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ARTICLE INFO ABSTRACT

Keywords: Sn-, In- and W-rich granites are identified in Laojunshan area in the western Cathaysia block, South China,
Zircon U-Pb age including coarse-grained two-mica monzogranite (CMG) and fine-grained two-mica monzogranite (FMG). Laser
Geochemistry ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) zircon U-Pb dating of CMG and FMG are
Hf isotope

from 85.6 + 0.8 Ma to 90.37 *= 0.7 Ma and 89.9 = 1.4 Ma, respectively. All samples have relatively high
total alkalis contents (5.74 wt% to 9.73 wt%) and Al saturation indices (0.95 to 1.79), indicating that most of
granites belong to the strongly peraluminous granites. The granites are enriched in P, Rb, Cs, Sn, Li, Be, and U,
and are depleted in Ti, Mg, Co, Ni, Sr, Ba, Zr, and Hf. The fractional crystallization of plagioclase and K-feldspar
was the principal process of magmatic differentiation that controlled Rb, Sr, Ba and Eu concentrations. While
rare earth elements were fractionated by accessory minerals such as apatite, monazite or ilmenite. These geo-
chemical features suggest that most of rocks are highly fractionated S-type granites. The ¢Hf(t) values of the
zircon samples from CMG and FMG range from —12.88 to —1.19, with the two-stage Hf model ages ranging
from 1.2 Ga to 1.9 Ga. The geochemical and isotopic data show that the Laojunshan granites are derived from a
crystalline basement that has metamorphosed pelitic rocks from the Mes-paleoproterozoic continental crust. The
upwelling of the asthenosphere caused by a strong lithospheric extension led to the partial melting of the me-
tamorphosed pelitic rocks to form widespread Late Cretaceous S-type granites in the Laojunshan area.
Lithospheric extension and Cretaceous magma in SE Yunnan are probably related to the Palaeo-tethys ocean
crustal delamination, which subducted beneath the Indochina block.

Sn-W-In mineralization
Western Cathaysia block

1. Introduction

Spatially and temporally, tungsten-tin ( + indium) mineralization is
generally associated with intrusive granite rocks (Hua et al., 2007,
2010; Mao et al., 2007, 2008; Xu et al., 2015). Previous studies have
shown that large-scale W-Sn ( + In) mineralization in South China is
usually closely tied to Mesozoic granitic intrusions in mine (Hua et al.,
2007, 2010; Liu et al., 2007; Mao et al., 2007, 2008; Cheng et al.,
2009,2010a,2013,Cheng and Mao, 2010; Feng et al., 2010). Two-mica
granites from Khuntan Batholith in Thailand (Yokart et al., 2003),
fractionating Mole granites in Australia (Audétat et al., 2000), Cornwall
granites in the U.K. (Miiller et al., 2006), and Erzgebire granites in
Germany (Breiter, 2012) have formed giant W-Sn deposits. Conse-
quently, different types of granites associated with W-Sn mineralization
had been named as “W-Sn bearing/rich granites” (Hua et al., 2007,
2010; Mao et al., 2007, 2008).
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The SE Yunnan of China is located in the western Cathaysia block
(Fig. 1a). Exposed in the region are three giant Cretaceous granite
bodies, Gejiu, Bozhushan and Laojunshan, which are oriented equidis-
tantly from one another along a NW direction (Fig. 1b). These granites
are, respectively, related to the Gejiu world-class Sn—Cu-In polymetallic
deposit, Bainiuchang super-large Ag-Sn—In polymetallic deposit, and
Dulong world-class Sn—In polymetallic deposit (Zeng et al., 1998; Mao
et al., 2008; Cheng et al., 2010a, Cheng and Mao, 2010). The Gejiu
deposit has an estimated 0.38 Mt (million tons) of Sn reserves with an
average grade of ~1%, an estimated 2500 t of In reserves, and Cu, Pb,
Zn, Sb, Mo, and Bi reserves of over 1 Mt (Table 1; Zhang et al.,
2003a,2003b; Cheng and Mao, 2010; Cheng et al., 2013). The Dulong
Sn-In polymetallic deposit has explored Sn reserves of over 0.33 Mt
with an average grade of 0.56%, Zn reserves of over 3.05 Mt with an
average grade of 5.12%, about 5124 t of In reserves and is additionally
enriched in Cu, Cd, Pb and Ga (Table 1; Zhang et al., 2003a,2003b; Ye
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Fig. 1. (a) Simplified geological map of eastern Eurasia, showing major tectonic units (Wang et al., 2005). (b) Geological map showing the distribution of Jurassic
and Cretaceous granites and representative Sn—-W polymetallic deposits in the Cathaysia block, South China (modified by Cheng and Mao, 2010; Deng et al., 2012).
The shape of Songchay is from Roger et al. (2000). NCB = North China block; YB = Yangtze block; IC = Indochina block; SI = Sibumasu block; SG = Song-

pan-Ganze; WB = West Burma; Hi = Himalayas; LS = Lhasa; QT =

Qiangtang; GJ

= Gejiu giant granite and world class Sn—Cu-In polymetallic deposit;

