of geochronology, mineral compositions,
whole-rock major-, trace-element geochemistry, and Sr-Nd-Pb-Hf-O
isotopes are used to explore the genesis of the Konglong trachytes.

3. Results

The bulk-rock andmineral geochemical and zircon U\\Pb dating an-
alytical methods have been described in Hao et al. (2018, 2019). Zircon
Hf isotope measurements were done using LA-ICPMS with a beam size
of 60 μm and laser pulse frequency of 8 Hz. The analytical procedures
were described in detail in Wu et al. (2006). Present 176Hf/177Hf ratios
for the zircon standards MUD (0.282504 ± 2) and GJ-1 (0.282018 ±
4) were in good agreement within errors with the reported values
(e.g., Wu et al., 2006). The bulk-rock major, trace elemental and Sr-
Nd-Pb isotopic data are showed in Table 1 and other analytical results
are reported in the Supplementary Information.

3.1. Zircon U\\Pb ages and Hf\\O isotopes

SIMS zircon U\\Pb dating of the Konglong trachyte sample
(KL21−1) gives a weighted mean 206Pb/238U age of 21.3 ± 0.4 Ma
(MSWD = 0.6) (Fig. 2a). Combined with previous zircon age data of
the Konglong trachytes (Hao et al., 2018, 2019), we suggest that the
Konglong trachytes were erupted in the earlyMiocene (~21 Ma), coeval
with the Konglong rhyolites (Chen et al., 2010).

The Konglong trachyte samples KL02–3 and KL17–1 show similar
enriched zircon εHf(t) values of−12.1 to−8.3 and− 12.6 to−8.7, re-
spectively, comparable to those of the ultrapotassic lavas and Xungba
potassic rocks (Fig. 2b). The zircons δ18O data of the three samples
(KL17–1, 21–1, 02–3) show similar ranges of 8.1–8.9, 8.2–8.9, 8.1–9.1
with average values of 8.46, 8.58 and 8.64, respectively (Hao et al.,
2019). This indicates a limited zircon δ18O range of 8.1–9.1 with an av-
erage value of 8.56 ± 0.17‰ for the Konglong trachytes, similar to those
of the Konglong ultrapotassic enclaves (8.1–8.9‰with an average value
of 8.56± 0.26‰) (Hao et al., 2018).
3.2. Mineral compositions

The clinopyroxenes (Cpx) of the Konglong trachytes have variable
MgO and FeO contents of 8.4–16.4, 3.8–15.0 wt%, respectively, with var-
iable Mg# [Mg/(Mg + Fe)] of 50–89, and high CaO contents of
20.5–24.4 wt%, and thus are diopside and sahlite (Fig. 3a-b). The com-
positions of the Cpx are identified as Wo43-49En25-46Fs6–26. These geo-
chemical features distinguish them from the Cpx of the Sailipu mantle
xenoliths (Liu et al., 2011), which is mainly endiopside with low CaO
contents and high Mg# (Fig. 3a-b). This could likely suggest that the
Cpx in the Konglong trachytes is phenocrystic rather than mantle
xenocrystic. Besides, some Cpx phenocrysts show oscillatory zoning
(Fig. 3c). For instance, a Cpx grain in the sample KL20–1 has core-man-
tle-rim Mg# values of 68, 86 and 67, respectively.

The micas of the Konglong trachytes are generally characterized by
low Al2O3 (10.8–14.1 wt%) and variable TiO2 (1.8–7.2 wt%), FeO (5.6–
20.3 wt%) and MgO (13.2–25.2 wt%) contents with a wide range in
Mg# (59–89), which are similar to the phlogopites (Phl) of the
ultrapotassic rocks (e.g., TiO2 = 1.6–9 wt%, Mg#= 62–92, Zhao et al.,
2009), but distinct from the Phlwith lowTiO2 andhighMg# in theman-
tle xenoliths (Liu et al., 2011) (Fig. 3d). According to the classification of
Foster (1960), these mica phenocrysts in the Konglong trachytes are
Mg-biotites and phlogopite (Fig. 3d).

The amphiboles (Amp) of the Konglong trachytes, based on the In-
ternationalMineralogical Association's classification and the Fe3+ calcu-
lation proposed by Leake et al. (1997), belong to the calcic group [CaB
(1.8–2.3) N1.5 atoms per formula unit (apfu)], and show (Na + K)A ≥
0.5 apfu, Ti b 0.50 apfu. The Amp has high Si content with Si in formula
N6 apfu and is classified as the magnesiohastingsite (VIAl b Fe3+)-
pargasite (VIAl ≥ Fe3+)-edenite series (Fig. 3e).

