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ABSTRACT ARTICLE HISTORY

The Triassic Lincang granites make up the largest peraluminous granitic batholith in the Changning- Received 22 May 2020
Menglian Paleo-Tethys orogenic belt, southeastern Tibetan Plateau. It is undoubtedly very important to Accepted 17 October 2020
investigate the role of crustal magmatism in the evolution of the Changning-Menglian Paleo-Tethys KEYWORDS

orogenic belt. The Late Triassic Mengsong pluton is composed of strongly peraluminous two-mica  \jengsong pluton; Lincang
monzogranites, and is located in the southernmost part of the Lincang batholith. Despite all being batholith; strongly
peraluminous granites, they differ markedly in dimensions, petrographic and geochemical character- peraluminous; petrogenesis;
istics. Mengsong two-mica monzogranites have low contents of TiO,, FeO™', MgO, and CaO, but high crystal mush; post-collisional
values of SiO, and Na,O, compared to biotite monzogranites of the Lincang batholith. The Lincang

biotite monzogranites show an enrichment in light rare earth elements (LREE) and weak Eu anomalies

(6Eu = 0.3-0.8). However, the Mengsong two-mica monzogranites show a clear tetrad effect and contain

pronounced negative Eu anomalies (8Eu = 0.1-0.3). Geochemical compositions and mineral textures of

two-mica monzogranites indicate that they are of highly fractionated type affinity. The two-mica

monzogranites are characterized by negative &4 (t) values (9.3 to —1.7) and &yy (t) values (—9.6 to

—7.9), while the biotite monzogranites have lower g, (t) values (—15.5 to —6.1) and & (t) values (—14.5 to

—11.5). Isotopic compositions suggest that they were cogenetic and derived from partial melting of the

lower crust. Our petrogenetic and zircon U-Pb age data support models that relate the Lincang and

Mengsong granites to post-collisional magmatism in the Changning-Menglian Paleo-Tethys orogenic

belt during the Middle to Late Triassic. We interpret the Mengsong pluton to represent highly

fractionated melts from crystal mush reservoirs and the Lincang granites to be complementary residual.
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1. Introduction

The geochemistry of granites have previously been inter-
preted using the |- and S-type classifications of Chappell
and White (1992). They described the granites formed by
igneous-sourced melt as ‘I-type’ and those formed from
sedimentary-sourced melt as ‘S-type’. In addition, according
to the extent of magmatic differentiation, granite might be
divided into cumulated and fractionated types (Chappell
and Wyborn 2004; Wu et al. 2017). The Triassic Lincang
granites make up the largest peraluminous granitic bath-
olith in the southeastern Tibetan Plateau. It is widely
believed that the Lincang granites are of S-type affinity,
mainly supported by its peraluminous nature (Kong et al.
2012; Nie et al. 2012; Dong et al. 2013; Peng et al. 2013;
Wang et al. 2014). However, based on their unfractionated
geochemical signatures and cumulative textures, Cong
et al. (2020) consider that the Lincang batholith exhibit
typical features of cumulative granites. The Late Triassic
Mengsong granites are strongly peraluminous and they
are located in the southernmost part of the Lincang bath-
olith (YBGMR 1980; Wang et al. 2015). Strongly peralumi-
nous granite is a popular petrological term (Sylvester 1998;
Chappell et al. 2012). This type of rock has an aluminous
saturation index (ASI or A/CNK) >1.1 (Sylvester 1998).
Several processes could explain the petrogenesis of the
strongly peraluminous granites, including (a) fractional crys-
tallization of metaluminous melts (Cawthorn et al. 1976;
Zen 1986); (b) partial melting of peraluminous source
rocks (Chappell et al. 2012); (c) alkali loss from end-stage
volatile-bearing magmas (Martin and Bowden 1981); or (d)
contamination of sedimentary country rocks (Ugidos and
Recio 1993). Thus, the actual origin of the strongly peralu-
minous granites remains controversial. The two-mica mon-
zogranites listed above occur in the Mengsong pluton,
making it an ideal site to research the forming process of
strongly peraluminous granites. In addition, the Late
Triassic Mengsong two-mica monzogranites contain biotite
(<5%) as the only mafic mineral. They have a high silica
content (>74 wt. % SiO), but low contents of TiO,, FeO™",
MgO, Ca0, and total REE, with a clear tetrad effect in REE
patterns. Sn mineralization is also developed in the
Mengsong two-mica monzogranites (YBGMR 1980). These
features suggest that the Mengsong pluton underwent
significantly fractional crystallization. However, the exact
mechanism for fractional crystallization is still unknown.
Furthermore, the relationship between the unfractionated
Lincang batholith and fractionated Mengsong pluton is still
unclear, that restrict our understanding of the crustal gen-
eration of the Changning-Menglian Paleo-Tethys orogenic
belt. Here we present combined zircon U-Pb geochronol-
ogy and Lu-Hf isotopes, whole-rock elements, and Nd iso-
topes to investigate the mechanism for fractional

crystallization, and then to constrain the petrogenesis of
the Mengsong pluton.

