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Abstract

The formation of high-silica leucogranites and related detailed evolution of granitic crystal mush in
southern Tibet bear significant information on the tectonic and magmatic evolution of the Asian-
Indian continent-continent collisional zone. Here, we first report an integrated investigation of
the Oligocene (ca. 30 Ma) leucogranites and main body granitoids exposed within the Gangdese
Batholith in Gyaca County, southern Tibet. The Gyaca leucogranites can be divided into two groups
in terms of field observation (gradational contacts vs. dykes), petrography and geochemistry
(plagioclase fractionation vs. accumulation trends), and are characterized by their formation
through different stages of evolution from (early) fractionation to (later) accumulation (up to 30%) of
plagioclase for Group | and Il leucogranites, respectively. Overall, the two groups of leucogranites
are both characterized by high SiO;, (71.4-75.7 wt.%), Na0/K,0 (>1.0) and Sr/Y (58-629), and low
Rb/Sr (0.02-0.27). The Gyaca main body granitoids resemble the published Gangdese granitoids
and most of them also have high Na;O/K,0 and they generally show varied SiO; (64.4-76.1 wt.%)
and other major and trace elements. The Gyaca leucogranites and main body granitoids have very
similar Sr-Nd-Hf-0 isotopic compositions, with initial 87 Sr/86Sr ratios from 0.7054 to 0.7064, enq(t)
values from —3.40 to +0.65, zircon eys(t) values from —3.0 to +5.2, and zircon §'80 values from
5.59%0 to 6.84%0. These leucogranites and main body granitoids are interpreted to have a same
magma source and can be formed by water-present melting of garnet amphibolites from juvenile
lower crust plus minor materials from felsic ancient crust beneath the southern Lhasa Terrane.
The genetic association of the Oligocene Gyaca leucogranites and main body granitoids and their
geochemical diversity reveal an evolved magmatic system. The two types of leucogranites are
probably formed by crystal-melt fractionation and plagioclase accumulation at different stages
during the solidification of the magma chamber. The discovery of ca. 30 Ma leucogranites in the
Gangdese Batholith, in combination with the Oligocene-Miocene high Sr/Y Gangdese granitoids
and coeval Himalayan leucogranites (HLGs), indicate the coexistence of diverse granitic rocks in
southern Tibet may principally result from partial melting of local deep crustal materials. A new
petrogenetic model which illustrates the evolution and multiple emplacements of crystal mush in
a granitic magma chamber is proposed for the formation and magmatic evolution of leucogranites
in melts from juvenile lower crust in Tibet.
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INTRODUCTION

The Earth is distinguished from other planets by the existence of
continental crust, in which granitoids occupy a significant position
in the compositional spectrum (Campbell and Taylor 1983; Brown
2013). Thus, investigating the petrogenesis of granite and the for-
mation of granitic plutons/batholiths plays a crucial role in under-
standing the formation and evolution of continents. The Tibetan
Plateau, in particular southern Tibet (Fig. 1), is an ideal place in
exploring formation of diverse granitoids and building continent by
crustal growth and reworking (Yin & Harrison, 2000; Chung et al.
2005; Ma et al. 2017; Zhu et al. 2019; Ji et al. 2020). Among the
diverse granitoids exposed in southern Tibet, leucogranites, which
are highly silicic and contain very low contents (usually <5%) of
melanocratic minerals, have received great attention (e.g. Inger and
Harris 1993; Harrison ez al. 1997; Hopkinson 2016; Weinberg 2016;
Gao et al. 2017; Wu et al. 2015, 2020) since their first report in
the Himalayas (Le Fort 1973). The Himalayan leucogranites (HLGs)
are traditionally considered as products of dehydration melting of
metapelites from the High Himalayan Crystalline Series (Le Fort
1981; Harris et al. 1993; Inger and Harris 1993; Patifio Douce and
Harris 1998; Ji et al. 2020) although their geodynamic significance
is highly debated (channel flow vs. wedge extrusion/ critical taper;
Davis et al. 1983; Royden et al. 1997; Hopkinson 2016; Maiti et al.
2020; Wu et al. 2020). Moreover, extensive studies on the high-
silica leucogranites in collisional orogenic belts worldwide suggest
complicated petrogenesis in terms of source rocks (e.g. Braun ez al.
1996; Frost et al. 2016; Chiarenzelli e al. 2017), melting conditions
(e.g. Jung et al. 2009; Symington et al. 2014; Frost et al. 2016),
heat sources (see summary in Harrison ez al., 1997), and magmatic
differentiation (e.g. Dostal et al. 2015; Yang et al. 2019; Liu et al.
2020; Xie et al. 2020). In particular, crystal fractionation during
solidification of granitic crystal-mush has been emphasized in recent
years (e.g. Bachmann and Bergantz 2008; Glazner ez al., 2008; Wu
et al. 2015, 2020; Bachmann and Huber 2016) and its role in the
generation of high-silica granites, including leucogranites, has been
one of the key issues of granite study (e.g. Lee and Morton 2015;
Wu et al. 2020; Zhou et al. 2020). Given the ongoing uncertainties
regarding the petrogenesis and evolution of high-silica leucogranites,
further investigations need to be conducted to better understand their
formation in different parts of the typical Trans-Himalayan Orogen,
including within the Gangdese belt.

Since the Gangdese belt and the Himalayan Orogen underwent
pervasive synchronous magmatic and metamorphic overprints during
the Oligocene-Miocene (Groppo et al. 2010; King ez al. 2011; Hou
etal.2012; Zhang et al. 2017; Ji et al. 2020), it is expected that the for-
mations of massive leucogranites and other high-silica granites, which
are typical products in orogenic belts (Weinberg 2016; Chiarenzelli
et al. 2017; Gao et al. 2017; Wu et al. 2015, 2020), could occur in
both regions. However, in contrast to the well-studied and widely-
exposed HLGs (46-7 Ma), no Oligocene-Miocene leucogranite has
been reported so far in the Gangdese belt except a few occurrences
formed during the period of 135-60 Ma (e.g. Zhai ef al. 2005; Ma
etal.2017).In addition, there are only few high-silica granite/rhyolite
occurrences (e.g. Zhou ez al. 2020) and samples in the Gangdese belt
based on the available geochemical data (e.g. Wang er al. 2018). This
may suggest the differences in source composition, melting condition

and magmatic differentiation for the generation of high-silica granites
in different areas, and undoubtedly the leucogranites in the Gangdese
Batholith would, therefore, allow new perspectives to be gained on
the petrogenesis of high-silica granites of the Tibetan Plateau and the
formation of huge granitic batholith in collisional orogen.

In this contribution, we report an occurrence of Oligocene
leucogranites in the Gyaca pluton and present detailed field and
petrographic observations, zircon U-Pb-Hf-O isotopes and whole-
rock geochemical data for different granitic rocks, aiming to reveal
their source region, melting conditions and reactions, and magmatic
evolution for the formation of diverse granites (sensu lato) at ca.
30 Ma in the Gangdese Batholith. The new data lead us to put
a multi-stage fractionation model for the magmatic evolution and
formation of an Oligocene Gangdese granitoid pluton in such a
typical collisional orogenic belt.

GEOLOGICAL SETTING AND SAMPLING

The Tibetan Plateau is divided from north to south into the Kunlun—
Qilian, Songpan—Ganzi, Qiangtang, and Lhasa terranes, and the
Himalayan Orogen, separated by the Animagqen, Jinshajiang, Ban-
gong—Nujiang, and Indus—Yarlung suture zones, respectively (Yin and
Harrison 2000; Ji et al. 2009) (Fig. 1b). The Gangdese Batholith lies
along the southernmost Lhasa Terrane and is separated from the
Himalayan Orogen by the Indus—Yarlung suture zone (Fig. 1c). This
batholith, which has been formed as a result of northward subduction
of the Neo-Tethyan oceanic slab and subsequent collision between
the Indian and Asian plates, is composed mainly of Late Triassic—
Miocene (220-10 Ma) intermediate—felsic igneous rocks (Yin and
Harrison 20005 Ji et al. 2020). Based on available geochronological
data, four main episodes of granitic magmatic activities have been
identified for the Gangdese Batholith (Ji ez al. 2009): Late Trias-
sic—Jurassic (205-152 Ma), Cretaceous (109-80 Ma), Palaeocene—
Eocene (65-41 Ma), and Oligocene-Miocene (33-13 Ma). Of these,
the Oligocene—Miocene episode, which clearly formed after the cli-
max of collision, has been well studied and is generally linked to
partial melting of delaminated thickened lower crust (Williams ez al.
2001; Chung et al. 2003, 2005, 2009; Wang et al. 2018).