The alkali feldspars of the Konglong trachytes have high K2O (5.9–
17.4 wt%) and lowNa2O (0.2–5.7 wt%) and CaO (0–1.7 wt%) contents
and are sandine with variable mole fraction of orthoclase (Or41–98).
The plagioclases of the Konglong trachytes are minor and generally
show high CaO (6.5–10.4 wt%) and Na2O (4.8–6.7 wt%) and
low K2O contents (0.8–1.6 wt%) with compositions of An32–52

(mole fraction of anorthite), and belong to andesine and labradorite
(Fig. 3f).



Table 1
Major, trace elemental and Sr-Nd-Pb isotopic compositions for the Konglong trachytes.

Sample KL01–1 KL01–2 KL02–1 KL02–2 KL02–4 KL02–5 KL03–1 KL03–2 KL03–3

SiO2 61.95 63.29 62.61 61.20 61.38 62.01 61.44 61.04 56.49
TiO2 1.10 1.00 1.01 1.05 1.00 1.07 1.28 1.04 1.50
Al2O3 15.81 15.09 15.56 15.18 15.27 15.51 14.91 14.69 15.14
Fe2O3T 5.24 4.55 4.74 5.41 5.27 4.74 5.34 4.80 6.17
MnO 0.10 0.08 0.10 0.09 0.08 0.08 0.09 0.10 0.12
MgO 1.98 2.08 1.69 2.55 2.32 2.28 2.11 2.62 3.07
CaO 3.27 3.35 3.48 3.73 3.97 3.43 3.17 4.45 5.30
Na2O 2.92 2.83 3.41 3.11 3.07 3.35 2.58 3.06 3.11
K2O 7.07 7.17 6.90 7.05 7.03 6.95 8.36 7.49 8.29
P2O5 0.56 0.57 0.51 0.64 0.60 0.57 0.73 0.70 0.81
LOI 2.06 0.78 0.24 1.08 0.29 0.71 0.15 0.24 0.41
Sc 10.5 10.0 9.63 10.8 11.0 10.3 11.7 10.2 14.9
V 80.4 70.7 75.3 88.4 86.9 79.3 97.0 81.0 118
Cr 203 153 258 246 240 106 245 226 274
Co 11.4 9.85 9.31 11.7 11.8 10.3 12.0 11.0 15.4
Ni 26.8 21.1 20.8 23.5 24.2 14.5 25.1 32.5 28.6
Cu 28.2 23.3 33.7 33.5 33.8 20.7 33.1 28.2 29.1
Zn 82.8 77.4 84.1 85.2 85.9 87.4 91.3 74.5 118
Ga 22.5 20.3 21.4 21.9 21.8 21.8 22.7 21.4 28.6
Ge 3.23 3.09 3.42 3.50 3.47 3.41 3.68 3.50 4.67
Cs 36.4 37.6 69.1 65.7 55.8 43.5 63.7 61.8 246
Rb 665 560 632 656 695 636 691 683 983
Ba 1883 1844 1899 1870 2214 2112 1999 2365 2316
Th 145 129 135 140 150 133 155 144 463
U 24.1 22.8 17.2 24.3 26.5 21.7 21.1 20.4 118
Nb 32.8 29.5 31.6 30.8 30.0 30.1 34.8 30.1 98.1
Ta 2.24 1.96 2.17 2.16 2.00 2.02 2.28 2.01 4.69
La 86.9 78.8 90.8 81.8 83.7 87.9 92.3 96.5 124.1
Ce 197 174 205 184 186 197 208 220 290
Pb 74.8 69.4 68.9 68.3 79.0 86.0 77.9 69.0 166
Pr 26.1 23.2 27.0 25.1 25.3 26.5 27.7 29.2 41.5
Sr 1410 1389 1253 1117 1306 1290 1395 1890 1935
Nd 109 97.0 112 107 108 111 116 123 165
Zr 558 516 476 499 514 439 627 531 1660
Hf 14.5 13.2 12.8 13.6 13.5 12.1 16.3 14.1 38.2
Sm 21.0 18.5 20.9 21.0 21.2 20.8 22.4 22.8 33.0
Eu 3.69 3.36 3.79 3.70 3.78 3.79 3.88 4.09 5.58
Gd 11.6 10.1 11.4 12.0 12.2 11.7 13.1 12.8 17.7
Tb 1.14 1.00 1.11 1.20 1.22 1.14 1.38 1.24 1.77
Dy 5.09 4.48 4.91 5.41 5.42 4.99 6.20 5.34 7.63
Y 20.8 18.2 19.3 22.0 21.6 19.8 25.8 21.3 31.4
Ho 0.83 0.73 0.79 0.88 0.88 0.80 1.02 0.86 1.21
Er 1.89 1.72 1.79 2.06 2.01 1.83 2.40 1.94 2.82
Tm 0.25 0.22 0.23 0.26 0.26 0.23 0.31 0.25 0.37
Yb 1.51 1.34 1.36 1.57 1.55 1.39 1.87 1.56 2.23
Lu 0.24 0.20 0.20 0.24 0.24 0.21 0.29 0.23 0.34
143Nd/144Nd 0.51208 0.51211 0.51208 0.51204
87Sr/86Sr 0.71280 0.71179 0.71349 0.71399
206Pb/204Pb 18.82 18.79 18.91 18.88
207Pb/204Pb 15.74 15.74 15.75 15.75
208Pb/204Pb 39.55 39.51 39.76 39.61
147Sm/144Nd 0.12 0.11 0.12 0.12
143Nd/144Nd(i) 0.51206 0.51209 0.51206 0.51202
εNd(t) −10.69 −10.10 −10.71 −11.47
87Rb/86Sr 1.37 1.46 1.43 1.47
87Sr/86Sr(i) 0.71239 0.71135 0.71307 0.71355