BNC = Bainiuchang super large Ag-Sn-In polymetallic deposit; BZS = Bozhushan giant granite; LJS = Laojunshan giant granite; DL = Dulong world class Sn-In

polymetallic deposit.

etal., 2016; Werner et al., 2017). Besides the Dulong Sn-In polymetallic
deposit, several deposits have been found within the periphery of the
Laojunshan granites, such as the Nanyangtian super-large W-B poly-
metallic deposit, Huangtian large-scale tungsten deposit, Xinzhai large-
scale tin deposit, Saxi large-scale W-Li-Be deposit, the small-scale
Changtian Pb-Zn deposit, and the Maka and Daping tungsten deposits
(Table 1; Fig. 2; Li et al., 2013a). Therefore, SE Yunnan has become a
world-class Sn—-W-In—-Cu-Pb-Zn polymetallic ore concentrated district
(Figs. 1 and 2; Zeng et al., 1998; Mao et al., 2008; Ye et al., 2016).

The Laojunshan granites are exposed at the junction of Maguan
County and Malipo County in SE Yunnan. The granite bodies are a
compound rock mass with multiphasal magmatic emplacements and
have a cambiform shape with a length of approximately 17 km from
north to south, a width of 10 km from east to west, and an exposed area
of about 153 km? (Fig. 2). Based on a review of regional geological
survey reports, the granites appear to consist of three components,
namely coarse-grained two-mica monzogranite, medium-fine-grained
two-mica monzogranite, and porphyric granite (Fig. 2). In recent years,
the geochemical characteristics of the granites have been determined
and some high precision zircon U-Pb geochronological data have been
obtained (Wang et al., 2014; Ye et al., 2016). However, samples that
were used to indicate geochemical features of granite were not col-
lected systematically and were mainly collected in the vicinity of the
mining area where alteration by ore-forming fluids would likely occur.
Furthermore, information on the geological setting of the granites are
lacking and little is known about the relationship between the granites
and the W-Sn-In polymetallic deposits in the region, even though they
are located in the same area.

In this paper, core to rim samples were systematically collected near
the village of Nanlao. The sample lithologies consisted mainly of coarse-
grained two-mica monzogranite and fine-grained two-mica

monzogranite. This paper report the results of laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) zircon U-Pb dating,
major element, trace element, and Hf isotopic data. The systematic
geochemical data have provided useful information on the magma
source, evolution, and the geological setting of the Laojunshan granites
and an understanding of the W—Sn-In mineralization in the Laojunshan
region.

2. Regional geology

The Laojunshan granites and related W-Sn-In polymetallic deposits
are located in the western Cathaysia block, where the Yangtze block
occurs to the north and the Indochina block to the south. The granites
are located about 50 km from Wenshan city, Yunnan province.
Tectonically, it lies within the Laojunshan metamorphic core complex
(Figs. 1 and 2; LMCC). The LMCC is the northern part of the Song Chay
Dome (Fig. 1b). At the core of the LMCC, the oldest metamorphic strata
including Paleoproterozoic Nanyangtian formation (Pt;n) and Saxi
formation (Pt;s), have been exposed through the effects of thrust nappe
structures (Fig. 2; Bi et al., 2015). The Nanyangtian formation consists
mainly of two-mica schist, plagioclasite-hornblende schist and carbo-
nate (Bi et al., 2015). The Saxi formation consists of plagioclasite-
hornblende schist, two-mica schist and carbonate (Bi et al., 2015). The
Neoproterozoic Xinzhai formation (Pts;x) presents in the western and
northern parts of the study area (Fig. 2; Bi et al., 2015). It consists
mainly of two-mica schist, biotite-quartz schist and marble (Fig. 2; Bi
et al., 2015). Cambrian, Devonian, Carboniferous, Permian and Triassic
strata consist of limestone, dolomite, sandstone, mudstone, phyllite and
slate (Fig. 2; Bi et al., 2015).

Silurian gneissic granite crops out of the core of the LMCC (Fig. 2).
Geochronological studies determined that the emplacement time of the
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Fig. 2. Regional geological map of the Laojunshan area (modified by Bi et al., 2015).

gneissic granite was from ~390 Ma to ~430 Ma (Roger et al., 2000; Pan
et al., 2015), and that the metamorphism time was primarily from
250 Ma Ma to 230 (Bi et al., 2015; Tan and Liu, 2017).