The Gyaca pluton investigated in this study is located in Gyaca
County, ~20 km to the north of Indus—Yarlung suture zone (Fig. 1c).
An E-W-trending ductile shear zone extends for more than 90 km
across its northern part (Fig. 1d). The pluton belongs to the Gangdese
Batholith and intruded into the Jurassic Yeba Formation on its
northern margin. To the south till the Indus—Yarlung suture zone,
the Gyaca pluton is connected with a set of ca. 50 Ma granodiorites
and a ca. 200 Ma mafic—felsic rock suite. The latter was intruded by
the former and is composed of hornblendite, gabbro, diorite, quartz
diorite, granodiorite and tonalite (Xu et al. 2019). The investigated
Gyaca pluton is mainly composed of granodiorite and biotite granite,
with subordinate leucogranite occurring as dykes or differentiated
layers within the main body of the granitoids. The rock outcrops
preserved fresh samples for analysis of this study. We collected 20
least-altered leucogranite samples, 15 associated main body granitoid
samples and a diorite sample from 15 locations along a road-cut
profile from Gyaca County to Lamulacuo Lake (Fig. 1d; Table 1).
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Fig. 1. Geological maps showing the location of the Gyaca pluton within the Gangdese Batholith. (a) Simplified continent-scale location map of the Indian and
Asian continents (modified after Chung et al. 2003). (b) Simplified tectonic map of the Tibetan Plateau (modified after Ji et al. 2009). ASZ= Animagen Suture
Zone, JSZ = Jinshajiang Suture Zone, BNSZ = Bangong-Nujiang Suture Zone, IYSZ = Indus-Yarlung suture zone. (c) Regional geological map of the eastern part
of southern Tibet (modified after Zeng et al. 2009). STDS = Southern Tibet Detachment System. (d) Geological map of the Gyaca-Cuijiu corridor, showing the

distribution of Oligocene leucogranites and main body granitoids in the Gyaca

The Gyaca leucogranites can be divided into two groups based
on their field relationships with the main body granitoids: Group
I leucogranites show gradational contacts with or occur as small
lenses within the main body biotite granites (Fig. 2a) and are part
of the pluton together with the main body granitoids, whereas
Group II leucogranites present as dykes intruding into the main body
granodiorites and biotite granites (Fig. 2b). There are some biotite
schlieren at the margins of main body granitoids (Fig. 2¢), showing
characteristics of magmatic flow structure. In addition, a few diorites
(Fig. 2d—e) with large volumes of melanocratic minerals (e.g. horn-
blende and biotite) are also observed within the main body grani-
toids. Both groups of leucogranite show medium- to coarse-grained
granular textures and similar mineral assemblages. The Group I
leucogranites consist of quartz (30-35%), plagioclase (35-45%),
alkali feldspar (15-30%), and subordinate biotite (<5%) and mus-
covite (0-3%) (Fig. 2h), while the Group II leucogranites are com-
prised of quartz (25-40%,), plagioclase (35-60%), alkali feldspar
(0-25%), and subordinate biotite (<5%) and muscovite (0-3%)
(Fig. 2i). Zircon, apatite, and Fe-Ti oxides are the main accessory

pluton.

minerals in the two types. Interestingly, cumulate textures of pla-
gioclase grains are apparent in some of the Group II leucogranites
(Fig. 2i). The associated main body rocks are composed of medium-
to coarse-grained granodiorites and biotite granites. The granodior-
ites consist of plagioclase (20-40%), hornblende (10-20%), biotite
(10-30%), quartz (10-25%), alkali feldspar (5-15%), Fe-Ti oxides
(0-5%) (Fig. 2f), with zircon, apatite, titanite, epidote, and allanite
as accessory minerals. Specifically, zircon grains are commonly found
as inclusions within plagioclase grains (Fig. 2f). The biotite granites
comprise quartz (15-35%), plagioclase (20-40%), biotite (10-20%),
alkali feldspar (20-40%), and subordinate Fe-Ti oxides (0-10%)
and hornblende (0-5%) (Fig. 2g), with zircon, apatite, titanite, and
allanite as accessory minerals. Plagioclase grains show growth zoning
in all cases of the leucogranites (Fig. 2h—i) but only rarely in the
associated main body granodiorites and biotite granites. The diorite
is composed of hornblende (50%), biotite (25%), plagioclase (20%),
and subordinate quartz (5%), with titanite and apatite as accessory
minerals and shows clear cumulate textures of melanocratic minerals
accompanied with interstitial quartz among them (Fig. 2e).
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Fig. 2. Field photographs and photomicrographs of the Gyaca leucogranites and main body granitoids. (a) Group | leucogranites occur as lenses and show
gradational contacts with the main body biotite granite. The longer arrow represents the direction of decrease in biotite content. (b) Group Il leucogranite intrudes
as a dyke into the main body granodiorite. (c) Biotite schlieren at the margins of the main body granodiorites. (d) Diorite in the Gyaca main body granitoids
showing apparent cumulus hornblende and biotite grains. (e) Microphotograph (plane-polarized light) showing the main mineral assemblages of diorite. (f-i)
Microphotographs (cross-polarized light) showing the main mineral assemblages of granodiorite (f), biotite granite (g), two-mica granite (h), biotite-bearing
leucogranite and cumulate textures of plagioclase (i). Pl = plagioclase, Bt = biotite, Qtz = quartz, Mic = microcline, Mus = muscovite, Ttn =titanite, Zrn =zircon.

ANALYTICAL METHODS

Five leucogranite samples (16XZ-11-1, 16XZ-12-1, 16XZ-12-2,
17XZ-52-3, and 17XZ-55) and five main body granitoid samples
(16XZ-13-2, 16XZ-14-1, 17XZ-49-1, 17XZ-51-5 and 17XZ-56-2)
were selected for laser-ablation—inductively coupled plasma-mass
spectrometry (LA-ICP-MS) in situ zircon U-Pb isotopic dating and
Ti content analysis. Cathodoluminescence (CL) images were obtained
at the State Key Laboratory for Mineral Deposits Research, Nanjing
University (MiDeR-NJU), using a Supra 55 (Zeiss) field emission
electron microscope equipped with a Mono CL4 probe (Gatan).
LA-ICP-MS zircon U-Pb dating was conducted using an iCAP RQ
ICP-MS instrument (Thermo Fisher Scientific) attached to a GeoLas
Pro 193 nm LA system (Coherent). Zircon standards GEMOC GJ-1
and Mud Tank and glass standard NIST-610 were used as external
standards for fractionation correction and trace-element analyses.
2%Si was adopted as the internal standard for in situ trace-element
analysis. All analyses were conducted using a spot size of 32 pm, a
repetition rate of 5 Hz, and a pulse energy density of 6.5 J/cm?. The
data of zircon U-Pb ages and Ti contents are listed in Supplementary
Data File 1.

Two main body granitoid samples and three leucogranite samples
were selected for in situ zircon Lu-Hf isotopic analyses. Zircon

oxygen isotopes were further analysed for the two granitoid samples
and two of the three leucogranite samples. The dated zircons were
further analysed in situ for Lu—Hf isotopes at the MiDeR-NJU, using
a Neptune Plus Multi-Collector (MC)-ICP-MS instrument coupled
to a GeoLas Pro 193 nm LA system (Coherent). All analyses were
carried out using a spot size of 44 pm, a repetition rate of 10 Hz, and
a pulse energy density of 8 J/cm?. All Lu-Hf isotope analyses were
performed on the same spots for LA-ICP-MS U-Pb dating analyses.
Zircon standard 91 500 was used for quality control. The data are
listed in Supplementary Data File 2.

Zircon oxygen isotope analyses were conducted at the Secondary
Ton Mass Spectrometry Laboratory, Guangzhou Institute of Geo-
chemistry, Chinese Academy of Sciences, Guangzhou, China, using
a CAMECA IMS 1280-HR ion microprobe. The analyses were
conducted on the same spots or similar domains as for LA-ICP-
MS U-Pb dating analysis. Zircon standards Penglai and Qinghu were
used as external standards to monitor analytical precision. The data
are listed in Supplementary Data File 3.

Three leucogranite samples (17XZ-51-1,17XZ-52-3, and 17XZ-
55-1), one granodiorite sample (17XZ-49-1), and two biotite granite
samples (17XZ-51-5 and 17XZ-56-2) were selected for Electron
Microprobe Analyses (EMPA) analyses on plagioclase, biotite, and
hornblende grains. EMPA and back-scattered-electron (BSE) imaging
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of plagioclase, hornblende, and biotite were conducted using a JXA-
8230 (JEOL) instrument at the Testing Centre of the Shandong
Bureau of China Metallurgy and Geology, Ji'nan, China. Operating
conditions included a 15 kV accelerating voltage and a 2.0 x 107% A
beam current. Beam sizes of 10 pm and spot were applied to plagio-
clase, hornblende, and biotite, respectively. The analytical precision
is generally better than 2% for all elements, and the data are given in
Supplementary Data File 4.