Sample KL03–4 KL03–5 KL03–6 KL03–7 KL17–2 KL18–1 KL19–1 KL19–2 KL20–2

SiO2 59.09 60.95 59.31 61.09 60.25 59.22 61.01 59.67 67.82
TiO2 1.11 1.03 1.11 1.07 1.17 1.50 1.49 1.08 0.69
Al2O3 15.20 14.57 15.45 14.85 14.63 16.59 15.14 15.25 14.11
Fe2O3T 5.17 4.88 5.18 5.29 5.25 5.61 6.10 5.61 3.54
MnO 0.11 0.10 0.10 0.11 0.10 0.07 0.18 0.12 0.08
MgO 2.88 2.68 2.64 2.52 2.75 1.61 2.17 2.65 1.26
CaO 5.08 4.38 4.50 3.87 5.01 1.76 2.58 4.66 2.51
Na2O 2.89 3.24 3.08 2.90 2.84 1.86 2.42 3.11 3.07
K2O 7.79 7.45 8.04 7.74 7.29 10.84 8.01 7.31 6.58
P2O5 0.68 0.71 0.59 0.55 0.74 0.94 0.90 0.54 0.34
LOI 0.20 0.22 0.24 0.34 0.20 1.02 1.53 0.72 0.35
Sc 12.4 10.1 12.4 11.6 11.9 14.2 13.8 10.5 6.70
V 92.8 80.8 96.8 95.5 95.8 107 121 89.0 51.2
Cr 151 222 168 341 205 116 135 99 319
Co 12.6 11.8 12.3 12.8 13.0 15.8 15.2 12.0 6.97
Ni 23.2 35.3 22.1 32.0 25.2 17.0 25.4 15.7 25.2
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Table 1 (continued)

Sample KL03–4 KL03–5 KL03–6 KL03–7 KL17–2 KL18–1 KL19–1 KL19–2 KL20–2

Cu 19.5 25.4 26.0 45.4 30.1 26.1 27.3 20.9 37.3
Zn 79.7 72.8 81.4 102 80.1 110 92.9 84.4 66.2
Ga 22.4 20.8 24.0 25.9 21.5 24.3 26.0 21.8 19.3
Ge 3.65 3.60 3.77 4.07 3.84 3.53 4.27 3.75 2.56
Cs 67.9 44.5 76.6 111 34.0 10.0 21.9 21.6 60.9
Rb 704 647 811 929 673 993 862 785 676
Ba 2297 2250 2196 2062 2363 2333 2258 2045 1660
Th 171 138 192 226 140 170 159 133 137
U 22.9 20.9 27.2 28.2 25.4 37.1 26.8 22.0 18.3
Nb 35.4 29.0 40.4 45.7 30.8 37.1 36.7 31.5 23.1
Ta 2.31 1.92 2.59 2.93 2.08 2.49 2.40 2.10 1.43
La 88.6 93.2 95.2 109.5 98.6 87.4 96.5 87.7 71.8
Ce 204 214 221 245 232 205 228 207 153
Pb 94.4 58.9 67.9 111 65.9 70.5 59.8 61.6 72.3
Pr 27.3 28.5 29.7 32.0 31.4 27.4 32.3 29.0 19.2
Sr 1590 1752 1403 1404 2013 1755 1801 1448 1333
Nd 116 119 124 134 134 118 139 125 75.4
Zr 660 523 726 826 528 640 628 532 416
Hf 17.4 13.9 18.7 21.0 14.1 17.2 16.3 14.3 11.3
Sm 23.3 22.2 24.6 25.6 25.2 24.8 27.3 24.0 13.7
Eu 4.13 3.90 4.32 4.33 4.45 4.35 4.60 4.17 2.44
Gd 13.3 12.4 14.1 14.6 13.7 14.4 15.0 13.2 7.78
Tb 1.35 1.21 1.42 1.47 1.33 1.49 1.48 1.30 0.76
Dy 6.10 5.25 6.26 6.55 5.87 6.50 6.41 5.70 3.35
Y 24.5 21.0 25.5 26.8 23.0 25.2 24.9 22.1 14.1
Ho 0.98 0.82 1.00 1.04 0.93 1.03 1.01 0.90 0.55
Er 2.28 1.91 2.30 2.41 2.12 2.34 2.24 2.01 1.31
Tm 0.30 0.24 0.30 0.32 0.28 0.29 0.28 0.26 0.18
Yb 1.76 1.47 1.77 1.92 1.62 1.74 1.62 1.51 1.09
Lu 0.27 0.23 0.27 0.29 0.25 0.26 0.24 0.23 0.17
143Nd/144Nd 0.51208 0.51206 0.51208 0.51209
87Sr/86Sr 0.71330 0.71434 0.71237 0.71230
206Pb/204Pb 18.85 18.88 18.95 18.95
207Pb/204Pb 15.75 15.75 15.75 15.75
208Pb/204Pb 39.61 39.63 39.79 39.80
147Sm/144Nd 0.12 0.12 0.13 0.12
143Nd/144Nd(i) 0.51206 0.51205 0.51207 0.51207
εNd(t) −10.74 −11.03 −10.64 −10.57
87Rb/86Sr 1.28 1.92 1.64 1.39
87Sr/86Sr(i) 0.71292 0.71376 0.71189 0.71189
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3.3. Whole-rock major and trace elemental and Sr-Nd-Pb isotopic
compositions