2. Geological setting and samples

Mainland southeastern Asia comprises a complex assembly
of continental blocks, arc terranes, and suture zones and
accreted continental crust (Metcalfe 2011). The two major
continental masses within Mainland southeastern Asia are
the Indochina and Sibumasu Terranes. They collided with
each other and caused the Indosinian orogeny during the
Late Permian-Early Triassic after the prolonged subduction
of the Paleo-Tethys Ocean, represented by the Changning-
Menglian suture in the southeastern Tibetan Plateau, the
Chiang Rai suture in Thailand, and the Bentong-Raub suture
in Peninsular Malaysia (Sone and Metcalfe 2008; Metcalfe
2011; Gardiner et al. 2016). The Changning-Menglian suture
contains ophiolitic mélanges, volcanics, shallow-marine car-
bonates, and deep-sea sedimentary rocks with substantial
pelagic cherts, and is unconformably overlain by Triassic
units (Zhong 1998; Sone and Metcalfe 2008).

The Main Range Province of the southeastern Asian
Triassic granite belt extends from Lincang in the southeast-
ern Tibetan Plateau and eastern Myanmar through Chiang
Rai in Thailand, and south to Peninsular Malaysia (Hutchison
1977; Mitchell 1977; Cobbing et al. 1986; Charusiri et al.
1993; Gardiner et al. 2016). The Lincang batholith is located
to the east of the Changning-Menglian Paleo-Tethys suture
in the southeastern Tibetan Plateau. During recent years,
the Lincang batholith is hotly studied to decipher the evo-
lution of the Paleo-Tethys (Zhong 1998; Hennig et al. 2009;
Kong et al. 2012; Nie et al. 2012; Dong et al. 2013; Peng et al.
2013; Wang et al. 2014, 2015; Deng et al. 2018). The Lincang
granites are a composite batholith of predominately alkali-
feldspar megacrystic medium to coarse-grained biotite
monzogranites with subordinate granodiorites (Li 1996),
and have zircon U-Pb ages that mainly range from Middle
to Late Triassic (Hennig et al. 2009; Dong et al. 2013; Peng
et al. 2013; Wang et al. 2015; Cong et al. 2020). The Lincang
batholith is elongated in the N-S direction, occurring as a ‘Z’
shape in the southeastern Tibetan Plateau, and cover an
area of 7400 km? (Figure 1(b)). The batholith has a length of
370 km and a width of 10-50 km, and extends from
Jinghong to Lincang in the Yunnan Province of China (Li
1996). To the east, the Lincang batholith is bordered by the
Lancangjiang zone, which contains basaltic andesites and
gabbros, and hosts small granodiorite intrusions of Permian
age (Hennig et al. 2009) shown as mafic complex in Figure 1
(b). This zone marks the boundary between the Lincang
batholith and the Lanping-Simao block, the presumed
northern extension of Indochina (Dong et al. 2013). The
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Figure 1. (a) and (b) Simplified geological map of the Lincang batholith in the southeastern Tibetan Plateau (after YBGMR 1990; Dong
et al. 2013; Wang et al. 2017). (c) Simplified geological map and sample locations of the Mengsong pluton (after YBGMR 1980). The
zircon U-Pb ages of the granites are from 'Wang et al. (2015) and this study.

Lincang batholith is bordered to the west by the
Changning-Menglian suture. The Lincang granite is overlain
by unconformities composed of the terrestrial red-beds of

Mid-Jurassic volcano-sedimentary rocks. There are also sev-
eral Precambrian crustal rocks, known as the Lancang
group (Figure 1(b)). Zhong (1998) considered the Lancang
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group to be composed of Meso-/Neo-Proterozoic meta-
volcanic and metasedimentary rocks. Moreover, Zhang
et al. (1993) indicated that the Lancang group had the
characteristics of a subduction mélange, highlighting its
tectonic significance. The Triassic volcanic rocks of the
Manghuai, Xiaodingxi, and Manghuihe formations are
exposed parallel to the eastern margin of the Lincang bath-
olith (Wang et al. 2010; Peng et al. 2013) (Figure 1(b)). The
eastern margin of the volcanic rocks is delimited by a major
mylonitic fault zone within the Triassic-Jurassic strata of the
Lanping-Simao basin (Figure 1(b)). The Late Cretaceous
granitoids are located at the Xinjie and Luyingtang, north
of the Lincang batholith. The Ordovician granitoids were
also identified at Bulangshan (Sun et al. 2018), south of the
Lincang batholith (Figure 1(b)).

Representative rock types were selected from the
Mengsong pluton and Lincang batholith for geo-
chemical studies (Figure 1(b,c)). The Mengsong plu-
ton (Figure 2(e-q)) is located about 40 km southwest
of Jinghong city, Yunnan Province. It is exposed as
five stocks of a few km? in the S-N direction, as
Mengsong, Manbo, Paleng, Zhahanxiang, and Nada,
respectively (Figure 1(c)) (YBGMR 1980). They were
intruded into the Lancang group and Permian mafic
rocks (Figure 1(c)). The Nada stock display gradational
contact with the Lincang biotite monzogranites
(Figure 1(c)). The Mengsong pluton is mainly com-
posed of fine- to medium-grained two-mica monzo-
granites, which mainly consist of quartz, alkali-
feldspar, plagioclase, muscovite, and biotite (Figure
2(a-c)). Alkali-feldspar is predominantly microcline
(Figure 2(a)), with a small amount of orthoclase. The
accessory minerals consist of apatite, zircon, and rare
opaque minerals. The Lincang biotite monzogranites
were collected from east of Lincang city (Figure 1(b))
and mainly consist of quartz, plagioclase, alkali-
feldspar, and biotite (Figure 2(d,h)). The accessory
minerals consist of apatite, zircon, monazite, and
rare magnetite. The detailed lithological characteris-
tics of the analytical samples are shown in Supp.
Table 1. In the QAP diagram (Figure 3), they plot in
the monzogranite fields.