Three Group II leucogranite samples (16XZ-11-5, 17XZ-54-
1, and 17XZ-56-1) were selected for TESCAN Intergrated Mineral
Analyzer (TIMA) analysis on carbon-coated thin sections at the Nan-
jing Hongchuang Geological Exploration Technology Service Co.,
Ltd. Compositional mapping was conducted using a Mira-3 scan-
ning electron microscope equipped with four energy dispersive
X-ray Energy Dispersive Spectroscopy (EDS; EDAX Element 30).
The liberation data were collected with the ‘dot mapping’ mode
which includes the collection of BSE and EDS data. At each point,
the BSE level was determined. If the BSE level was above a certain
threshold, the beam was kept focusing on this spot until 1000 counts
from the spectrometer were collected. We used an acceleration
voltage of 25 kV and a probe current of 9 nA. Working distance
was set to 15 mm. Pixel spacing and dot spacing were set to
3 pm and 9 pm, respectively. The current and BSE signal intensity
were calibrated on a platinum Faraday cup using the automated
procedure. EDS performance was checked using manganese
standard.

Bulk-rock major and trace element analyses were carried out
at MiDeR-NJU. Major element analyses were performed using an
ARL9900 X-Ray fluorescence spectrometer (Thermo Fisher Scien-
tific). United States Geological Survey (USGS) reference materials
BCR-2, BHVO-2, and RGM-2 were used for quality control. The
analytical precision is generally better than 2% (2SE) for most ele-
ments. Trace elements were analysed in solution after acid digestion
using an Aurora M90 ICP-MS instrument (Analytik Jena), with
international standards BHVO-2, AGV-2 and W-2 used for quality
control. The analytical precision is generally better than 5% for most
trace elements. The data are presented in Table 2.

Eleven leucogranite samples and eight granitoid samples were
selected for whole-rock Rb-Sr and Sm-Nd isotopic analyses. Bulk-
rock Sr—-Nd isotopic measurements were performed at Nanjing
FocuMS Technology, Nanjing, China, using an Agilent 7700x
quadrupole ICP-MS instrument to determine the concentrations of
Sr and Nd and a Plasma Il MC-ICP-MS instrument (Nu Instruments)
to obtain the isotopic ratios. Raw data of the measured #’Sr/*¢Sr and
INd/"*Nd were corrected for mass fractionation by normalizing
to ¥7Sr/*¢Sr=0.1194 and 3Nd/'*Nd = 0.7219, respectively. USGS
reference materials BCR-2, BHVO-2, and AVG-2 were analysed to
monitor analytical precision. Initial 8”Sr/%¢Sr ratios [(*”Sr/*¢Sr);] and
end (t) values were calculated with t =30 Ma according to the dating
results of this work, and the isotopic data are listed in Table 3.

RESULTS

Zircon U-Pb ages, Ti concentrations and Hf-O isotopes
Zircon grains separated from the rocks are all transparent, colourless
to light yellow, and euhedral. The long to stubby prismatic zircon
grains commonly have aspect ratios of 2-3, lengths of 80-160 pm
and 250-350 pm for the leucogranites and main body granitoids,
respectively. Most of them show well-developed oscillatory zoning
(Fig. 3a—j) and high Th/U (Fig. 3k), which indicate a magmatic origin.

Some of them exhibit inherited cores (Fig. 3e, f, h, j). In addition,
a few zircon grains show dark CL images (Fig. 3a, e—j), reflecting
high U contents which, however, do not influence the U-Pb isotopic
concordancy.

Analyses on inherited zircons from the leucogranites and main
body granitoids yield 2°°Pb/***U ages of 114-34 Ma (n=26) and
98-35 Ma (n=17), respectively (Fig. 31). The remaining analyses on
the rims yield weighted mean 2°°Pb/?**U ages between 30.9-29.4 Ma
(Table 1). All of the mean ages are consistent within uncertainties,
implying that the Gyaca leucogranites and main body granitoids
formed synchronously during the Oligocene (ca. 30 Ma).

Ti contents of igneous zircon grains from the leucogranites range
from 3.9 to 25.3 ppm, and those in main body granitoids vary
from 3.4 to 20.1 ppm (except one at 35.8 ppm), yielding weighted
mean magma temperatures given by the Ti-in-zircon geothermometer
(TTiin-zircon) Of Ferry and Watson (2007) of 750 £ 11°C (203n=61)
and 740 £12°C (20; n = 60), respectively, assuming the activity of Ti
in the melts is 0.75. The change of Ti activity between 1 to 0.6 will
only generate about 30°C for the calculated temperatures (Ferry and
Watson 2007), which still confirm low Ti-in-zircon temperatures for
the main body granitoids and leucogranites.

Hf isotope analyses show that the Gyaca leucogranites and main
body granitoids have similar epy¢(t) values (—3.0 to +5.2) and two-
stage model ages (TPDIIf\/IZ) (1.3-0.7 Ga) for their magmatic zircon
domains (Table 1). It is noted that the ep¢(t) values straddle the area
between the Oligocene HLGs and the Eocene-Miocene Gangdese
adakitic rocks (Fig. 4a). Similarly, the igneous zircon grains from
the leucogranites and main body granitoids (except for one outlier,
80 =9.03%0) have similar oxygen isotopic compositions (5.59—
6.84%0 vs. 5.75-6.76%) (Table 1; Fig. 4b). These values are slightly
higher than those of mantle-derived zircons (5.3%o = 0.6%0) (20}
Valley 2003).

Mineral chemistry

Representative plagioclase grains with growth zoning were anal-
ysed from core to rim (Fig.5). For leucogranites, plagioclase
grains typically show a decrease in modal anorthite (An) from
core to rim (Fig. 5a). These grains generally have a core of
Abgo-70Any5_40O0ri_y and a rim of Ab7ys_9gAnyg_p9Ori_p. For
main body granodiorite, plagioclase grains (from sample 17XZ-49-
1) generally have a core of Abgs_goAngg_s50ri_2, an intermediate
zone of Abss_gsAnz5_400r1_2,and a rim of Abgp_ggAn39_40O0ri_s.
The majority of plagioclase grains from the main body biotite granites
(i.e. 17XZ-51-5 and 17XZ-56-2) display similar compositional
variations to those of the leucogranites. These plagioclase grains
from the biotite granites have a core of Abgy_ggAnyo_49Orq_2 and
a rim of Ab7p_g5Any5_30Orq_y (Fig. 5b), except for one plagioclase
grain that exhibits a reverse trend but within a limited range (see
17XZ-56-2-Pl4 in Supplementary Data File 4). Plagioclase grains
from the leucogranites tend to contain less An than those from the
main body granitoids (Fig. 6a), possibly indicating a higher degree
of magmatic differentiation of the former than the latter. All of these
traits suggest a plagioclase crystallization sequence from andesine,
labradorite to oligoclase from early to later stages. Additionally, the
plagioclase grains from main body granitoids tend to contain excess
Al contents, as presented in Fig. 6b.

As no hornblende was found in the leucogranites, only the rep-
resentative hornblende grains from the main body granitoids were
analysed. These hornblendes have SiO; and MgO contents of 45.0-
49.4 wt.% and 10.6-13.0 wt.%, respectively, and fall in the field of
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Zhang et al. (2004), King et al. (2011), and Wang et al. (2017).

magnesiohornblende (Fig. 6¢). Al-in-hornblende barometers applied
at grain rims yield emplacement pressures of 2.6-3.9 kbar (Ham-
marstrom and Zen 1986), 2.5-4.0 kbar (Hollister et al. 1987), 2.0-
3.1 kbar (Johnson and Rutherford 1989) and 3.1-4.4 kbar (Schmidt
1992) according to different calibration methods, with the average
pressures ranging from 2.6 to 3.8 kbar.

Biotite grains from the leucogranites contain MgO, FeO(T)
(total Fe oxides shown as FeO), Al; O3 and TiO, contents of 9.2—
10.8 wt.%, 17.9-19.5 wt.%, 14.2-16.4 wt.% and 2.0-3.3 wt.%,
respectively, and are classified mostly as siderophyllite (Fig. 6d).
Biotite grains from the main body granitoids, compared with those
from the leucogranites, generally have slightly higher contents of
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MgO (9.8-12.3 wt.%) and TiO; (1.9-3.8 wt.%) and lower contents
of Al O3 (13.9-15.5 wt.%) and FeO(T) (16.3-19.9 wt.%), and are
classified as eastonite and siderophyllite (Fig. 6d).

Bulk-rock geochemistry

The Gyaca main body granitoids show varied SiO, contents of
64.4 wt.% to 73.4 wt.%, with one exception of 76.1 wt.% (Table 2).
Compared with the main body granitoids, the leucogranites generally
have concentrated and high contents of SiO; (71.4-75.7 wt.%),
and low contents of Fey O3 (T) (total Fe oxides shown as Fe; O3;
<1.35 wt.%), MgO (0.11-0.73 wt.%), TiO, (0.04-0.19 wt.%), and
P, 05 (0.01-0.08 wt.%) (Supplementary Fig. S1). The leucogranites
fall in the fields of granite and trondhjemite, whereas the main body
granitoids plot in the fields of granodiorite and granite in the An-Ab-
Or diagram (Fig. 7a). All of the leucogranites, main body granitoids
and the diorite, are Na-rich with Na; O/K; O mostly higher than 1.0
(Fig. 8). Most of the Gyaca granitic rocks have aluminium saturation
index (A/CNK) [molar Al; O3/(CaO + Nay O + K; O)] exceeding 1.0,
with the main body granitoids tending to have the lower A/CNK
(0.94 to 1.08) than those of leucogranites (1.04 to 1.09) (Fig. 7b;
Table 2). The diorite sample has the lowest SiO5 (59.0 wt.%) contents
and A/CNK (0.8), and highest contents of CaO (5.66 wt.%), Fe; O3
(T) (8.26 wt.%), MgO (4.31 wt.%), TiO; (0.92 wt.%), and P,Os
(0.41 wt.%) (Supplementary Fig. S1).