The Konglong trachytes, including 18 samples from this study, 11
samples from Chen et al. (2010) and 4 samples from Hao et al. (2019),
display high SiO2 and (K2O + Na2O) contents of 56.5–67.8 wt% and
9.6–12.7 wt%, respectively, and are alkaline (Fig. 4a). On a K2O vs. SiO2

plot (Fig. 4b), they show the shoshonitic characteristic due to their
high K2O contents (6.6–10.8 wt%). Theyhave slightly lowNa2O contents
of 1.9–3.4 wt% and thus high K2O/Na2O values (2.0–5.8), indicating
their potassic-rich character. However, the Konglong trachytes clearly
deviate from the fields of the southern Tibetan ultrapotassic (Guo et
al., 2015; Turner et al., 1996; Zhao et al., 2009) and northern Tibetan po-
tassic rocks (Ding et al., 2003; Guo et al., 2006; Ou et al., 2018;Williams
et al., 2004), on the total alkali-silica (TAS) discrimination diagram (Fig.
4a). Therefore, here we refer to them as the high-silica potassic rocks
(HSPs) and similar coeval rocks occurred widely in the Lhasa block
(e.g., the Xungba and Yangying areas) (Fig. 1) (Liu et al., 2014; Miller
et al., 1999; Nomade et al., 2004).

The Konglong trachyte samples have TiO2 (0.69–1.54 wt%), Al2O3

(13.8–16.6 wt%), Fe2O3 (3.5–6.2 wt%), MnO (0.05–0.18 wt%), CaO
(1.4–5.3 wt%), Na2O (1.9–3.4 wt%) and P2O5 (0.04–0.94 wt%) contents.
On major-element Harker diagrams (Fig. 4), K2O, MgO, TiO2, CaO, P2O5

and Fe2O3 show decreasing trends with increasing SiO2, whereas Na2O
and Al2O3 show approximately flat trendswith elevated SiO2. They gen-
erally plot between the fields of ultrapotassic rocks (lavas and enclaves)
and felsic rocks (e.g., the post-collisional adakites in southern Lhasa
block (SLB) and Xungba HSPs) on major-element (Na, Fe, Al, Mg, Ti,
Ca and P) Harker diagrams (Fig. 4c-i). Notably, on a plot of SiO2 vs.
K2O, they only plot between the ultrapotassic rocks and Xungba HSPs
(rather than adakites), due to the low K2O contents of the SLB adakites
(Fig. 4b).