3. Analytical methods

Whole rock major and trace elements were analysed at
the Institute of Geochemistry, the Chinese Academy of
Sciences. Major elements were determined using an
X-ray fluorescence spectrometer (XRF). Analytical uncer-
tainties were 3% for major elements. Trace element
analyses were performed on a Finnigan MAT ELEMENT
inductively coupled plasma mass spectrometer (ICP-MS).

Analytical uncertainties were 5% for trace elements with
concentrations =20 ppm and 10% for those <20 ppm.

The U-Pb analyses of zircon were conducted by LA-ICP-
MS at the Wuhan Sample Solution Analytical Technology
Co., Ltd., Wuhan, China. Laser sampling was performed
using a GeolasPro laser ablation system that consists of
a COMPexPro 102 ArF excimer laser (wavelength of
193nm and maximum energy of 200mJ) and
a MicroLas optical system. An Agilent 7700e ICP-MS
instrument was used to acquire ion-signal intensities.
Helium was applied as a carrier gas. Argon was used as
the make-up gas and mixed with the carrier gas via
a T-connector before entering the ICP. The laser spot
diameter and frequency were set to 30 um and 10 Hz in
this study. Zircon 91,500 was used as the external stan-
dard, zircon GJ-1 was analysed as an unknown to monitor
the data quality, and silicate glass NIST 610 was used to
optimize the instrument. An Excel-based software,
ICPMSDataCal, was used to perform off-line selection
and integration of background and analysed signals,
time-drift correction, and quantitative calibration for
trace element analysis and U-Pb dating (Liu et al. 2008).

Sm-Nd isotopic compositions of whole-rock powders
were performed at the Laboratory for Radiogenic Isotope
Geochemistry, University of Science and Technology of
China. About 150 mg of sample powder was dissolved in
a mixture of HCIO, and HF acid solution at 120°C for seven
days. The solution was dried and re-dissolved in HCl acid
solution. Sm-Nd isotopic ratios were measured on
a Finnigan MAT-262 spectrometer. Analytical precisions
are stated as two-sigma standard errors and more details
of the analytical technique are given in Chen et al. (2007).

Hafnium isotopic determination was performed on
a Neptune multi-collector ICP-MS equipped with a Geolas-
193 laser ablation system (LA-MC-ICP-MS) at the Institute of
Geology and Geophysics, Chinese Academy of Sciences.
The analytical procedure described by Wu et al. (2006)
was followed. During analyses, spot sizes of 50 um, with
a laser repetition rate of 8 Hz at 100 mJ, were used. The
78Hf/"77Hf ratios of the zircon standard (GJ-1) were
0.281998 =+ 0.000003 (20, n = 234), similar to the
"7OHf/"Hf ratios of 0.282000 + 0.000005 (20) recom-
mended by Morel et al. (2008).

4, Results
4.1. U-Pb age

LA-ICP-MS zircon U-Pb isotopic data from 2 two-mica
monzogranites from the Mengsong pluton and two bio-
tite monzogranites from the Lincang batholith are shown
in Supp. Table 2. Zircons from the biotite monzogranite
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Two-mica monzogranite (D3508)
Bi

Biotite monzogranite (D3500)

Figure 2. Textural and petrographic features of the Lincang and Mengsong granites in the southeastern Tibetan Plateau. (a), (b), (c),
(e), (f) and (g) The Mengsong two-mica monzogranite consists mainly of quartz, alkali-feldspar, plagioclase, muscovite, and biotite. (d)
and (h) The Lincang biotite monzogranite is made up of alkali-feldspar, plagioclase, quartz, and biotite. Mineral abbreviations:
Kf = alkali-feldspar; Pl = Plagioclase; Q = Quartz; Bi = Biotite; Ms = Muscovite.

and two-mica monzogranites are mostly euhedral, up to
50-200 pum long, and have aspect ratios between 2:1 and
3:1. Oscillatory zoning is common in most crystals. Core-
rim textures are observed within a few zircon grains. Most
of the zircons are magmatic in origin.

Twenty-one analyses were obtained from 21 zircons
of the biotite monzogranite (sample D3004) from the
Lincang batholith. The zircons have variable abundances
of Th (97-402 ppm) and U (307-1805 ppm). Th/U ratios
vary between 0.14 and 0.71. Twenty-one analyses
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Figure 3. QAP classification of the Lincang and Mengsong granites from the southeastern Tibetan Plateau. The Mengsong granites
plot in the monzogranite fields whereas the Lincang granites plot in the monzogranite and granodiorite fields.

produced a weighted mean 2°°Pb/**U age of 218.2 + 1.4
Ma (Figure 4; MSWD = 1.7, 20), which is interpreted as
the crystallization age of sample D3004. Spot 21 yielded
significantly higher 2°°Pb/?3U ages of 380 Ma, which is
interpreted to have been obtained from a xenocryst.