Generally, the Oligocene granitic rocks in the Gyaca area show
similar signatures in their enrichments in light rare-earth elements
(LREEs), large-ion lithophile elements (LILEs; e.g. Ba, K, and Sr), and
Pb, and depletions in high-field-strength elements (HFSEs; e.g. Y, Nb,
Ta, and Ti) and P (Fig. 9a). Zircon saturation temperatures (T,;.) of
the leucogranites and main body granitoids were calculated using the

formula of Watson and Harrison (1983), which yielded mean values
of 701 £8°C (20;n=20) and 760+ 16°C (20; n=15), respectively.

All of the Gyaca leucogranites and main body granitoids show
fractionated chondrite-normalized patterns that are enriched in
LREEs and depleted in heavy REEs (HREEs) (Fig. 9b), with (La/Yb)N
varying from 4.1 to 49.3. These rocks exhibit variable fractionation
of HREEs with (Gd/Yb)y ranging from 0.7 to 4.4 (Fig. 9b). In
addition, they show diverse total REE (EREE) concentrations and
Eu anomalies (Figs. 8 & S1, Table 2). The main body granitoids
have the higher SREE concentrations (48.5-282 ppm) and distinct
negative Eu anomalies (§Eu=0.36-0.89). Group I leucogranites
have intermediate TREE concentrations (58.2-68.9 ppm) and
weak negative Eu anomalies (§Eu=0.65-0.89), whereas Group II
leucogranites have the lowest ZTREE concentrations (14.4-87.4 ppm)
and the most pronounced positive Eu anomalies (§Eu=1.05-2.91) of
the Gyaca granitic rocks. Remarkably, the diorite sample contains the
highest concentrations of trace elements and REEs with fractionated
chondrite-normalized REE patterns (Fig. 9). Concerning its cumulate
textures (Fig. 2e) of hornblende and biotite grains, and the highest
abundances of CaO, Fe; O3 (T), TiO; and trace elements, the diorite
sample is interpreted to be a dioritic cumulate.

Bulk-rock Sr-Nd isotopes

Opverall, the Gyaca leucogranites and main body granitoids exhibit
similar and uniform Sr-Nd isotopic features (Fig. 10). Specifically,
the leucogranites have (¥7Sr/*Sr); =0.7054-0.7064 and epyq(t) val-
ues ranging from —2.62 to —1.50, except sample 17XZ-54-1 with
the lowest eng4(t) =—5.87. The main body granitoids have similar
(¥7Sr/%Sr); (0.7056-0.7062) and a narrow range of enq(t) values
(—3.40 to +0.65). Two-stage model ages (TESAZ) were calculated to
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estimate the nature of the source region. As reported in Table 3, the
calculated Tgf\l/u values of 1.3-0.8 Ga are consistent with the Tglfvlz

of zircon Hf isotopes.

DISCUSSION

Fractional crystallization: Constraints from
geochemistry and modelling

The similar Sr-Nd-Hf-O isotopes (Fig. 4 & Fig. 10) and mineral
compositions (Fig. 5 & Fig. 6), together with field observations
(Fig. 2) of the Gyaca leucogranites and coeval main body granitoids,
suggest that they likely originated from a similar source. However,

the wide variations in major and trace element compositions of the
Gyaca leucogranites and main body granitoids imply a complicated
magmatic process they have undergone. The variations can be
featured in two aspects: (1) the significant geochemical variations
of the Gyaca main body granitoids, as shown by the linear variations
of CaQ, K, O, Fe; O3(T), TiO, MgO, and P, O5 with SiO; (Fig. 7;
Supplementary Fig. S1), and (2) the variations of two types of
leucogranites and their differences from the main body granitoids
(Fig. 7; Supplementary Fig. S1). Many mechanisms are possible for
the geochemical diversity of granitoids, including dehydration and
water-fluxed partial melting (e.g. Clemens and Stevens 2012; Wein-
berg and Hasalova 2015), disequilibrium melting (e.g. Wang ez al.
2021), melt accumulation/mixing from melting of same source (e.g.
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(2012); HHGGs is mainly from Miller et al. (2001), Murphy (2007), and Thoni
et al. (2012). HLGs = Himalayan leucogranites, OMGGs = Oligocene-Miocene
Gangdese granitoids, HHGGs = High Himalayan granites and gneisses, End-
=end-member, HHCS = High Himalayan Crystalline Series.

Wang and Wang 2021), fractional crystallization (e.g. Ballouard et al.
2016; Moyen et al. 2021), magma mixing (e.g. Zhang et al. 2017)
and crustal assimilation (e.g. Clemens and Stevens 2012). As for
the geochemical variations of the Gyaca main body granitoids, the
limited variations of Sr, Nd and Hf isotopes preclude the significant
contributions of disequilibrium melting, mixing of different melt
batches and exotic melts, and crustal assimilation, thus only partial
melting and crystal fractionation could give rise to this phenomenon.

Partial melting is commonly controlled by the compositional
diversity of source rocks, pressure, water contents, mineral
assemblages, and other possible factors (e.g. volatile, heat, etc.) (e.g.
Ebadi and Johannes 1991; Vielzeuf and Schmidt 2001; Schwindinger
et al. 2019; Bartoli 2021). Since the consistent Sr-Nd-Hf-O isotopes
(Fig. 11) have proven the consistency of source rocks, partial melting
of diverse source rocks and mineral assemblages seems implausible
for the geochemical diversity of the Gyaca main body granitoids. The
contents of water and other volatiles place constraints on the melting
style and degree for a given source (Whitney, 1988; Clemens and
Stevens 2012; Brown 2013; Weinberg and Hasalova 2015), and thus
their variations will generate the geochemical variations of melts.
However, considering the slightly juvenile crustal source (see below)
as suggested by the low initial Sr isotopes and zircon §'*O values,
a mature sediment-dominated source (e.g. metapelite) is unlikely so
that the contents of water and volatile in a given source generally do
not change a lot during partial melting. The effect of pressure may
be also not significant since the Sr/Y ratios are generally stable with
SiO; for the Gyaca main body granitoids (Fig. 8).

The existence of old zircon core domains/xenocrysts (Fig. 31)
suggests the role of crustal contamination should be re-evaluated

carefully. Such process is common for granitic melts that commonly
crystallize in a long timescale and can be traced using the tendency of
Sr—Nd-Hf-O isotopes towards a mature crustal endmember (Amdo
orthogneiss in Harris et al. 1988; crustal xenolith in Miller ez al.
1999). However, the relatively uniform features displayed by bulk-
rock Sr-Nd and zircon Hf-O isotopes with increasing SiO, content
(Fig. 11) indicate that crustal contamination just played a minor role
in giving rise to the geochemical variations of the Gyaca main body
granitoids, as well as the leucogranites. In addition, the lack of wall
rock xenoliths excludes the possibility of pervasive contamination.
Wall rock assimilation, even if it had happened, could only give rise
to small-scale variation in the margin of Gyaca granitic bodies rather
than becoming the fundamental mechanism in light of energetic con-
sideration (Glazner 2007; Clemens and Stevens 2012). Instead, the
gradational contacts between leucogranites and main body granitoids
and the presence of biotite schlieren and dioritic cumulate (Fig. 2)
strongly hint at fractional crystallization in forming the geochemical
diversity of Gyaca main body granitoids and the leucogranites. Below,
we try to examine how fractional crystallization of different minerals
behaved in the generation of geochemical diversity of the Gyaca
main body granitoids and the formation of the two types of the
leucogranites.

Plagioclase is a dominant crystal phase in granitic crystal mush
system (Bachmann and Bergantz 2004; Bachmann and Huber 2016).
It prefers Na, Ca, S, and Eu due to high mineral-melt partition coef-
ficients, meaning that its fractionation or accumulation will strongly
affect Nay O, CaO, Sr contents, and Eu anomalies of melts. Group
IT leucogranites show pronounced positive Eu anomalies, whereas
Group I leucogranites exhibit weakly negative anomalies (Fig. 9b),
which may correspond to plagioclase accumulation and differenti-
ation, respectively. Furthermore, cumulus plagioclase is observed in
some of the Group II leucogranites (Fig. 2i), along with the accumu-
lation trends presented in Figs. 8 & 12b—c, supporting plagioclase
accumulation. Additionally, the TIMA analysis (Fig. 13) has shown
apparent cumulus textures of plagioclase in which euhedral and
coarse-grained plagioclase crystals constitute a mineral framework
while anhedral quartz grains and other phases fill the small inter-
spaces among the plagioclase grains. Overall, the decreases in Na, O,
Ca0, NayO/K, 0, and Sr/Y with increasing SiO, from main body
granitoids to Group I and the increases to (and within) Group
I (Fig. 8 & Supplementary Fig. S1) are all consistent with a tran-
sition from fractionation in the early stages of magma evolution
to accumulation of plagioclase in the later stages. However, how
the plagioclase is accumulated in Group II is still a matter to be
resolved and will be discussed below. Notably, there are even stronger
negative Eu anomalies in the main body granitoids than those in
Group I leucogranites. This phenomenon could be attributed to the
involvement of hornblende (rich in MREE) and allanite/apatite (rich
in LREE) in fractionated mineral assemblage which is inclined to
offset the enhancement of Eu anomalies caused by the fractionation
of plagioclase.