The NW trending sinistral strike-slip faults, which include the
Wenshan-Malipo (Wen-Ma) fault, Maguan-Dulong fault (MDF) and
Nanwenhe fault, the NNW trending Tianbao-Panjiapo (Tian-Pan) fault,
which forms an arcuate line, and the Saxi and Nanyangtian thrusting-
nappes are the ore-controlling faults in the region (Fig. 2; Bi et al.,
2015). The NS trending Tongjie-Wukoudong and Yanshan-Nandang-
chang faults are secondary faults of the MDF. These faults control the
Tongjie, Manjiazhai, Shuidongchang and Lazizhai ore blocks succes-
sively from north to south in the Dulong district. The Wen-Ma fault is
related to the Huangtian tungsten deposit. The Nanyangtian and Saxi
thrusting-nappe faults control the Nanyangtian and Saxi tungsten
polymetallic deposits, respectively (Fig. 2; Bi et al., 2015). The Nan-
wenhe fault was involved in the formation of the Maka tungsten and
Changtian Pb-Zn deposits (Fig. 2; Bi et al., 2015).

3. Sample preparation and analytical methods
3.1. Sample preparation

Granite samples were collected from the surface of the Nanlao vil-
lage with the locations shown in Fig. 2. Thirty-six samples were col-
lected for this study. These samples contain two different intrusion
suits. (1) Coarse-grained two-mica monzogranite (CMG), which is pale
gray in color with a coarse-grained granitic texture in the hand spe-
cimen (Fig. 3a). This granite consists of quartz (25% to 30%), plagio-
clase (20% to 25%), alkali feldspar (25% to 30%), biotite (6% to 8%),
and muscovite (5% to 8%), as well as rutile, apatite, and zircon as ac-
cessory minerals (Fig. 3b, c). (2) Fine-grained two-mica monzogranite
(FMG), which is gray to white in color with a fine-grained granitic
texture in the hand specimen (Fig. 3d). This granite consists of quartz
(25% to 30%), plagioclase (20% to 25%), alkali feldspar (20% to 25%),
biotite (2% to 5%), and muscovite (10% to 15%), with rutile, apatite
and zircon as accessory minerals (Fig. 3e, f).

Fig. 3. Hand specimen photos of coarse-grained two-mica monzogranite (a,
CMG) and fine-grained two-mica monzogranite in the Laojunshan district (d,
FMG); photomicrographs of CMG (b) and FMG (f) under plane polarized light;
photomicrographs of CMG (c) and FMG (e) under perpendicular polarized light.
Bt = biotite; Qtz = quartz; P1 = plagioclase; Kf = potassium feldspar;
Mus = muscovite.

3.2. Analytical methods

3.2.1. Major and trace element analyses

The analyses of major and trace elements were carried out at the
State Key Laboratory of Ore Deposit Geochemistry (SKLODG), Institute
of Geochemistry, Chinese Academy of Sciences. Whole-rock major
element contents were determined by a PANalytical Axios X-ray
fluorescence spectrometer on fused lithium tetraborate glass pellets
with precisions better than 0.5%.

Trace elements were analyzed by a ELAN DRC-e ICP-MS. Powdered
samples (50 mg) were dissolved with HF + HNOj in high-pressure
Teflon bombs for 48 h at ~190 °C based on the method of Qi et al.
(2000). Rh was used as an internal standard. The precision and accu-
racy of the data for the trace elements were determined using inter-
national standards GBPG-1, OU-6 and the Chinese National standard
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GSR-1, and were generally better than 5%.

3.2.2. Zircon U-Pb dating and in situ zircon Hf isotope analysis

Zircon LA-ICP-MS U-Pb and Hf isotope analyses were carried out at
the State Key Laboratory of Continental Dynamics, Xi’an, China.
Individual zircon grains were separated from CMG and FMG samples
using heavy liquid and magnetic separation methods, and then hand-
picked under a binocular microscope. The zircon grains were fasten to
an epoxy resin and polished to expose about half crystals for analyses.
Cathodoluminescence (CL) images were collected using a CL spectro-
meter (Garton Mono CL3+) to identify the internal structure of the
zircon grains. Zircon U-Pb isotopic dating was completed using a laser
ablation-multiple collector-inductively coupled plasma-mass spectro-
metry (LA-MC-ICP-MS). Instruments include a Nu Plasma HR MC-ICP-
MS (Nu Instruments Ltd., UK), an Elan6100 DRC Q-ICP-MS (Perkin
Elmer/SCIEX, Canada) and a GeoLas 2005 excimer ArF laser-ablation
system. The analytical methodology is described in detail by Yuan et al.
(2008). Zircon 91,500 and NIST SRM610 were used as the external
standard and used to optimize the results of the U-Pb dating respec-
tively. Raw ICP-MS data were processed using software of GLITTER
(Jackson, 2008) and ISOPLOT (Ludwig, 2003) to calculate the isotopic
ages.