Twenty-three analyses were obtained from 23 zircons
in the biotite monzogranite (sample D3506) of the
Lincang batholith. The zircons have variable abundance
of Th (89-1177 ppm) and U (234-1840 ppm). The Th/U
ratios are, therefore, variable, ranging from 0.08 to 0.87.
Sixteen analyses produced a weighted mean
206p}, /238y age of 2254 + 1.1 Ma (Figure 4;
MSWD = 1.1, 20), which is interpreted as the crystalliza-
tion age of sample D3506. Spots 1,5, 7,13, 15, 22, and 23
yielded significantly higher 2°°Pb/?*®U ages of ca. 643,
469, 481, 450, 537, 917, and 939 Ma, respectively. The
older ages are interpreted to have been obtained from
relict zircons.

Seventeen analyses were obtained from 17 zircons in
the two-mica monzogranite (sample D3511) from the
Mengsong pluton. The zircons have variable abundance
of Th (82-304 ppm) and U (188-1451 ppm). Th/U ratios
vary between 0.13 and 0.63. Thirteen analyses produced
a weighted mean 2°°Pb/**8U age of 227 + 2.0 Ma (Figure
4; MSWD = 1.9, 20), which is interpreted as the crystal-
lization age of sample D3511. Spots 3, 6, 10, and 13
yielded significantly higher 2°°Pb/?*3U ages of ca. 447,
273, 251, and 515 Ma, respectively. The older ages are
interpreted to have been obtained from xenocrysts.

Fourteen analyses were obtained from 14 zircons in
the two-mica monzogranite (sample D3512) of the
Mengsong pluton. The zircons have variable abundance
of Th (105-2607 ppm) and U (193-6586 ppm). Th/U ratios
vary between 0.08 and 0.87. Eleven analyses produced
a weighted mean 2°°Pb/?*®U age of 2173 + 1.1 Ma
(Figure 4, MSWD = 1.1, 20), which is interpreted as the
crystallization age of sample D3512. Spots 12, 13, and 14
yielded significantly higher °°Pb/?*®U ages of ca. 241,
246, and 465 Ma, respectively. The older ages are inter-
preted to have been obtained from xenocrysts.

Overall, our zircon U-Pb dating results indicate that the
Mengsong pluton and Lincang batholith are cogenetic
with each other, and were emplaced around 217-227 Ma.

4.2. Major and trace elements composition

The results of the geochemical analyses are shown in Supp.
Table 3. The biotite monzogranites have high contents of
TiO,, Fe0™, MgO, and CaO but low values of SiO,, com-
pared to those of the two-mica monzogranites (Figure 5).
While the two-mica monzogranites are characterized by
high contents of SiO, (74.47-75.87%) and total alkalis (K,
O + Na,O; 7.36-8.05%, K,O = 4.22-4.82% and Na,
0O =3.04-3.77%) but very low contents of TiO, (0.02-0.04%),
FeO™ (0.7-1.05%), MgO (0.03-0.09%), and CaO (0.1--
0.33%). In general, as the silica contents increase in the
Lincang granites, FeO™", CaO, MgO, TiO, and 8Eu decrease,
while a poor correlation is observed with respect to K,O and
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Figure 4. U-Pb isotopic analyses and Cathodoluminescence (CL) images of zircons in the Lincang and Mengsong granites from the
southeastern Tibetan Plateau, showing 2°°Pb/?*®U ages and . (t) values of analysed zircons. Red circle: analytical spot of U-Pb
isotope; Blue circle: analytical spot of Hf isotope. The results indicate that the Mengsong granites were formed between 217-227 Ma.

Na,O (Figure 5). All the studied granites have A/CNK radios
greater than 1.1 and plot in the strongly peraluminous field
of the A/NK vs. A/CNK diagram (Figure 6(a)).
Chondrite-normalized REE patterns and primitive man-
tle-normalized trace element spidergrams are shown in
Figure 7. The biotite monzogranites have a range of total
REE (ZREE) concentrations between 133 and 248 ppm.
However, the two-mica monzogranites have very low

total REE (3REE) concentrations between 22 and 35 ppm.
Chondrite-normalized REE patterns of the biotite monzo-
granites invariably show LREE enrichments with (La/Yb)y
ratios of 59 to 214 and negative Eu anomalies
(8Eu = 0.3-0.8). However, the two-mica monzogranites
show more variation, being characterized by nearly flat
REE patterns ([La/Yb]y = 1.3-1.7) with a clear tetrad effect
and pronounced Eu negative anomalies (6Eu = 0.1-0.3).
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The term ‘tetrad effect’ refers to the subdivision of the 15
lanthanide elements into four groups in a chondrite-
normalized distribution pattern (Jahn et al. 2001). Despite
the two-mica monzogranites having lower element con-
tents than the biotite monzogranites (Supp. Table 3), their
spidergrams show some similarities with characteristic
negative anomalies in Ba, Nb, Sr, and Ti, and a positive
anomaly in Pb (Figure 7). Zircon saturation thermometry
(Watson and Harrison 1983) was applied to estimate the
temperatures of the granitic melts. The biotite monzogra-
nites exhibit higher temperatures of Tz, = 790-856 °C, while
the two-mica monzogranites have significantly lower tem-
peratures (T, =  663-692°C)  (Figure 10(a)).