On the chondrite-normalized REE (rare earth element) diagram(Fig.
5a), the Konglong trachytes show right-sloping patterns and clear frac-
tionation between light REEs (LREEs) and heavy REEs (HREEs)with (La/
Yb)N = 16–49. HREEs are more highly fractionated with (Gd/Yb)N =
5.8–7.7, than LREEs, which show flat patterns with (La/Sm)N = 1.4–
3.7. They exhibit moderately negative Eu anomalies (Eu/Eu* = 0.69–
0.75). The Konglong trachytes have lower but approximately parallel
REE distribution patterns (particularly, the flat LREEs) relative to the
ultrapotassic lavas and enclaves. They clearly differ from the Xungba
HSPs, which generally show significant fractionated LREEs. They are
also distinct from the SLB post-collisional adakites, which have clear
fractionated LREEs and nonegative Eu anomalies. Primitivemantle-nor-
malized trace-element distribution patterns of the Konglong trachytes
(Fig. 5b) are characterized by the enrichment of large ion lithophile el-
ements (LILEs) (e.g., Rb, Th, U, Pb, and Ba), and the depletion of Sr and
high field strength elements (HFSEs) (e.g., Nb, Ta). The negative Sr
anomalies distinguish the Konglong trachytes from the SLB post-colli-
sional adakites with positive Sr anomalies.

The Konglong trachytes have slightly variable and enriched Sr\\Nd
isotope compositions with initial 87Sr/86Sr, 143Nd/144Nd ratios of
0.7114–0.7138 and 0.51197–0.51209, respectively, and εNd(t = 21
Ma) of −12.5 to −10.1 (Fig. 6a). They show slightly more enriched
Sr\\Nd isotope compositions than theKonglong enclaves. TheKonglong
trachytes exhibit highly radiogenic Pb isotopic signatures with
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206Pb/204Pb= 18.79–18.95, 207Pb/204Pb= 15.74–15.75, 208Pb/204Pb=
39.51–39.79 (Fig. 6b-c), which are in common with the post-collisional
ultrapotassic lavas and enclaves and Xungba HSPs but distinct from the
SLB post-collisional adakites.

4. Discussion

4.1. Genesis of the Konglong trachytes

4.1.1. A lower crust origin?
Thewidespreadpost-collisional adakites in the SLB of southern Tibet

were widely suggested to have originated from Lhasa thickened juve-
nile lower crust (e.g., Chung et al., 2003; Hou et al., 2004; Zhang et al.,
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enriched Sr-Nd-Hf isotopes than the adakites (Fig. 6); (3) The Pb isoto-
pic values (e.g., 206Pb/204Pb and 208Pb/204Pb) of the Konglong trachytes
are also clearly higher than those of the adakites (Fig. 6); (4) The
Konglong trachytes show high HREE (e.g., Yb) and Y contents, and sig-
nificantly negative Eu and Sr anomalies, which are clearly different
from those of the adakites (low Y and Yb, negligible Eu- and positive
Sr-anomalies) (Fig. 5). Therefore, the Konglong trachytes were unlikely
derived by partial melting of a juvenile crust.

Recently, a thickened ancient Lhasa lower crust origin was invoked
to explain the high K2O contents, high La/Yb ratios and enriched Sr-
Nd-Hf isotopes of some HSPs in the Lhasa block (e.g., the Xungba
HSPs) (Liu et al., 2014). Moreover, plagioclase fractionation during gen-
eration of the Xungba HSPs can account for their variably negative Eu
and Sr anomalies, lower Sr/Y ratios and slightly higher Yb contents,
given that Sr and Eu, and Yb are compatible and incompatible in plagio-
clase, respectively. Actually, the Xungba HSPs show slightly increasing
Yb and nearly constant Y contents with increasing SiO2 (Fig. 7a-b), indi-
cating that the parental or less fractionated magmas had low Yb and Y
contents consistent with a thickened crust source. The Konglong tra-
chytes also have high K2O contents and La/Yb ratios, enriched Sr-Nd-
Hf isotopes and negative Eu and Sr anomalies. However, a genetic
model involving partial melting of a thickened ancient crust cannot ac-
count for their generation. The trachytes showwell-developed negative
correlation trends for SiO2 vs. Y, and Yb (Fig. 7a-b) and the sampleswith
lower SiO2 have higher Yb and Y contents. These correlations argue
against partial melting of a thickened ancient crust origin and subse-
quent plagioclase fractionation for their generation.
Actually, the flat LREE distribution patterns (i.e., low La/Sm ratios) of
the Konglong trachytes are one of themost significant geochemical fea-
tures that distinguish them from the SLB post-collisional adakites and
Xungba HSPs. On a La/Yb vs. Sm/Yb plot (Fig. 7c), the adakite and
Xungba HSP samples fall along modelled trends for partial melting of
the garnet-bearing amphibolite, amphibole-bearing eclogite and
eclogite, consistent with their thickened crust origin. However, the
Konglong trachytes show elevated Sm/Yb at given La/Yb ratios, i.e.,
lower La/Sm, clearly deviating from the modeling melting curves and
ruling out a lower crust source for their origin.