In situ zircon Lu-Hf isotope analyses were completed using LA-MC-
ICP-MS. For the detailed instrumental parameters of the laser ablation
system and MC-ICP-MS system see Yuan et al. (2008). The mass frac-
tionation and interference corrected 7®Hf/'””Hf ratios were calibrated
using the international standards 91,500 and Mud Tank. The initial
176Hf/Y77Hf values were calculated using the corresponding spot ages.
Hf modal ages relative to depleted mantle were calculated using the
assumed linear isotopic growth of depleted mantle from the '7°Hf/'77Hf
ratios of 0.279718 at 4.55 Ga to 0.283250 at present, with a
176Lu/"77Hf ratio of 0.0384 (Griffin et al., 2002).

4. Results
4.1. Zircon U-Pb geochronology

Four granite samples were selected for LA-ICP-MS zircon U-Pb
dating. The weighted mean 2°°Pb/?*®U ages are quoted at the 95%
confidence level. The zircon U-Pb concordia diagrams and all zircon CL
images are shown in Fig. 4. Most of the zircon grains are euhedral with
100-300 pum long. The majority of zircon grains are transparent and
colorless, and a few grains appear dark and opaque could induce by the
high uranium content. The Pb, Th, and U contents are from 6.6 ppm to
94.8 ppm, from 45 ppm to 16792 ppm (Table 2), and from 275 ppm to
6386 ppm, respectively. The Th/U ratios of the samples range from 0.03
to 11.61 with a very strong positive correlation observed between Th
and U, showing typical magmatic sources (Hoskin and Schaltegger,
2003; Hu et al., 2014). Few Th/U ratios are lower than 0.1, indicating
that the sample crystallized in the later magma stage.

The analysis of zircon grains from samples LJS19, LJS47, LJS53 and
LJS65 yield 2°°Pb/?*®U weighted mean ages of 89.9 + 1.4 Ma (mean
square weighted deviation, MSWD = 0.20), 90.37 = 0.77 Ma
(MSWD = 0.30), 8.6 =+ 0.8 Ma (MSWD = 0.22) and
86.3 = 0.46 Ma (MSWD = 0.47), respectively, and all of the points
plot within or near the concordant curve (Fig. 4).

4.2. Major and trace elements

The results of major and trace elements analyses are summarized in
Table 3. All of the samples are enriched in SiO, (SiO, = 69.1 wt% to
74.4 wt%). These rocks also have total alkalis (KO + Na,O) contents
of 5.74 wt% to 9.73 wt% and K,0/Na,O ratios are higher than 1 (from
1.07 to 25.8). On the alkalis vs. silica diagram, all of the samples fall
within the granite field (Fig. 5a). The majority of rocks are strongly
peraluminous (Fig. 5b), with A/CNK [= molar Al,O3/
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Fig. 4. Internal structure of zircon grains shown by the cathodoluminescence
(CL) images and LA-ICP-MS zircon U-Pb Concordia age plots, weighted mean
age plots for CMG and FMG.

(CaO + Na,O + K,0)] ranging from 0.95 to 1.79.

The total rare earth element contents of the Laojunshan granites
range from 8.48 ppm to 153.20 ppm. Chondrite-normalized REE pat-
terns display a fractionated REE pattern (Fig. 6a). (La/Yb)yn values
range from 3.5 to 67.9 (Table 3), indicating a strong enrichment in light
rare earth elements (LREEs). All of the samples have moderate Eu ne-
gative anomalies (Eu/Eu* = 0.18 to 0.70). In the trace element pri-
mitive mantle-normalized spider diagram (Fig. 6b), Laojunshan gran-
ites show enrichment of Rb, U, K, and Th, negative anomalies of Ba and
Sr and significantly depleted of Nb, Ta and Ti. Selected major and trace
elements are plotted against SiO, content in Fig. 7, showing a consistent
linear trend.

4.3. Zircon Hf isotopic compositions

In situ zircon Hf isotopic results are shown in Table 4. The
176Hf/Y77Hf ratios vary from 0.282352 to 0.282686 (Fig. 8). eHf(t)
values, calculated based on the 2°°Pb/?*®U age of the zircon grains,
vary from —12.88 to —1.19 (Table 4; Fig. 8), with an average of
—6.06. Two-stage Hf model ages (tpy2) range from 1.9 Ga to 1.2 Ga
(Table 4). In addition, the fi, 4 values of the zircon range from —0.93
to —0.99, which are much lower than those of the mafic crust (-0.34;
Amelin et al. 2000) and sialic crust (-0.72; Vervoort et al. 1996).
Therefore, the model ages can better reflect the time when the source
material was extracted from the depleted mantle.