4.3. Nd-Hf isotope data

It should be noted that the Sr isotopic data for the
Mengsong two-mica monzogranites have limited

applicability because these samples have high Rb/Sr ratios
(63-293), resulting in imprecise initial 8 Sr/%°Sr ratio calcula-
tions. The results of the Nd isotopic analyses are shown in
Supp. Table 4. The Lincang granites have "**Nd/'**Nd ratios
of 0.511800 to 0.511951 and a variety of gyy (t= 220 Ma)
values that range from —14.5 to —11.5, corresponding to
Tpmz (two-stage model ages) ages of 1924-2167 Ma. The
Mengsong granites have "**Nd/'**Nd ratios of 0.512198 to
0.512268 and &y (t= 220 Ma) values that range from —9.6 to
—7.9, corresponding to Tpy, ages of 1635-1779 Ma. The
Mengsong granitic pluton has slightly higher gy (t) values
than those of the Lincang batholith in this study.

In-situ magmatic zircon Hf isotope data from biotite
monzogranites of the Lincang batholith and two-mica
monzogranites of the Mengsong pluton are shown in
Supp. Table 5. Twenty analyses for sample D3004 produced
VOHf/'7Hf values of 0282212 + 0.00017 (20) to
0.282347 + 0.000019 (20). The &y (t) values of zircon,



10 (&) F.CONGETAL.

1000}
1) Fractionated light and middle REE
=
E
S 100}
=
O
<
w»
Q
=
= 10 |
]
5

REE tetrad effects "m| Mengsong granite
1 ® | Lincang granite

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

"Ba Nb Ta La:Pb Sr Zr P Ti Gd Dy Ho Tm Lu
g g i i : :
10

100

10

Granites/Primitive mantle

0.1

Rb Th U K Ce Pr Nd Hf Sm Eu Tb Y Er Yb

Figure 7. (a) Chondrite-normalized REE patterns and (b) primitive mantle normalized trace element patterns of the Lincang and
Mengsong granites from the southeastern Tibetan Plateau. Chondrite and primitive mantle values are from Sun and McDonough (1989).

when calculated for their U-Pb ages, range from —15.5 to
—-10.8 (Figure 9), corresponding to Tpy, ages of
1912-2211 Ma. Sixteen spot analyses were collected from
sample D3506. The measured ' “®Hf/'’’Hf values range from
0.282222 + 0.000017 (20) to 0.282475 + 0.000019 (20). The
&yr () values of zircon, when calculated back to their U-Pb
ages, range from —15 to —6.1 (Figure 9), corresponding to
Tomz ages of 1622-2188 Ma. Thirteen spot analyses were
collected from sample D3511, resulting in '7°Hf/'”’Hf values
that range from 0282389 + 0.000021 (20) to
0.282601 + 0.000028 (20). The &y (t) values of zircon,
when calculated back to their U-Pb ages, range from —9.3
to —-1.7 (Figure 9), corresponding to Tpy, ages of
1342-1825 Ma. The Mengsong granitic pluton has higher
&y () values than those of the Lincang batholith. In sum-
mary, all samples of the Late Triassic intrusions show vari-
ably negative &y () and &y ()  values.

5. Discussion
5.1. Highly fractionated type of Mengsong granites

The Lincang and Mengsong granites are closely related
spatially and temporally in the Changning-Menglian Paleo-
Tethys orogenic belt (YBGMR 1990). Spatially, the
Mengsong granitic pluton display gradational contact
with Lincang batholith. Both of them were emplaced into
the Lancang group (Figure 1(b)). Wang et al. (2015) reported
zircon U-Pb ages of 222 Ma and 228 Ma on Mengsong
granites. Thus, previous and our geochronological studies
suggest that the Mengsong granitic pluton was emplaced
around 217-228 Ma (Wang et al. 2015 and this study). Our
new U-Pb zircon ages of 218 Ma and 225 Ma from the
Lincang biotite monzogranites are consistent with the
203-235 Ma age range typical of the Lincang batholith
(Fan et al. 2009; Hennig et al. 2009; Jian et al. 2009; Kong
etal. 2012; Nie et al. 2012; Peng et al. 2006, 2013; Dong et al.

2013; Wang et al. 2014). In the Changning-Menglian Paleo-
Tethys orogenic belt, the Lincang batholith is paralleled by
the Manghuai rhyolites, which exhibit an age range of
229-234 Ma (Peng et al. 2013). Therefore, the Mengsong
granitic pluton, Lincang batholith and Manghuai rhyolites
are cogenetic with each other in the Changning-Menglian
Paleo-Tethys orogenic belt.

Granitic rocks have commonly been divided into I-, S-,
M-, and A-types according to their protolith nature (Pitcher
1982). Moreover, according to the extent of magmatic
differentiation, granite might be divided into cumulated
and fractionated types (Chappell and Wyborn 2004; Wu
et al. 2017). Microcline is the most common species of
potassium feldspar in highly fractionated granite (Wu
et al. 2017) and it is common in the two-mica monzogra-
nites of this study (Figure 2(a)). In addition, Mengsong two-
mica monzogranites contain biotite (<5%) as the only mafic
mineral, while the Lincang batholith is mostly biotite-
bearing monzogranites. Furthermore, Sn mineralization is
developed in the Mengsong two-mica monzogranites
(YBGMR 1980). Generally, rare-metal mineralization is an
important evidence of highly fractionated granite (Wu
et al. 2020). Hence, mineralogical features indicate that
fractional crystallization took place during the formation
of the two-mica monzogranites. Geochemically, the two-
mica monzogranites are high-silica (generally >74 wt%)
rocks, with very low contents of TiO,, FeO**, MgO, and
CaO (Figure 5) and strong light and middle REE, Eu, Ba, Sr,
and Ti depletion (Figure 7), indicating fractionation in the
generation of these rocks. The low content of TiO,, FeO™",
MgO, and CaO suggests that fractionation of biotite was
likely to have played a role in the evolving magmatic
systems. Strong Eu depletion requires extensive fractiona-
tion of plagioclase (Wu et al. 2003). Furthermore, the biotite
monzogranites have higher Sr (75-130 ppm) and Ba (415—
977 ppm) concentrations, while the two-mica monzogra-
nites of Mengsong have significantly lower Sr (3.7-11.1