4.1.2. Magma mixing
The significant petrogenetic and geochemical differences between

the Konglong trachytes and crust-derived rocks of the Lhasa block
(e.g., SLB post-collisional adakites and Xungba HSPs) rule out a lower
crust origin for the trachytes. Instead, a close relationship between the
Konglong trachytes and the ultrapotassic rocks is strongly suggested
by their similar REE and trace-element distribution patterns, and bulk-
rock Sr-Nd-Pb and zircon O isotopes. The similarities probably indicate
a significant contribution of ultrapotassic magmas to the Konglong tra-
chytes. Furthermore, high Mg# values (up to 89) of the clinopyroxene
(Cpx) phenocrysts in the Konglong trachytes also indicate the involve-
ment of ultrapotassic magmas during their generation. Calculated
Mg# of parental liquids in equilibrium with the Cpx (Wood and
Blundy, 1997) extends up to 70, coinciding with those of mantle-de-
rived magmas. Indeed, several recent studies have identified important
contributions of ultrapotassic magmas to some post-collisional HSPs in
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the Lhasa block (Liu et al., 2017; Zhang et al., 2017). For example, Zhang
et al. (2017) proposed that the Yangying HSPs formed via AFC of prim-
itive ultrapotassic magmas. In this study, we prefer to suggest that
mixing between crustal and ultrapotassic magmas, rather than (A)FC
of ultrapotassic magmas, was responsible for generation of the
Konglong trachytes, based on the following evidence.

The Konglong trachytes have very similar Sr-Nd-Pb isotopes and ap-
proximately parallel REE distribution patterns to the Konglong
ultrapotassic enclaves (Figs. 5-6), yet, they may not be the differentia-
tion products of ultrapotassic magmas in a nearly closed system. It is
generally accepted that an evolvedmagma (except for a highly fraction-
atedmagma) relative to the parental magmawould contain higher con-
tents of the incompatible elements. The Konglong trachytes show lower
incompatible element contents than the Konglong ultrapotassic en-
claves (Fig. 5), inconsistent with their generation by FC of ultrapotassic
magmas.

Macpherson et al. (2006) suggested that basaltic magmas could
evolve into high-La/Yb and –Sr/Y rocks by fractional crystallization of
a garnet-bearing assemblage. Increasing studies (e.g., Davidson et al.,
2007; Tang et al., 2018) have recently suggested that garnet fraction-
ation could be a common process during magma differentiation at
high pressure. Indeed, the equilibrium and fractional crystallization ex-
periments have determined that garnet can crystallize from basaltic
magmas at a high pressure (e.g., 1.0–1.2 Gpa) in the lower crust or
upper mantle (e.g., Ulmer et al., 2018; Müntener et al., 2001;
Müntener and Ulmer, 2006, 2018). For instance, Ulmer et al. (2018) de-
termined experimentally that fractional crystallization of the high-Mg
basalt under oxidizing conditions evolves through fractionation of
early olivine, Cpx, orthopyroxene, spinel, and Amp at 1200–980 °C,
followed by garnet and plagioclase at 950 °C. However, a genetic
model of high-pressure fractional crystallization (involving garnet)
could not well explain the formation of the Konglong trachytes. Due to
the HREE enrichment in garnet, garnet fractionation would result in
the increase of Dy/Yb with differentiation (e.g., increasing SiO2 con-
tents) (Davidson et al., 2007; Macpherson et al., 2006; Tang et al.,
2018). Instead, the Konglong trachytes display a negative covariation
between Dy/Yb and SiO2 (Fig. 7d), which indicates that they were un-
likely produced by high-pressure fractional crystallization of basaltic
magmas. Differentiation of the shallow, plagioclase-amphibole assem-
blage (Castillo et al., 1999) from basaltic magmas was also unable to
produce the Konglong trachytes. In particular, the removal of these
phases would produce concave-upwards patterns between the middle
and heavy REEs (Macpherson et al., 2006), which are absent in the
Konglong trachytes.

Actually, compared to the ultrapotassic enclaves, the Konglong tra-
chytes have lower incompatible trace-element contents and slightly
more enriched Sr\\Nd isotopes, indicating that crustal components
were involved in their generation. The oscillatory zoning of some Cpx
phenocrysts strongly suggests that a mixing process between crustal
and ultrapotassic magmas, rather than crustal assimilation, should
play a key role in generating the Konglong trachytes.