5. Discussions
5.1. Source and petrogenesis of the Laojunshan granites

The Laojunshan granites contain ~10% muscovite, and the whole-
rock chemical compositions are enriched in SiO, (from 69.1 wt% to
74.4 wt%) and depleted in CaO (from 0.27 wt% to 0.92 wt%). K,O/
Na,O ratios are from 1.07 to 25.8 and most of aluminum saturation
indices (from 0.95 to 1.79) are higher than 1.1. Therefore, the majority
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Table 2
LA-ICP-MS zircon U-Pb data for CMG and FMG from Laojunshan.

Sample Elements (ppm) Th/U  Isotopic ratios ages (Ma)
Pb Th U 207 pp /2%ph 1o 207pp /25U 1o 206pp/238 g 1o 207pp/25y 10 2°pb/P8U 10

LJS19 (FMG) 25.3 779 1392 0.56 0.0479 0.0016 0.0954 0.0028 0.0144 0.0002 92.6 2.5 92.4 1.1
16.3 180 1048 0.17 0.0479 0.0024 0.0931 0.0043 0.0141 0.0002 90.4 4.0 90.2 1.3
79.7 16,792 1446 11.61 0.0478 0.0025 0.0902 0.0043 0.0137 0.0002 87.7 4.0 87.6 1.3
24.8 376 1596 0.24 0.0479 0.0021 0.0901 0.0035 0.0136 0.0002 87.6 3.3 87.3 1.1
25.2 45 1622 0.03 0.0486 0.0018 0.0964 0.0030 0.0144 0.0002 93.4 2.8 92.0 1.1
26.6 844 1518 0.56 0.0479 0.0014 0.0928 0.0022 0.0141 0.0002 90.1 2.1 90.0 1.0
78.8 3777 4113 0.92 0.0479 0.0014 0.0932 0.0020 0.0141 0.0002 90.4 1.9 90.3 1,0
37.5 3632 1473 2.47 0.0498 0.0018 0.0935 0.0029 0.0136 0.0002 90.7 2.7 87.2 1.1
11.8 225 703 0.32 0.0479 0.0024 0.0935 0.0042 0.0142 0.0002 90.7 3.9 90.6 1.3
28.1 223 1782 0.13 0.0483 0.0027 0.0946 0.0049 0.0142 0.0002 91.8 4.6 91.0 1.4

LJS47 (CMG) 12.1 422 539 0.78 0.0485 0.0013 0.0932 0.0019 0.0139 0.0002 90.4 1.8 89.1 1.0
29.2 601 1595 0.38 0.0480 0.0012 0.0926 0.0015 0.0140 0.0002 89.9 1.4 89.6 1.0
57.0 316 3570 0.09 0.0480 0.0011 0.0938 0.0013 0.0142 0.0002 91.0 1.2 90.6 0.9
40.7 385 2472 0.16 0.0487 0.0011 0.0945 0.0012 0.0141 0.0002 91.7 1.1 90.1 0.9
14.9 204 828 0.25 0.0481 0.0017 0.0937 0.0028 0.0141 0.0002 90.9 2.6 90.4 1.1
37.2 292 2263 0.13 0.0485 0.0011 0.0942 0.0012 0.0141 0.0002 91.4 1.2 90.1 0.9
37.4 1122 1827 0.61 0.0481 0.0012 0.0955 0.0016 0.0144 0.0002 92.6 1.4 92.1 1.0
20.7 357 1106 0.32 0.0477 0.0011 0.0943 0.0014 0.0143 0.0002 91.5 1.3 91.8 1.0
68.2 416 4249 0.10 0.0487 0.0011 0.0956 0.0013 0.0143 0.0002 92.7 1.2 91.2 1.0
35.2 1976 1201 1.64 0.0480 0.0013 0.0946 0.0019 0.0143 0.0002 91.8 1.8 91.5 1.0
36.8 1141 1845 0.62 0.0479 0.0011 0.0920 0.0013 0.0139 0.0002 89.3 1.2 89.1 0.9
35.5 544 1929 0.28 0.0484 0.0011 0.0961 0.0014 0.0144 0.0002 93.2 1.3 92.2 1.0
58.1 192 3848 0.05 0.0484 0.0011 0.0908 0.0011 0.0136 0.0001 88.3 1.1 87.1 0.9
78.4 5285 2409 2.19 0.0482 0.0012 0.0936 0.0016 0.0141 0.0002 90.9 1.5 90.2 1.0
6.6 224 275 0.81 0.0482 0.0018 0.0949 0.0030 0.0143 0.0002 92.0 2.8 91.4 1.1