ppm) and Ba (7.6-19.8 ppm) concentrations in the plot of
Ba vs. Sr (Figure 10(d)). This is explained by fractionation of
alkali-feldspar, or plagioclase and biotite together. Sr was
selected to compare with Rb in Figure 11. From the biotite
monzogranites to two-mica monzogranites, the Sr contents
decrease by up to two orders of magnitude with increasing
Rb contents. The high Rb/Sr ratios (63-293) observed in the
two-mica monzogranites suggest that they are highly frac-
tionated rocks with the fractionation of plagioclase. The
extreme enrichments in Rb and K is consistent with alkali-
feldspar representing a late crystallizing phase in granitoids
and that it does not participate in crystal-melt segregation
(Glazner and Johnson 2013). Thus, fractionation of plagio-
clase, rather than alkali-feldspar, was the main reason for
the change in Rb, Sr, Ba, and Eu contents of these rocks. The
biotite monzogranites have nearly chondritic Zr/Hf ratios of
33.4-37.1. Notably, these ratios in the two-mica monzogra-
nites (Zr/Hf = 14-17.5, Nb/Ta = 2.4-3.2) are significantly
lower than chondritic values (Figure 10(b)). It is also
shown that Zr/Hf ratios and T decrease synchronously
from the biotite monzogranites to the two-mica monzo-
granites (Figure 10(a)). These features are considered an
important indicator of magma evolution with fractional
crystallization of zircon (Wu et al. 2017). Furthermore, highly
fractionated granite often exhibits REE tetrad effects (Jahn
et al. 2001) and the two-mica monzogranites investigated
here share this feature (Figure 7). In addition to major
phases, the variation of REE was mainly achieved by fractio-
nation of apatite, monazite and allanite (Wu et al. 2003).
Thus, the lower (La/Yb)y radios (1.3-1.7) of two-mica mon-
zogranites just infer there might be monazites, allanite and
apatite fractional crystallization in the granitic system. The
low total REE (22-35 ppm) and P,0s (0.11-0.19%) contents
of the two-mica monzogranites further support this obser-
vation. In a diagram of (La/Yb)y vs. La (Figure 10(c)), the
variation in REE contents from biotite monzogranites to
two-mica monzogranites seems to be consistent with frac-
tionation of allanite and monazite. All of the aforemen-
tioned geochemical features indicate the separation of
biotite, plagioclase, zircon, monazite, apatite, and allanite
during magmatic evolution.

Geochemically, the Lincang batholith is characterized by
low ratios of FeO™"/MgO (1.84-3.42) in this study, indicating
unfractionated features (Figure 6(c)). Harker diagrams
(Figure 5) show that the contents of MgO, CaO, FeO™,
TiO,, and 6Eu exhibited decreasing trends as SiO, increased
from the biotite monzogranites to the two-mica monzo-
granites. These evolutionary trends in the composition of
granites indicate that the biotite monzogranites are com-
plementary residual of the two-mica monzogranites. In
Figure 11, the biotite monzogranites can be interpreted as
unfractionated rocks with low Rb/Sr ratios (1.7-3.9), which
span the compositional spectrum of the Lincang granites of
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a previous study (Peng et al. 2013; Cong et al. 2020).
Accumulation of plagioclase and alkali-feldspar was the
main reason for the change in mineral association and
geochemical composition of these rocks. Enrichment of
Ce (30.2-60.6 ppm) in the Lincang granites is evident in
the plots of Whalen et al. (1987) (Figure 6(c)), in which it
appears that some Lincang granitoids fall into the A-type
field. High contents of Ce to this degree are similar to the
Malaysian granitoids (Ng et al. 2015).