As discussed above, the Konglong trachyte samples had plotted be-
tween the fields of the ultrapotassic enclaves and Xungba HSPs on
major-element (Na, Fe, Al, Mg, Ti, Ca, P, K) Harker diagrams, consistent
with mixing between mantle-derived and ancient crust-derived
magmas. Besides, compared to the crustal end-member (low Y and
Yb; high SiO2 and La/Yb), ultrapotassic magmas have lower SiO2, higher
Y, Yb and similar La/Yb (Fig. 5c-d). Thus, their mixing can well explain
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the negative covariation trends of Yb and Y vs. SiO2 (Fig. 7a-b), and high
La/Yb ratios alongwith high Y and Yb contents (Fig. 5c-d). Furthermore,
mixing of thickened crust-derived (i.e., Xungba HSPs) and ultrapotassic
magmas with low La/Sm can readily explain the weak fractionation of
the LREEs (i.e., low (La/Sm)N), one of the most distinctive features, for
the Konglong trachytes (Fig. 7c). In addition, both the ultrapotassic
rocks and Xungba HSPs have enriched zircon Hf (Fig. 2) and O isotopes
(Hao et al., 2018; Liu et al., 2014), comparable to those of the Konglong
trachytes. Their mixing thus can produce the Hf\\O isotopes of the
Konglong trachytes.Moreover, the Konglong trachytes have Sr\\Nd iso-
topic compositions between those of the ultrapotassic enclaves and
Xungba HSPs. Simple modeling result shows that mixing of
ultrapotassic and 20–60% crustal magmas can produce the Sr\\Nd iso-
tope compositions of the Konglong trachytes (Fig. 6a).

Collectively, we suggest that the Konglong high-silica potassic rocks
(trachytes) were generated by mixing of mantle-derived ultrapotassic
and thickened ancient crust-derived magmas. Combined with the
Xungba and YangyingHSPs (Liu et al., 2014; Zhang et al., 2017),we sug-
gested that post-collisional high-silica potassic rocks in the Lhasa block
should have variable genetic mechanisms involving melting of crustal
sources, AFC of basaltic magmas and crust- and mantle-derived
magma mixing.

4.2. Post-collisional geodynamics of the Lhasa block

Following the initial India-Eurasia (India-Lhasa) collision in the early
Cenozoic (65–55Ma) and Neo-Tethyan oceanic slab breakoff at 50–45
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Ma, the Himalayan-southern Tibetan collision zone converted into a
post-collisional intra-continental setting with Indian continental sub-
duction beneath the Lhasa block (Chung et al., 2005; DeCelles et al.,
2011). Subduction segmentation of the Indian plate (Hao et al., 2019;
Wang et al., 2018) appears likely because geophysical data have re-
cently shown that the subduction angle of the northward Indian plate
beneath southern Tibet increases from west to east (Chen et al., 2015).
The spatial variation in magmatism and mineralization throughout the
Lhasa block (Wang et al., 2018) is also consistentwith the effects of sub-
duction segmentation. Indian plate steep subduction for a short distance
beneath the eastern Lhasa block (ELB) (east of 87°E) is consistent with
the spatial distribution of the ELB post-collisional magmatism, which
was restricted to the ELB southern margin (Fig. 1). In contrast, Indian
plate flat subduction beneath the western Lhasa block (WLB) (west of
87°E) produced the WLB ~45–25 Ma magmatic gap (Chung et al.,
2005). Subsequent renewed potassic and ultrapotassic magmatism
(25–8 Ma) in the WLB was contemporaneous with the onset of the N-
S extension-related tectonics (e.g., the main central thrust (MCT), the
South Tibetan detachment system (STDS) and the Kailas basin)
(DeCelles et al., 2011) and the Konglong A-type magmatism (Hao et
al., 2019) of the Himalayan-southern Tibetan orogen. Hao et al. (2019)
suggested that these diverse events straddled both the Himalaya and
Lhasa blocks can be reconciled with the foundering of the northward
subducted Indian plate (DeCelles et al., 2002, 2011). In this scenario, In-
dian plate subducted at a low-angle and reached the region beneath the
central WLB during 45–25Ma (Hao et al., 2018). After ~25Ma, founder-
ing of the flat Indian plate caused significant N-S extension,
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ultrapotassic and leucogranitic magmatism. The ancient crust of south-
ern Tibet thenmelted andmixedwith ultrapotassicmagmas to form the
Konglong HSPs, as a result of underplating of ultrapotassic magmas.

4.3. Crustal reworking of southern Tibet during Indian continental
subduction

The Himalayan-southern Tibetan orogen, characterized by the
thickest continental crust on Earth (60–80 km) (Kind et al., 1996), is
one of the most prominent continent-continent collision zones in the
Cenozoic, and resulted from Neo-Tethyan oceanic and Indian continen-
tal subduction (Yin and Harrison, 2000). Deciphering the orogen's
crustal evolution (growth and reworking) is of significant importance
for understanding other continent-continent collision zones on Earth.
Numerous studies have clarified the crustal growth of southern Tibet
during Neo-Tethyan oceanic subduction: (1) significant juvenile crustal
growth occurred in the southern Lhasa block (SLB), but not in the CLB,
by mantle- or oceanic slab-derived magma accretion (Zhang et al.,
2010; Zhu et al., 2011, 2018); (2) The CLB ancient crust was weakly af-
fected by Neo-Tethyan oceanic subduction and evolved mainly via
crustal remelting (Zhou et al., 2017; Zhu et al., 2009, 2011).