Fractionation of other minerals in forming the geochemical
diversity also deserves to be evaluated. The covariation between
Fe» O3(T) and TiO (Fig. 12a) and the negative correlations between
SiOy and FeyO3(T), MgO, and TiO; (Supplementary Fig. S1)
indicate crystal fractionation of the early crystallization phases
of biotite and Fe-Ti oxides (e.g. magnetite and ilmenite). The
negative P anomalies (Fig. 9a) of leucogranites compared with main
body granitoids and the negative correlation between P»Os and
SiOy (Supplementary Fig. S1) imply fractionation of apatite. The
similar chondrite-normalized patterns of the leucogranites and main
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body granitoids, coupled with subparallel negative correlations of
LREE and HREE contents with increasing SiO, (Fig. S1), suggest
continuous removal of REE-rich minerals, such as hornblende and
accessory phases of allanite, sphene, apatite, and zircon during
magma evolution. The elements Nb and Ta are compatible in Ti-
bearing minerals (Ballouard ez al. 2016). As a result, the fractionation
of sphene and Fe-Ti oxides might contribute to relative Nb-Ta-Ti
depletions (Fig. 9a). Likewise, as shown in Fig. 9a, the decreases of
Zr-Hf concentrations and Zr/Hf (Supplementary Fig. S1) implies
fractional crystallization of Zr-Hf-bearing minerals, i.e. zircon,
which also accounts for the decrease of HREE. The reduction of
MREE and Y and the decrease of Gd/Yb might be attributed to the
fractionation of hornblende. Consequently, the leucogranites possess
lower abundance of trace elements than main body granitoids due to
the fractional crystallization, which can be observed in Fig. 9a.

The inferences regarding these fractionated minerals are further
supported by field observations. The gradational contacts between
the main body granitoids and leucogranites with decreasing amounts
of melanocratic minerals and the presence of biotite schlieren and
dioritic cumulate in the field indicate local (in situ) fractional crys-
tallization according to the criteria proposed by Wu ez al. (2020). In
addition, the EMPA analyses of plagioclase grains reveal a complex
crystallization sequence of andesine, labradorite, and oligoclase from
early to later stages, along with decreasing An, which probably points
to a protracted magmatic evolution. The fairly low TiO, contents
(commonly <3 wt.%) of biotite grains from the leucogranites also
imply considerable fractionation. Furthermore, the relatively low

temperatures of Tiinzircon (635-818°C) and T,;; (659-736°C) of
the Gyaca leucogranites and the existence of inherited zircon fit the
classification of cold granites by Miller ez al. (2003), and this is likely
to reflect a long-term evolution of the leucogranites from a given
hotter parental magma. Likewise, the varied concentrations of Ti
in different zircon grains reflect crystalline history of every single
zircon, suggesting a long-term crystalline period that the magma had
undergone.

The fractionation inferred for the Gyaca granitic rocks can also be
examined using Rhyolite-MELTS thermodynamics program (version
1.2.0; Gualda et al. 2012) with major elements. The crystallization
conditions for the modelling can be set up at a pressure under 3 kbar
as estimated from Al-in-hornblende barometers and multifarious
conditions of water content (+ 2, 4, 6, 8 and 10 wt.%) and oxygen
fugacity (AQFM, AQFM + 1 and AQFM + 2). We took the granodi-
orite sample 16XZ-13-2 with least-evolved major and trace element
compositions as the primary melt. As presented in Fig. 14, most of
the main body granitoids and Group I leucogranites can be roughly
modelled via various fractionation of hornblende + biotite + feldspar
+ Fe-Ti oxides from sample 16XZ-13-2. However, it seems difficult
to put constraints on the evolution of Group II leucogranites only by
crystal fractionation, which implies a more complicated process (e.g.
accumulation of plagioclase) compared with Group I leucogranites.
It is also worth noting that the fairly high water content required in
the modelling indicate hydrous magmas (Fig. 14).

The fractionation can be further modelled using REE contents.
Under natural conditions, the Rayleigh fractionation model is more
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appropriate for describing the fractionation process of the Gyaca
leucogranites and main body granitoids (Rollinson 1993). We
selected the mean values of the two granitoid samples (16XZ-13-
2 and 16XZ-15-1) with the highest EREE concentrations and flat
patterns as the assumed initial melt composition for the modelling.
Detailed descriptions are in Supplementary Data File 5. According
to the modelling results (Fig. 15a), the Group I leucogranites can
be generated by 70% crystal fractionation of the assumed initial
melt with a fractionated mineral assemblage of 26.0% plagioclase

+20.0% K-feldspar +20.45% hornblende +27.46 % biotite +1.86%
magnetite +3.0% ilmenite +0.1% zircon +1.0% sphene +0.12%
allanite (FC-1 in Fig. 15a), whereas the Group II leucogranites can
be produced through 15-30% fractionation of the assumed initial
material with a different fractionated mineral assemblage of 6.0%
plagioclase +5.0% K-feldspar +30.53% hornblende +41.07%
biotite +8.02% magnetite +9.05 % ilmenite +0.13% zircon +0.09%
apatite +0.04% sphene +0.07% allanite (FC-2 in Fig. 15a). These
fractionated mineral assemblages are supported by the low amounts
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Fig. 14. Crystallization trends defined by major element modelling results using Rhyolite-MELTS program. Granodiorite sample 16XZ-13-2 has been taken as the

primary melts.

of melanocratic minerals (e.g. hornblende, biotite, magnetite, and
ilmenite) in the leucogranites. Furthermore, the high proportions of
hornblende and biotite in the fractionated mineral assemblages can be
explained by the existence of biotite schlieren and dioritic cumulate
(Fig. 2c—¢). To constrain the amounts of cumulus plagioclase, we
have modelled the concentrations of related trace elements (Sr, Nd,
Sm, Eu, Gd) in cumulates by the method of Rollinson (1993; Section
4.9.3). Biotite granite sample 19XZ-5-3 has been taken to represent
the parental magma for Group II leucogranites, which is felsic and
approaching the keen point between the Group II leucogranites and
main body granitoids (Fig. 12¢). The results (Fig. 12¢) demonstrate
the importance of various degrees (up to 30%) of plagioclase
accumulation in the formation of Group II leucogranites.

Whether fractional crystallization could occur in felsic magmas
with high viscosity still remains ambiguous (Zhang et al. 2007; Wu
et al. 2017; Moyen et al. 2021), and it has received more attention
since the ‘crystal mush’ model was proposed by Bachmann and
Bergantz (2008) and updated by Bachmann and Huber (2016).
Crystal separation in granitic magmas is physically different from
basaltic magmas and commonly the separated mineral crystals do
not move a long distance from their original melts due to the high
viscosity. Consequently, the residual melts are always associated with
the cumulates so that the cumulate texture in granitic rocks is very
difficult to be identified. However, the fairly high water content
estimated by the existence of hornblende (Hy O > 4 wt.%; Scaillet and
Evans 1999) could lower the magma viscosity. Additionally, the flow
segregation of dense crystalline phases could result in the fractiona-
tion, leaving compositional variations in interstitial liquids (Clemens
et al. 2020), which is also supported by the igneous layering (grada-
tional contacts), biotite schlieren and plagioclase cumulates shown
in Fig. 2. The crystal-liquid segregation might also get enhanced by
magma ascent (Tartese and Boulvais 2010) and by the stress from the

tectonic framework when the magma approached the nearby active
Gangdese Thrust System (GTS; Hou et al. 20125 Wu et al. 2013).

In summary, fractional crystallization played a crucial role in the
formation of the Gyaca leucogranites. We consider that the Gyaca
main body granodiorites are composed of different degrees of mixing
of cumulate mineral phases and residual melts, and the Group I
and Group II leucogranites are both products of variable (15-70%)
fractionation of parental magma but they are characterized by their
formation through different stages of evolution from (early) fraction-
ation to (later) accumulation (up to 30%) of plagioclase for Group I
and Group II leucogranites, respectively.