LJS53 (CMG) 52.4 4851 2193 2.21 0.0480 0.0016 0.0890 0.0018 0.0135 0.0002 86.6 1.7 86.2 1.5
73.5 435 4959 0.09 0.0479 0.0015 0.0883 0.0016 0.0134 0.0002 85.9 1.5 85.6 1.4
15.8 596 931 0.64 0.0475 0.0016 0.0867 0.0018 0.0132 0.0002 84.4 1.7 84.7 1.4
129 613 709 0.86 0.0479 0.0018 0.0882 0.0023 0.0134 0.0002 85.8 2.2 85.5 1.5
57.8 360 3955 0.09 0.0478 0.0015 0.0873 0.0016 0.0133 0.0002 85.0 1.5 84.8 1.4
16.6 636 984 0.65 0.0477 0.0016 0.0868 0.0020 0.0132 0.0002 84.5 1.9 84.6 1.5
23.0 272 1519 0.18 0.0478 0.0016 0.0882 0.0019 0.0134 0.0002 85.8 1.8 85.8 1.4
61.9 828 4064 0.20 0.0482 0.0015 0.0894 0.0017 0.0135 0.0002 87.0 1.5 86.3 1.4
18.3 517 1139 0.45 0.0488 0.0019 0.0897 0.0025 0.0133 0.0002 87.2 2.3 85.3 1.5
36.3 276 2471 0.11 0.0494 0.0016 0.0908 0.0019 0.0133 0.0002 88.2 1.8 85.3 1.5
11.0 822 541 1.52 0.0483 0.0020 0.0900 0.0030 0.0135 0.0003 87.5 2.8 86.6 1.6
14.3 483 839 0.58 0.0479 0.0017 0.0895 0.0021 0.0136 0.0002 87.0 2.0 86.8 1.5
37.7 344 2566 0.13 0.0486 0.0016 0.0893 0.0018 0.0133 0.0002 86.8 1.7 85.4 1.5
16.5 363 1058 0.34 0.0480 0.0018 0.0879 0.0023 0.0133 0.0002 85.6 2.1 85.1 1.5

LJS-65 (CMG) 26.9 716 1621 0.44 0.0485 0.0012 0.0918 0.0015 0.0137 0.0002 89.2 1.4 87.9 0.9
38.0 953 2409 0.40 0.0478 0.0011 0.0879 0.0012 0.0133 0.0001 85.5 1.2 85.3 0.9
77.5 638 5280 0.12 0.0478 0.0010 0.0881 0.0011 0.0134 0.0001 85.7 1.0 85.5 0.9
54.8 233 3797 0.06 0.0474 0.0010 0.0876 0.0011 0.0134 0.0001 85.2 1.1 85.8 0.9
57.1 906 3786 0.24 0.0478 0.0010 0.0881 0.0011 0.0134 0.0001 85.7 1.0 85.5 0.9
32.3 460 2097 0.22 0.0477 0.0011 0.0902 0.0012 0.0137 0.0001 87.7 11 87.7 0.9
56.6 516 3795 0.14 0.0477 0.0010 0.0892 0.0011 0.0136 0.0001 86.8 1.1 86.8 0.9
36.7 815 2346 0.35 0.0487 0.0011 0.0903 0.0014 0.0135 0.0001 87.8 1.3 86.1 0.9
45.5 486 2961 0.16 0.0480 0.0012 0.0899 0.0017 0.0136 0.0002 87.4 1.6 86.9 0.9
94.8 976 6386 0.15 0.0482 0.0010 0.0893 0.0010 0.0134 0.0001 86.9 1.0 86.1 0.9
33.6 526 2232 0.24 0.0486 0.0012 0.0901 0.0016 0.0134 0.0002 87.6 1.5 86.1 0.9
29.3 445 1932 0.23 0.0478 0.0011 0.0890 0.0013 0.0135 0.0001 86.6 1.2 86.4 0.9
28.9 603 1896 0.32 0.0480 0.0011 0.0879 0.0013 0.0133 0.0001 85.5 1.2 85.1 0.9
52.9 787 3449 0.23 0.0488 0.0011 0.0921 0.0013 0.0137 0.0002 89.4 1.2 87.5 0.9
32,5 907 2044 0.44 0.0483 0.0012 0.0896 0.0015 0.0135 0.0002 87.1 1.4 86.2 0.9

of granites are characterized as strong peraluminous S-type granites.

These granites have high contents of total alkalis
(K20 + NayO greater than 5.7 wt%) resulting from strong fractiona-
tion, but lower Zr + Nb + Y + Ce contents. Most samples plotted in
Fig. 9 fall within the fractionated granite field (Fig. 9). A similar cor-
relation is noted between some selected major and minor elements and
SiO, (Fig. 7), suggesting that the two granite types were generated
during significant fractionation of a homologous magma.