5.2. Origin of the strongly peraluminous Mengsong
granites

Presently, the origin of strongly peraluminous granites is
debated. Chappell et al. (2012) suggested that the high A/
CNK ratio is an intrinsic feature of the sedimentary source
and, thus, an important sign of an S-type granite. However,
peraluminous granites can be produced either by partial
melting of metasedimentary rocks or metaigneous rocks,
which has been well documented by experimental petrol-
ogy (Patifio 1999; Clemens and Stevens 2012). In addition,
Cawthorn et al. (1976) and Zen (1986) proposed that
strongly peraluminous granites can be formed from crystal
fractionation of an I-type granitic magma. The separation of
amphibole and pyroxene, which have A/CNK ratios less
than 1.0, would increase the A/CNK ratio of residual melt
and result in the formation of strongly peraluminous gran-
ite. The third point of view raised the possibility that the
high A/CNK ratio originated from contamination of the
surrounding sedimentary rocks (Ugidos and Recio 1993).
Finally, the high A/CNK ratio could also be derived from the
alkali loss of end-stage volatile-bearing magmas (Martin
and Bowden 1981). Geochemical compositions and mineral
textures of the Mengsong two-mica monzogranites in this
study indicate that they are of highly fractionated type
affinity. We agree with the conclusion of Cawthorn et al.
(1976) and Zen (1986). The strongly peraluminous feature
of the Mengsong pluton can be formed by crystal fractiona-
tion of biotite, plagioclase, zircon, monazite, apatite, and
allanite. Moreover, the two-mica monzogranites are char-
acterized by high ratios of Fe0"**/MgO (10-25.7), therefore,
some two-mica monzogranites show A-type characteristics
(Figure 6(c)). However, they do not contain the mafic alka-
line minerals common to A-type granites, such as arfvedso-
nite and riebeckite. Furthermore, the significantly low
temperatures of two-mica monzogranites (663-692 °C)
indicate that they are different from the A-type granite,
which are characterized by high temperatures (>900 °C)
(Patifo 1997). In addition, the relatively low contents of
Ga in all rocks strongly suggest that they do not belong to
the A-type (Figure 6(b)). It appears that granites with A-type
geochemical characteristics could also be produced from
highly differentiated I-type granites (Wu et al. 2017). Hence,
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we suggest that the Mengsong two-mica monzogranites
are highly fractionated granites.

Both the biotite monzogranites and two-mica monzo-
granites are characterized by negative gy, (t) values, and are
similar to the Lincang granites and Main Range granitoids
on the Malay Peninsula (Figure 8). However, the two-mica
monzogranites have lower (La/Yb)y radios (1.3-1.7) than
those of the Lincang granites (5.9-21.4) (Figure 8), which
indicate that the two-mica monzogranites are highly frac-
tionated rocks. In addition, the Mengsong and Lincang
granites show negative g (t) values, while coeval magma-
tism in Caojian and Manghuai in the southeastern Tibetan
Plateau, and Chanthaburi of eastern Thailand, mainly have
positive & (t) values (Figure 9(a)). Most notably, both of
them yielded large variations in '7®Hf/'’”Hf, corresponding
to 5-9 gy units between zircons of different growth stages
within a single rock (Figure 9(b)), and were scattered with
no meaningful mean value, suggesting crystallization
through continuous hybridization of different sources
(Griffin et al. 2002; Li et al. 2007) or disequilibrium melting
in granitic systems (lles et al. 2018). According to variably
negative gyy () and &y (t) values of the Lincang granites,
Peng et al. (2013) and Cong et al. (2020) considered that the
Lincang granites were derived from partial melting of the
lower crust. Moreover, the old crustal residence ages (Tpum»
= 1635-2167 Ma based on Nd isotopes) of the Lincang and
Mengsong granites support this point of view. The Lancang
group in the southeastern Tibetan Plateau, consist mainly
of high-grade metamorphic rocks and represents the lower
crust of the Indochina block (Zhong 1998). Therefore, we

suggest that partial melting of the Lancang group, could
have formed the parental magma of the Lincang and
Mengsong granites.

5.3. The crystal mush model

The Indochina and Sibumasu blocks collided in the Early
Triassic, based on the following evidence. (1) Early
Triassic deposition is commonly absent and the pre-
Triassic strata are unconformably overlain by the
Middle Triassic Shanglan formation in the Changning-
Menglian Paleo-Tethys orogenic belt (YBGMR 1990;
Zhong 1998). (2) Records of Early Triassic ultra-high-
pressure metamorphism have been recognized in the
Changning-Menglian suture zone (Zhang et al. 1993;
Wang et al. 2018). (3) The change in geochemistry of
volcanics from intermediate in the Permian to felsic in
the Middle-Late Triassic in East Malaysia (Metcalfe 2013).
In this scenario it is difficult to define the Lincang bath-
olith as an arc batholith, as this age relationship implies
it is likely post-collisional. Therefore, post-collisional
extension is the most feasible mechanism for the gen-
eration of the Middle to Late Triassic Lincang batholith.
The mafic magma would formed by mantle upwelling in
a post-collisional extension setting. And then the mafic
magma rise into the lower crust, where they further
induced large-scale crustal melting and silicic magma
formation in the Middle to Late Triassic. The hypothesis
of mantle upwelling can account for the Triassic grani-
toids with positive g (t) values in Paleo-Tethys orogenic
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Figure 8. Nd isotope composition of the Lincang and Mengsong granites in the southeastern Tibetan Plateau. Data sources: (1) Eastern
and Main Range province granitoids of Malay Peninsula: Ng et al. (2015); (2) Lincang granites: Deng et al. (2018), Cong et al. (2020); this

study; (3) Mengsong granites: Wang et al. (2015); this study.



belt of Thailand (Wang et al. 2016; Qian et al. 2017), and
the asthenospheric mantle geochemical signature in the
Xiaodingxi basalts (Wang et al. 2010) and Caojian mafic
dikes (Liao et al. 2013) in the southeastern Tibetan
Plateau. After that, buoyant silicic magmas rised from
their deep source regions into the upper crust and
formed magma reservoirs.