Source rocks

Crystal fractionation of the Gyaca leucogranites makes it difficult
to identify the primary melt composition (Acosta-Vigil et al. 2017;
Schwindinger et al. 2019) and thus increase uncertainty in defining
the source region and source melting conditions using their whole-
rock geochemical data. However, such data can be used to investigate
the source of the less evolved main body granitoids, which are the
best available proxy of the parental magma. All of the Gyaca granitic
rocks are distinguished by their depletion of HFSEs and enrichments
of LILEs, manifesting a crustal source. The main body granitoids are
characterized by Na enrichment and weakly peraluminous to meta-
luminous compositions (A/CNK mostly over 1.0), and in some cases
they contain aluminium-rich minerals (e.g. muscovite). Such peralu-
minous properties are commonly interpreted as evidence for partial
melting of metasedimentary sources (e.g. Patifio Douce and Harris
1998; Guo and Wilson 2012). However, the slight peraluminous
compositions of granites might be alternatively resulted from the
fractionation of metaluminous dioritic cumulates and/or hornblende
grains (Cawthorn et al. 1976) from parental magmas, which would
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mean that a metasedimentary source is not necessary. Moreover,
previous studies (Clemens et al. 2011; Wang et al. 2019) pointed
out that partial melting of metabasaltic rocks (e.g. amphibolite) can
also generate peraluminous melts; in other words, peraluminous
granitoids do not necessarily have metasedimentary protoliths (Gao
et al. 2016a; Wu et al. 2020). This is also stressed by Miller (1985)
that there is no need for pelites or for abundant sediments in
the source to generate slightly peraluminous (1.0 < A/CNK <1.1)
granites. In addition, Chappell (1999) and Clemens and Stevens
(2012) argued that the contrasting behaviours of P, O5 and A/CNK
versus SiOy can be used to discriminate igneous and sedimentary
source-derived granitoids. In general, a negative correlation of P, O
and a positive correlation of A/CNK with SiO; are typical of igneous
source-derived (I-type) rocks, which are observed in Gyaca main
body granitoids (Fig. 8 & Supplementary Fig. S1). Apart from this,
the presence of hornblende, sphene and allanite strongly invokes an
igneous source (see Table 3 in Gao et al. 2016b). The Gyaca main
body granitoids are characterized by relatively high Na; O and CaO
to K, O contents and high Sr and low Rb concentrations. According
to the new experiment and modelling results, the petrogenesis of
such high Na/K granites could be explained by: (1) partial melting
of metapelites under fluid absent conditions if pressure is high
enough (>8-11 kbar) to stabilize muscovite (Schwindinger et al.
2019; Bartoli 2021), or (2) melting of Na-rich source rocks (Conrad
et al., 1988). In the Gangdese belt, metapelites are not abundantly
developed and they, if have been existed, are easily linked to the
subducted Indian Plate beneath the juvenile Gangdese arc, like the
formation of the HLGs. Instead, the properties of high Sr/Y and
low Rb/Sr, combined with primitive Sr isotopes and a little depleted
Nd-Hf isotopes, are absolutely different from the HLGs but suggest
an origination from partial melting of a mafic lower crustal source.
Furthermore, compared with HLGs, the high CaO/NayO and low
Rb/Ba and Rb/Sr (Fig. 12e—f) of the main body granitoids imply a
more mafic (e.g. gabbro) source (Sylvester, 1998).

Since the Nd-Hf isotopes of the Gyaca granitic rocks are not
very depleted, the contributions of Gangdese juvenile crust and a
possible mature supracrustal endmember are both possible. Their
contributions to the formation of the Gyaca granitic magmas
can be modelled using whole-rock Sr-Nd isotopes (Fig. 10). The
Early Mesozoic (200 Ma) Cuijiu gabbro sample 16CJ14-16

(Xu et al. 2019), which was obtained along the same section
at Gyaca, has depleted mantle-like Sr-Nd isotope compositions
[(¥7St/%Sr); = 0.7047, engq(t) =+3.1,Sr =310 ppm, Nd = 9.89 ppm].
Cuijiu gabbros are interpreted as juvenile products formed at
depth of lower crust by subduction of Neo-Tethyan oceanic slab
(Xu et al. 2019), which is an appropriate candidate to represent
juvenile lower crust. For the enriched end-members, we used the
mean values [(¥Sr/%¢Sr); = 0.7600, engq(t)=—12.3, St =48.0 ppm,
Nd =27.1 ppm] of five Cambrian (492 Ma) Banglei silicic metavol-
canic rocks (Zhu et al. 2012) and values [(*Sr/*¢Sr); =0.7731,
end(t)=—16.8, Sr=52.0 ppm, Nd=71.5 ppm] of the Cambrian
(500 Ma) High Himalaya metasediment sample WAP 2075 (Miller
et al. 2001) to represent the Lhasa ancient basement and Indian
ancient lower crust, respectively. The modelling results (Fig. 10)
demonstrate that juvenile lower crust dominated (80-95%) in the
magma sources. Therefore, it is reasonable that the Gyaca main
body granitoids were generated predominantly by partial melting
of metabasaltic rocks (e.g. amphibolite; Richards and Kerrich 2007;
Zeng et al. 2009). Given that an origin from pure metasediments
can be excluded on the basis of the Sr—Nd-Hf-O isotopic features,
amphibolite is the most probable source rock for the Gyaca main
body granitoids.

To help determine the melting process in the source, partial
melting was also modelled using REE patterns. We took samples
16XZ-13-2 and 16XZ-15-1, which contain the highest “REE con-
centrations, as the most reliable proxy to represent the primary
magmas, and took the Early Mesozoic (200 Ma) Cuijiu gabbro
sample 16CJ14-16 (Xu et al. 2019) as the juvenile end-member.
Given that the nearby Early Carboniferous (345 Ma) granites have
been interpreted as products of reworking of Paleoproterozoic Lhasa
ancient basement (Ji er al. 2012), their mean composition were
adopted as the ancient end-member. Based on the depleted MREE,
HREE and Y concentrations, and the concerning of depth reaching
thickened lower crust, the residual mineral assemblage was presumed
to be hornblende (£ clinopyroxene) + garnet. Plagioclase was ruled
out in the residue owing to the high Sr/Y (39-66) and weak Eu
anomalies (§Eu=0.7-0.8) of samples 16XZ-13-2 and 16XZ-15-1.
Detailed descriptions are presented in Supplementary Data File 5. The
modelling results of batch melting suggest that the Oligocene Gyaca
main body granitoids could have been produced through varied
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degrees (5-40%) of partial melting of Gangdese juvenile lower crust
with subordinate (20%) Lhasa ancient basement, leaving a residual
mineral assemblage of 40% hornblende +30% clinopyroxene +30%
garnet (Fig. 15b).

Melting conditions

Although water-absent melting (i.e. dehydration melting) is consid-
ered to be the chief process in the anatexis of crust (Brown 2013),
an increasing number of studies have reported the significance of
water-present melting (also termed fluid- or water-fluxed melting)
in the origin of felsic magmas (Rapp and Watson 1995; Lu et
al. 2015; Weinberg and Hasalova 2015; Schwindinger ez al. 2019;
Yakymchuk ez al. 2019; Wang et al. 2019). Aqueous fluids, even
in small quantities, will considerably depress the solidus of fertile
rocks (e.g. amphibolite, granitic gneiss and metapelite) in the crust
(Lambert and Wyllie 1972; Green 1982; Schwindinger et al. 2019).
Water-present melting of hornblende can be achieved at relatively low
temperatures of 610-750°C at 1.0-10 kbar (Yoder and Tilley 1962;
Green 1982), in contrast to the much higher temperatures (850-
900°C) required for hornblende dehydration melting (Wyllie and
Wolf 1993; Wolf and Wyllie 1994). At high temperatures (>850°C)
all zircons in magma source tend to dissolve entirely (Watson 1996).
It is unclear whether the Cretaceous—Eocene zircon cores/xenocrysts
of this study are from magma source or contaminated from wall
rocks, but their presence may suggest that the melt temperature of
the main body granitoids is not very high (<800°C; Miller et al.
2003), and their calculated T,;, values mark the upper limit of melt
temperature (Miller ez al. 2003; Wang et al. 2018). Furthermore,
zircon inclusions within plagioclase grains (Fig. 2f) in the main body
granodiorites illustrate that zircon is an early crystallized phase so
that the Tiin-zircon could be used to trace the evolution of melt
temperature. The low Tiinzircon (635-818°C, average 750 +11°C)
of the leucogranites and main body granodiorites (620-836°C, aver-
age 7404 12°C) suggest a low melt temperature for the dominant
mafic magma source. In this regard, there is a strong possibility that
aqueous liquids were introduced into the source region before the
rocks reached their solidus.