Crustal reworking of theHimalayan-southern Tibetan orogen during
Indian continental subduction was widely considered to be dominated
by partial melting of the subducted Indian continental crust during
syn-exhumation and post-collisional crustal thinning, as recorded by
the Cenozoic adakitic and leucogranitic magmatism in the Himalaya
block, respectively (Hou et al., 2012; Wu et al., 2015; Zeng et al., 2011;
Zhang et al., 2004). Post-collisional mixing between mantle-derived
ultrapotassic and thickened juvenile crust-derived adakitic magmas re-
cently identified in the SLB of southern Tibet (Sun et al., 2018; Wang et
al., 2018; Yang et al., 2015) indicates that magma underplating and
crust-mantle mixing was likely an additional mechanism for crustal
reworking in this orogen. Identifyingmagmamixing in the CLB provides
crucial evidence for this hypothesis, particularly because Indian conti-
nent subduction beneath the CLB had initiated by at least ca. 21 Ma
(Hao et al., 2018).

Post-collisional magma mixing of the CLB is clearly identified in this
study. Integrated studies of mineral compositions, whole-rock major-,
trace-element geochemistry, and Sr-Nd-Pb-Hf-O isotopes clearly sug-
gest that the Konglong trachytes were generated by mixing of mantle-
derived ultrapotassic and thickened ancient crust-derived magmas.
This evidence suggests that matter and energy transfer from themantle
to the crust (i.e., melting of thickened ancient crust induced by injection
of ultrapotassic magmas and subsequentmantle-crust mixing) played a
key role in crustal reworking of the CLB during Indian continental sub-
duction. In addition, the Konglong ultrapotassic enclaves also indicate
ultrapotassic underplating beneath the Lhasa deep crust (Hao et al.,
2018), which caused crustal melting and magma mixing to generate
the host magmas (trachytes). The underplated ultrapotassic intrusions
were then captured as enclaves by host trachytic magmas.

Therefore, crust-mantle mixing was likely a common post-colli-
sional crustal reworking process throughout southern Tibet (both the
SLB and CLB). Based on the collective data,we conclude that crustal evo-
lution of the Himalayan-southern Tibetan orogen involved: (1) Neo-Te-
thyan oceanic subduction-induced juvenile continental crustal growth
of the SLB but not of the CLB; (2) in addition to partial melting of the
subducted Indian continental crust, magma underplating beneath the
obducted continent (injection of ultrapotassic magmas into juvenile
and ancient crust of the SLB and CLB, respectively) and subsequent
crustal melting and crust-mantle mixing was an additional effective
mechanism for crustal reworking in the collisional zone. Post-collisional
crustal reworking of southern Tibetwas likely controlled by Indian plate
flat subduction and subsequent foundering beneath the Lhasa block.

Post-collisional ultrapotassic magmatism is widely distributed along
the Alpine-Himalayan orogenic belt, e.g., in theWesternMediterranean
Region (Conticelli et al., 2009), the Turkish-Iranian plateau (Pang et al.,
2013), and the southern Tibetan plateau (Chung et al., 2005). Further-
more, ultrapotassic rocks are generally found intimately associated, in
space and time, with potassic/shoshonitic or calc-alkaline rocks (e.g.,
Conticelli et al., 2009; Miller et al., 1999), similar to the present case.
Therefore, we speculate that crust-mantle mixing (i.e., the matter and
energy transfer from the mantle to the crust) may well have played a
key role in crustal reworking along the full length of the Alpine-Himala-
yan orogenic belt.

5. Conclusions

The Konglong Miocene trachytes in the central Lhasa block of the
southern Tibetan plateau were generated by mixing between enriched
mantle-derived ultrapotassic and thickened ancient lower crust-de-
rived magmas. Considering post-collisional magma mixing recently
identified in the southern Lhasa block, we proposed that magma under-
plating and subsequent mantle-crust interaction has been widespread
and important processes for crustal reworking in southern Tibet during
Indian continental subduction. This reworking is ascribed to Indian
plate flat subduction and subsequent foundering during the post-colli-
sional stage. Taking into account the Cenozoic magmatism in the
Himalaya block, we suggested that, in addition to partial melting of
the subducted continental crust during the syn-exhumation and post-
collisional crustal thinning, magma underplating and subsequent
crust-mantlemixing beneath the obducted continent also played an im-
portant role in crustal reworking of the collisional zone.
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