Many lines of evidence suggest magma reservoirs exist
as high-crystallinity (‘crystal mush’) bodies in the upper
crust (Castro 2013; Lipman and Bachmann 2015;
Bachmann and Huber 2016). It suggests that felsic volca-
nic rocks or highly fractionated granites could be seen as
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melts expelled from the crystal mush, which later crystal-
lized to form unfractionated granites (Miller and Miller
2002; Bachmann and Bergantz 2004; Hildreth 2004;
Bachmann et al. 2007). In the crystal mush model
(Figure 12), rising basaltic melts would mix efficiently
with crystal mush zone, thereby increasing temperatures
and melt proportion in the mush body. Geologically, the
Late Triassic Xiaodingxi basalts are major components of
the Changning-Menglian Paleo-Tethys orogenic belt
(Wang et al. 2010), and the Middle Triassic Manghuai
Formation is dominated by rhyolites with thin inter-
bedded basaltic layers (Peng et al. 2013), providing direct
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Figure 9. (a) &4 (t) of the zircons from the Lincang granites (after Kong et al. 2012; Nie et al. 2012; Dong et al. 2013; Zhao et al. 2018; this study),
Mengsong granites (Wang et al. 2015; this study), Caojian mafic dikes (after Liao et al. 2013), Manghuai rhyolites (after Wei et al. 2016), and
Chanthaburi granites (after Wang et al. 2016), plotted against the crystallization age of the zircons. (b) Comparison of & (t) values between the
Lincang and Mengsong granites, showing that the Lincang and Mengsong granites have negative & (t) values and that Mengsong granites

have higher & (t) values than those of the Lincang granites.



14 (&) F.CONGETAL.

50 7 50 T
i (A) i (B)
Q 1 1]
S o = :
P E unfractionatedi
401 Zr/Hf=38 N 40 granites . Zr/Hf=38
""""""""""""""""" l'“““ﬁ““;““ “'“““““““'““f‘\"'“"““?’““'“““““
i AAA i A
A A4 @ AP = A A i
@ = A bt LN
30 %A & i e N 30 L
< A N IS
< -4 'S
N A ‘,-"' i = Mengsong granite A i -
201 o ! (this study) 20 !
Fractional VAg - ! O Mengsong granite - ]
crystallization l!JD O : (Wang etal., 2015) II..éI :
Em ! Lincang granite n. i
! (this study) '\fractionated !
10} ! '\ Lincang granite 10 granites !
: (Pengetal., 2013) i
! (Congetal.,2020) !
0 ’ 0 :
600 650 700 750 800 850 0 S 10 15 20 25
Zr saturation Temperature (C) Nb/Ta
1000¢ 10000 =
£ © (D) &
e
37
Q)"b' P
- 1000, AOA;}M <
100+ AR 3
: A = Ao
Z VAY £
© = Pl
e A < 100}
m E Fractional
d & A crystallization D
Au
10} A . Kf
o = ;
'A' 10 : H Bi
‘Allan b
= ,/'Fractional
-DD ’/' crystallization
gk
1 . . 1 . .
1 10 100 1000 1 10 100 1000
La (ppm) St (ppm)
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Cong et al. (2020); this study; (2) Mengsong granites: Wang et al. (2015); this study. (3) Manghuai rhyolites: Cong et al. (2020).

evidence for open-system mafic recharge into the crystal
mush. Such processes would permit assembly of a melt-
rich zone at the core of the mush body, then the fractio-
nated felsic melt move upward and finally erupt to form
the Manghuai rhyolites during the middle Triassic (Cong
et al. 2020). The Mengsong two-mica monzogranites as
intrusive parts of fractionated melts were formed by later
crystallization events from the crystal mush reservoirs
during the Late Triassic. The Lincang biotite monzogra-
nites were complementary residual of the Manghuai
rhyolites and Mengsong two-mica monzogranites.

6. Conclusions

1. The coeval Lincang and Mengsong granites were
formed in a post-collisional extension setting during
the Middle to Late Triassic, and they are genetically
related. Geochemical relationships and mineral textures
indicate that two-mica monzogranites are highly fractio-
nated granites, and that the biotite monzogranites are of
unfractionated type affinity. Partial melting of the
Lancang group could have formed the parental magma
of the Lincang and Mengsong granites. The strongly
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study.

peraluminous feature of the Mengsong pluton can be
formed by crystal fractionation.

2. In the crystal mush model, the crystal mush reser-
voirs were reactivated by new input of mafic magmas,
then the highly fractionated felsic melts moved upward
and the Mengsong two-mica monzogranites finally
formed in the Late Triassic, leaving the Lincang biotite
monzogranites as complementary residual.
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Figure 12. The crystal mush model of the Lincang and
Mengsong granites from the southeastern Tibetan Plateau,
showing the genetic relationship of the Lincang granites and
Mongsong granites (modified from Bachmann and Bergantz
2008; Castro 2013; Cong et al. 2020). The mafic magma would
formed by mantle upwelling in a post-collisional extension set-
ting during the Middle to Late Triassic. And then the mafic
magma rise into the Lancang group, where they further induced
large-scale crustal melting and silicic magma formation. In the
crystal mush model, rising basaltic melts would mix efficiently
with crystal mush zone, thereby increasing temperatures and
melt proportion in the mush body. Such processes would permit
assembly of a melt-rich zone at the core of the mush body, then
the fractionated felsic melt move upward and finally erupt to
form the Manghuai rhyolites during the middle Triassic. The
Mengsong two-mica monzogranites as intrusive parts of fractio-
nated melts were formed by later crystallization events from the
crystal mush reservoirs during the Late Triassic. The Lincang
biotite monzogranites were complementary residual of the
Manghuai rhyolites and Mengsong two-mica monzogranites.
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