Granite generated from the partial melting of amphibolite in a
water-rich environment or the fractional crystallization of aluminous-
poor magma, has a medium Al content and a high Sr and Na contents
(Gaudemer et al., 1988), which is inconsistent with the geochemical
features of the Laojunshan granites. Meanwhile, mica-poor me-
tapsammites or orthogneiss probably could not form strongly

peraluminous and SiO,-rich granite at a low to medium temperature
(Beard and Lofgren, 1991). Zircon saturation temperatures calculated
by bulk rock compositions can provide useful estimate of initial magma
temperatures. The thermometer requires the following factors: (1) In-
termediate to felsic magmas. (2) Melt saturated in zircon. Mineralogical
and geochemical studies show that Laojunshan granites belong to
highly fractionated S-type granite. Abundantly magmatic zircon grains
have been observed in the granites show that those melts contained
sufficient Zr for saturation in zircon. Thus, the thermometer could be
used to estimate the initial magma temperatures of Laojunshan. Zircon
saturation temperatures of twenty-six samples calculated by formula of
Watson and Harrison (1983) are higher than 800 °C, and ten samples
are lower than 800 °C. These calculated temperatures are consistent
with the estimated temperatures of the CaO/Na,O and Al,03/TiO,
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Fig. 6. (a) Chondrite-normalized REE pattern and (b) primitive mantle-normalized spidergram for Laojunshan granites. The chondrite and primitive-mantle data are

from Sun and McDonough (1989).

diagrams (Sylvester, 1998), reflecting lower initial magma tempera-
tures. Thus, Laojunshan granitic magma could be derived from the
partial melting of the Al-rich metamorphic basement in the middle or
lower crust. This theory is also supported by the lithology of the
basement rock in the Laojunshan region (basement rock consists mainly
of schist) and high Rb contents in the granites (Fig. 6b).

Generally, CaO/Na,O ratio lower than 0.3 is indicative of granite
derived from the metapelite source, while CaO/Na,O ratio higher than
0.3 show granite derived from the metapsammite source (Chappell and
White, 1992). In Fig. 10, the CaO/Na,O ratios of twenty-eight samples
are lower than 0.3 and those of eight samples are higher than 0.3. These
geochemical features suggest that the Laojunshan granites likely ori-
ginated from plagioclase-poor and clay-rich sources (Chappell and
White, 1992; Sylvester, 1998). In addition, both granite types have
comparatively higher Rb/Sr and Rb/Ba ratios and fall within the po-
litic-rich field (Fig. 10b).

The Hf isotopic compositions of zircon grains in Laojunshan granites
have relatively large variation with the ¢Hf(t) varying from —12.88 to
—1.19 (Fig. 8), while the two-stage Hf model ages range from 1.2 Ga to
1.9 Ga. In the zircon ey(t) values vs. age diagram, Laojunshan granite
samples plotted below the depleted mantle and the Chondrite evolution
line and they fallen in the crust Hf isotope evolution line from about
1.97 to 1.23 Ga (Fig. 8), indicating that the granites likely originated
from partial melting of the preexisting crust materials separated from
depleted mantle sources during the Mesoproterozoic to Paleoproter-
ozoic (Liu et al., 2006).

5.2. Late Cretaceous magma fractionation

In the log-log diagrams of Ba vs. Eu, Sr vs. Eu and Ba vs. Sr (Fig. 11),
the variation in the trends exhibited by the elements show that there is
extensive fractionation of plagioclase and K-feldspar. The plagioclase
fractional crystallization can lead to the depletion of Sr and Eu (Fig. 6 a,
b), while the separation of K-feldspar can result in the depletion of Ba
and Eu (Fig. 6a, b). In addition, the high Rb/Sr ratios in the Laojunshan
granites also illustrate the fractionation of plagioclase in the magma
evolution (Fig. 10b; Bouseilly and Sokkary, 1975). The La and Yb
contents of the granites seem to be influenced by the several-degree
fractional crystallization of allanite or monazite, while the negative
correlation between TiO, and SiO, (Fig. 7) and the depletion of Ti
(Fig. 6b) suggest the fractionation of ilmenite or biotite.

5.3. In-, Sn- and W-enrichment and its relationship with the granites

The western Cathaysia block is the most concentrated area of
W-Sn-In polymetallic ore deposits in the world (Hua and Mao, 1999;
Mao et al., 1999,2013). From west to east, the Gejiu Sn—Cu-In poly-
metallic deposit in Gejiu ore concentrated area, Bainiuchang Ag-Sn-In
deposit in Bozhushan ore concentrated area, Dulong Sn-In polymetallic
deposit and Nanyangtian W-B deposit in Laojunshan ore concentrated
area are successively distributed in SE Yunnan (Tu, 2002, Wang et al.,
2019). The metallogenic ages obtained several analytical methods for
Gejiu deposit range from 77.4 = 0.6 Ma to 95.4 = 0.7 Ma (Table 1;
Cheng, 2012). LA-MC-ICP-MS cassiterite U-Pb ages for Bainiuchang
deposit range from 87.4 + 3.7 Mato 88.4 + 4.3 Ma (Table 1; Lietal.,
2013c,b). The muscovite and bitote Ar—Ar ages of the Nanyangtian W-B
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Fig. 7. Major and trace elements variation diagrams for Laojunshan granites.