The abundance of hornblende grains in early stage Gyaca main
body granodiorites indicates fairly hydrous (Hy O > 4 wt.%; Scaillet
and Evans 1999) melts at elevated pressures. This explication is
also in accordance with high water contents in magmas revealed
by excess Al in plagioclase grains (Fig. 6b) (Williamson et al. 2016)
and modelled results of Rhyolite-MELTs (Fig. 14). Aqueous fluids
influence not only melting temperatures but also mineral stabilities
and melt compositions. Available experimental studies suggest that
melts derived from water-present melting of mafic lower crust tend
to have high Sr/Y, low Mg# [100 x Mg?>"/(Mg?t + Fe’*)] values
(<50), and low MgO contents (<2.5 wt.%) (Lu ez al. 2015),
which is consistent with the geochemical features of the Gyaca
main body granitoids (St/Y =24-157, Mg# = 33-54, MgO =0.24-
2.31 wt.%). The accumulation of plagioclase in the highly
evolved Gyaca leucogranites is also consistent with the finding of
Weinberg and Hasalovad (2015) that high water contents in melt
will prevent plagioclase from crystallizing early, which can explain
the high Sr content in the Gyaca leucogranites that are later-
stage products of magmatic evolution. Beard and Lofgren (1991)
conducted experiments on partial melting of amphibolite and
greenstone at both water-excess and -absent conditions. The
dehydration melting reaction of hornblende + quartz = plagioclase
+ orthopyroxene + clinopyroxene + melt, is capable of generating

melts with low Al; O3 and high Fe; O3 (T) contents, which is not
the case for Gyaca main body granitoids. The water-present melting
reaction of hornblende + plagioclase + quartz + vapour = melt, will
efficiently consume plagioclase and leave an amphibole-rich restite
in the source, giving rise to high Aly O3 (>16 wt.%) and low Fe; O3
(T) (<4.5 wt.%) contents with high Sr concentrations and HREE
depletions in melts (Beard and Lofgren 1991; Frost et al. 2016), which
coincide with Gyaca main body granitoids. Furthermore, a recent
experimental study (Wang ef al. 2019) on partial melting of fertile
Gangdese lower crust materials represented by garnet amphibolite
illustrated the similar compositions of products via water-present
melting of garnet amphibolites to Gyaca slightly peraluminous main
body granitoids with high CaO and low MgO and K, O contents
and high Sr/Y signatures, leaving K-rich amphiboles in the source.
Consequently, the geochemical features of main body granitoids,
combined with abundant evidence of experimental studies, strongly
point to the water-present melting of juvenile lower crust being
responsible for the formation of Gyaca peraluminous granitoids
with depleted isotopic compositions.

Water-present melting clearly requires a source of water. Volu-
minous aqueous fluids can be released through various processes:
(1) dehydration (e.g. by the breakdown of hydrous minerals) during
metamorphic events (e.g. Webb ez al. 2015), (2) dehydration melting
(e.g. White e al. 2005), (3) underplating of hydrous basaltic magmas
(e.g. Annen and Sparks 2002), (4) magmatic crystallization (e.g.
Schwindinger et al. 2019), (5) water exsolving during magma ascent
(e.g. Holk and Tylor, 2010), and (6) devolatization of metasediments
(e.g. Johnson et al. 2011). Given the synchronous and extensive
metamorphic and magmatic events during the Oligocene-Miocene
(Groppo et al. 2010; King et al. 2011; Hou et al. 2012; Zhang
etal.2017), we favour fluids resulting from dehydration of previously
present hydrous basalts or cumulates in deeper crust, which may
share homogeneous isotopic compositions with the source rocks,
as the source of water. Sawyer (2010) and Weinberg and Hasalova
(2015) highlighted the role of shear zones acting as passageways
along which fluids can migrate to the adjacent fertile rocks already
approaching their solidus. Mancktelow (2006) reasoned that active
shear zones favour the production of aqueous fluids because of the
pressure drops in such zones. The Oligocene-Miocene GTS near the
Gyaca area (Hou et al. 2012; Wu et al. 2013) might transform into
shear zones in the deep crust (Sibson 1977) and have given an efficient
pathway for extra fluids to be transported into the source region for
the Gyaca main body granitoids. Furthermore, this huge thrust system
with a deeper shear zone might also have provided a channel for the
subsequent magma emplacement (Bartoli 2021).

In brief, on the basis of the close similarity between the Oligocene
Gyaca main body granitoids and the modelled melts generated
through water-present melting with respect to source melting
conditions, melt and mineral compositions, we consider that the
Gyaca main body granitoids are products of water-present melting
of garnet amphibolite with minor granitic gneiss along the Indus—
Yarlung suture zone and GTS.

Diversity of Oligocene-Miocene granitic rocks in
southern Tibet

We have collected geochemical data of Oligocene-Miocene Gangdese
granitoids (OMGGs) and HLGs from previous studies to provide a
broader overview of granitic magmatism of the Gangdese Batholith
and adjacent Himalayan Orogen during the Oligocene-Miocene. The
Oligocene—Miocene granitoids in the Gangdese belt, after a relative
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magmatic quiescence from ~40 Ma to 30 Ma, are identified by small-
volume intrusions in the east, in contrast to the potassic and ultra-
potassic volcanic rocks in the west (Hou et al. 2012; Wang et al.
2018; Ji et al. 2020). The OMGGs are generally characterized by
high Sr/Y (Fig. 8) and (La/Yb)n and depleted Sr—Nd-Hf isotopes
(Fig. 4 & Fig. 10) and interpreted as the products of partial melting of
thickened lower crust (Wang et al. 2018; Ji et al. 2020). Meanwhile,
the roughly synchronous HLGs (Wu ez al. 2020) to the south of the
Indus-Yarlung suture zone can be divided into two subgroups based
on their locations: the Tethyan Himalaya leucogranites (T-HLGs) and
the High Himalaya leucogranites (H-HLGs). The T-HLGs formed
at 46-8 Ma and intruded into both low-grade Tethyan sedimentary
rocks and high-grade metamorphic basement (Zeng et al. 2011; Hou
etal. 20125 Liu et al. 2014), whereas the H-HLGs formed at 37-7 Ma
and intruded into High Himalayan Crystalline Series rocks (Harrison
et al. 1997; Kali et al. 2010).

The discovery of the Gyaca leucogranites in this study suggests
that leucogranites in southern Tibet are more extensive than cur-
rently recognized. Further, their unique location, geochemistry, and
geochronology suggest that the formation of leucogranites in south-
ern Tibet was not homogeneous. The Gyaca leucogranites are distinct
from the HLGs in major and trace elements contents (Figs. 7-9,
12 & S1). They have lower POs and KO but higher NayO
and CaO contents, and thus higher Nay O/K; O and CaO/Na,O,
compared with the HLGs. In addition, compared with the HLGs, the
Gyaca leucogranites contain elevated Sr, Ba, and Eu and moderate
Rb and Y concentrations, yielding much lower Rb/Sr and Rb/Ba
(Fig. 12f) and higher Sr/Y, with pronounced positive Eu anomalies.
Furthermore, the Gyaca leucogranites exhibit more depleted isotopic
features than the HLGs (Fig. 4 & Fig. 10). They have much lower
(*7Sr/%¢Sr);, higher enyq(t) values, and younger ng/u values than
those of the HLGs. In situ zircon Hf-O isotopic data show that
the Gyaca leucogranites with relatively high ep(t) (=3.0 to +5.1)
and low 80 (5.59-6.84%0) values contain a higher proportion
of juvenile materials in magma sources compared with the HLGs
(ep£(t) < =35, 80 > 7.0%0; Hopkinson 2016).

The Gyaca main body granitoids plot within the ranges of
OMGGs with respect to major and trace elements and Sr-Nd-
Hf isotopes (Figs. 4, 7, 10 12 & S1), which demonstrate that the
Gyaca main body granitoids resemble typical OMGGs. Some of the
samples show SiO; contents higher than 70 wt.%, suggesting crystal
fractionation as aforementioned. However, the Gyaca leucogranites
all show slightly higher SiO; contents and Al, O3/TiO,, but lower
Fe, O3 (T), TiO, MgO and P O5 contents than published OMGGs,
which may be attributed to the evolved nature of leucogranites.
Besides, compared with typical OMGGs, the Gyaca leucogranites
are marked by their lower abundance of trace elements and
REE, and lower Rb/Ba and Rb/Sr with positive Eu anomalies.
However, the coherent isotopic features of Gyaca leucogranites and
OMGGs (Figs. 4 & Fig. 10) indicate analogously juvenile sources.
Therefore, the discrepant geochemical and isotopic compositions
of leucogranites from the Gangdese (Gyaca area) and the HLGs
suggest heterogeneous magma sources and magmatic differentiations
for these two sets of leucogranites separated by Indus—Yarlung
suture zone.

Tectonic implications and a petrogenetic model
Our new data, in combination with geochemical data of OMGGs and
HLGs, give potentially new perspectives on the tectonic implications

and geodynamic mechanisms along the different sides of Indus-
Yarlung suture zone. The HLGs were previously considered to have
been formed as a result of shear heating from the Main Central
Thrust (Le Fort 1981; Harrison et al. 1997). However, whether
this thrust can generate sufficient heat to drive the formation of
the HLGs is open for discussion. Decompression melting of crust
during exhumation proposed by Burchfiel et al. (1992) and Harris
et al. (1993) has become widely accepted in the last decades. The
generation and distribution of the High Himalayan Crystalline Series
and HLGs are also linked to wedge extrusion (e.g. Davis et al. 1983)
or crustal channel flow (e.g. Royden ez al. 1997; Beaumont et al.
2001; Shapiro ef al. 2004; Wang et al. 2018; Wu et al. 2020).

As discussed above, the geochemical characteristics of the
Oligocene leucogranites in the Gangdese batholith differ pro-
nouncedly from those of the HLGs but are similar to those of
OMGGs, indicating that the hypothesized ‘channel flow’ model
is inapplicable during Oligocene. The leucogranites in southern Tibet
may more simply reflect the reworking of local crust, that is to say,
the Gangdese leucogranites and HLGs had different source regions
during synchronous crustal anatexis in southern Tibet. Furthermore,
there is no evidence for long-distance lateral migration of melt to
form the Gyaca leucogranites.

The question remains why leucogranites, compared with the
widespread HLGs, are quite limited in the Gangdese batholith. The
study of Gyaca leucogranite, combined with the previously reported
few cases of the Cenozoic leucogranites (Ma et al. 2017), suggests
a significant role of crystal fractionation during the reworking of
juvenile crust in the Gangdese area. Coincidentally, Wu et al. (2015,
2020) have stressed the high-degree fractionation feature of HLGs
and suggested the flow segregation (fractionation) through long-
distance (150-200 km) transport in ‘channel flow’ for the generation
of massive leucogranites exhumed in the Himalayan area. Therefore,
to explore the diversity of granitic rocks in south Tibet, the crux
is to distinguish the different forms of fractional crystallization in
different regions. Regardless of the source rocks, it is possible that the
limited differentiation in the (I-type?) granitic melt in the Gangdese
area is not beneficial to generate large volumes of leucogranitic melts,
whereas the crystal-melt separation via flow segregation during
transport in ‘channel flow’ can account for the formation of pervasive
HLGs (Yang et al. 2019; Liu et al. 20205 Xie et al. 2020).

It is noted that previous studies have revealed ca. 30 Ma adakitic
rocks in the Gangdese area (e.g. Harrison er al. 2000; Chung et al.
2003, 2005; Hou et al. 2012; Zheng et al., 2012; Wang et al. 2014;
Wang et al. 2018; Wang et al. 2019), which is synchronous with the
Gyaca granites. This suggests that a significant melting of thickened
lower crust might have occurred before ca. 30 Ma. The abrupt and
extensive melting of thickened lower crust required a substantial and
sudden heating attributed to a large-scale event under a tectonic
setting of breakoff (or detachment) of Neo-Tethyan oceanic slab
(Davies and von Blanckenburg 1995; Hou ef al. 2012; Wang et al.
2018; Zhu et al. 2019) or delamination (or lithospheric foundering/
removal) of Lhasa lower crust root (Bird 1979). A combination of
thermomechanical modelling (e.g. van de Zedde and Wortel 2001),
geophysics (e.g. Petford and Atherton 1996), geochronology (e.g.
Chung et al. 2005; Hou et al. 2012; Wang et al. 2014; Lu et al.
2015; Wang et al. 2018) and geochemistry (e.g. Hou ez al. 2012;
Zheng et al., 2012) suggests the 30 Ma Gyaca granitic rocks were
not generated by slab breakoff. Thus, we favour delamination as the
more probable geodynamic mechanism to account for the steepening
subduction of Indian lithospheric mantle in eastern Gangdese, the
following partial melting of Gangdese juvenile lower crust and the
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Fig. 16. A cartoon model showing the formation of the Gyaca leucogranites. (a-b) Tectonic evolution of southern Tibet from ~40 Ma to the emplacement of
the Gyaca pluton during the Oligocene (modified after Guo et al. 2013 and Chung et al. 2005). (c) A schematic diagram showing the formation of the Gyaca
leucogranites. IYSZ = Indus-Yarlung suture zone, GTS = Gangdese Thrust System, BG = biotite granite, GD = granodiorite, DC = dioritic cumulate.

generation of spatially and temporally associated high Sr/Y granitoids
in Gyaca and other locations in southern Tibet. The delamination of
lithospheric mantle and lower crust root in eastern Gangdese could
give rise to the transition from flat to steep subduction of Indian
lithospheric mantle (Hou et al. 20065 Liang ez al. 2016; Chen et al.
2017; Zhu et al. 2019; Shi et al. 2020).

Based on the data presented here and regional geology, we
propose a synthesized model to show the formation of the Oligocene
Gyaca granitic rocks in the Gangdese batholith (Fig. 16a=b). The
continuing northward subduction of Neo-Tethyan oceanic slab
brought about the formation of Gangdese arc and juvenile lower
crust beneath the southern Lhasa Terrane. After the initial collision
between the Indian and Asian plates at ~60-55 Ma (Hu ez al. 2015;
Ma et al. 2017; Zhu et al. 2019), the persistent lateral extrusion

and magma generation gave rise to the thickening of Lhasa crust.
Meanwhile, the Gangdese lower crust might become denser and
heavier because of progressive differentiation, and its gravitational
instability increased over time to the point where delamination
probably occurred soon before 30 Ma (Fig. 16a). Owing to the
delamination and the related steepening of subducted Indian
lithospheric mantle, the subsequent upwelling of asthenosphere
could provide heat for the remaining lower crust, which thus led
to metamorphism and partial melting of the lower crust. During
magma ascent from the source region, the felsic magmas might
intrude into the Gangdese Batholith (Fig. 16b) through the pathway
formed by the synchronously active GTS and shear zones, and began
to cool and solidify and finally crystallized Gyaca granitic rocks
(Fig. 16¢).
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During the emplacement of the main body of Gyaca pluton, the
felsic magma started to cool and solidify inwards (Fig. 16¢). Mean-
while, the melanocratic minerals, such as hornblende, biotite, and Fe—
Ti oxides, crystallized early and fractionated from the mush, while the
initial high aqueous liquids contents impeded the early crystallization
of plagioclase so that minor leucocratic minerals (e.g. feldspar and
quartz) crystallized simultaneously. The downward and outward
migration of melanocratic minerals further compacted and extracted
the residual melts, which subsequently aggregated (Fig. 16¢). With
continuing fractionation, the ponding of leucocratic residual melts in
the upper part of the intrusion and the cumulate plagioclase grains
marked the late-stage evolution of the Gyaca granitoids, while the
bottom and margins of the pluton solidified and formed into dioritic
to granitic rocks (Fig. 16¢). Thereafter, with the continuous cooling
and solidification, a portion of leucocratic residual melts finally
crystallized to form the Group I leucogranites, and fractures devel-
oped at the margins of the pluton due to crystallization shrinkage
(Fig. 16c). Possibly triggered by temporal variations in heating or
tectonic stress, the unconsolidated plagioclase cumulates and trapped
residual high-silica liquids extruded into the solidifying/solidified
upper exterior of the pluton along fractures, finally forming the dykes
of Group II leucogranites (Fig. 16¢). Thus, the Group II leucogranites
represent the latest-stage products of Gyaca granitic magmatism,
while the main body granitoids and Group I leucogranites evolved
from the same primary melts as the latest Group II leucogranites, but
experienced a different evolutionary path. Lee and Morton (2015)
used highly compatible and incompatible elements to probe into the
differentiation, and the formation of high-silica (SiO; > 70 wt.%)
granites are considered as the products of fractional crystallization
from lower-silica parental magmas. The Gyaca granitic rocks
provide us with a new perspective that complicated differentiation
processes in magma chamber are necessary for production of high-
silica granites and both crystal fractionation and accumulation can
generate such rocks (Supplementary Fig. S2). Further studies on the
detailed magmatic processes are needed to reveal the formation of
diverse rocks in huge granitic batholiths.

CONCLUSIONS

The Oligocene (ca. 30 Ma) Gyaca Na-rich and high Sr/Y leucogran-
ites differ markedly from the adjacent HLGs with respect to major
and trace elements, bulk-rock Sr-Nd isotopes, and zircon Hf-O
isotopes, and belong to typical Oligocene-Miocene Gangdese high
St/Y granitoids. The unique weakly peraluminous compositions and
depleted isotopic signatures indicate local water-present melting of
garnet amphibolite from the Gangdese juvenile lower crust plus
subordinate (20%) materials from felsic ancient crust beneath the
southern Lhasa Terrane. Two groups of Gyaca leucogranites are iden-
tified based on their field observation, petrography and geochemistry.
They, together with the main body Gyaca granitoids, constitute a
complicated magmatic evolution in building a granitic pluton in the
Gangdese belt. The two types of leucogranites represent the products
of variable-degree (15-70%) crystal fractionation of the parental
magmas, but with discrepant magma evolution being characterized
by a transition from fractionation to accumulation of plagioclase
from the early (Group I) to later (Group II) stages.

The discovery of the ca. 30 Ma high Sr/Y Gyaca leucogranites and
main body granitoids may suggest that the post-collisional delamina-
tion of continental lithosphere and related steepening subduction of
Indian slab in eastern Gangdese area had occurred during the early
Oligocene.
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