polymetallic deposit are from 97.49 + 0.97 Mato 118.14 + 0.69 Ma
(Liu et al., 2011; Wang et al., 2019). The mica Ar-Ar and molybdenite
Re-Os ages of Dulong deposit obtained by Li et al (2013b) are from
75.04 = 1.78 Mato 93.6 = 1.1 Ma, and the TIMS and LA-MC-ICP-MS
cassiterite U-Pb dating are from 87.2 * 3.9 Ma to 89.2 + 4.1 Ma
(Table 1; Liu et al., 2007; Wang et al., 2014). Recently published geo-
chronological data and ages of this study (85.6 * 0.8 Ma to
90.37 = 0.77 Ma) on granites indicate that the granites in the western
Cathaysia block are mainly from 77 Ma to 117 Ma. Thus deposits in SE
Yunnan are closely related to granites both spatially and temporally
(Table 1; Qin et al., 2006; Yang et al., 2008; Liu et al., 2007; Cheng
et al., 2008, 2009,2010a,2010b, Cheng and Mao, 2010; Cheng, 2012; Li
et al., 2013b, ¢, d; Wang et al., 2014).

W, Sn, In, Li and Be contents in Laojunshan granites are from
11.60 ppm to 43.40 ppm, 15.56 ppm to 129.21 ppm, 0.13 ppm to
1.53 ppm, 49.35 ppm to 819.85 ppm and 6.27 ppm to 49.04 ppm re-
spectively. They are several times higher than the average content of
the upper and lower crust (2 ppm and 0.7 ppm for W, 5.5 ppm and
1.5 ppm for Sn, 20 ppm and 11 ppm for Li and 3.0 ppm and 1.0 ppm for
Be) or continental crust (0.05 ppm for In; Rudnick and Gao, 2003) and
most granites in South China. The 2°°Pb/?°*Pb, 2°7Pb/?°*Pb and
208p, /204ph values of sulfides from Dulong polymetallic deposit are
from 18.286 to 18.6967, 15.541 to 15.771 and 38.111 to 39.338, re-
spectively, whereas the Pb isotopic compositions of Laojunshan granites
are from 18.264 to 18.662, 15.637 to 15.738 and 38.014 to 39.187
respectively (He et al., 2015). And homogeneous Pb isotope and 83*S
variation (—1.3 to 4.9) for sulfides from Dulong deposit reflect that the
metallogenic material mainly origin from granite. And oxygen and
hydrogen isotopic compositions of quartz and scheelite from Na-
nyangtian, Huangtian, Wazha and Saxi tungsten polymetallic deposits
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show that ore-forming fluids derived from magmatic fluid, which ex-
solved from Laojunshan granites (Feng et al., 2010; Ye et al., 2016). So
the high concentrations of metallogenic elements in Laojunshan gran-
ites would provide material preparation for regional deposits. Mag-
matic crystallization usually leads to silicon and alkalis, F, B, Cl and
H,0 increased rapidly in residual phase (Audétat et al., 2000; Thomas
et al., 2004). Following the cooling the highly fractionated volatiles-
riched Laojunshan granites, where the partitioning of Sn, W, In into
crystallization phase are limited, would efficiently removal of Sn, W,
and In into a volatile-rich (F, Cl) hydrothermal fluid (Audétat et al.,
2000; Thomas et al., 2004). Chemical compositions of In-bearing Pb-Zn
ores and fluid inclusions hosted in quartz separated from In-bearing
Pb-Zn ores in Dulong deposit show significant positive correlation be-
tween In and Sn in ore-forming fluids. Although the intrinsic me-
chanism needs further study, Sn seems to have the ability to move In
from the melt phase into the ore-forming fluids.

5.4. Tectonic setting of Laojunshan granites

The Late Cretaceous igneous rocks are not only distributed in the
Laojunshan district but also widespread in the SW Cathaysia block, such
as SE Yunnan, western Guangxi and North Vietnam. The geochrono-
logical data reported and summarized in this study show that the
magmatism in the SW Cathaysia block was of a short duration (77 Ma to
117 Ma with a peak at 80 Ma to 95 Ma). Although extensive geochro-
nological, geochemical and isotopic investigations during the past
20 years, geodynamic setting of Cretaceous granites distributed in the
region has remained poorly understood. The following theories were
postulated: (1) related to Indian-Eurasian collision or Ailaoshan sub-
duction (Zhang, 2011); (2) flat subduction of the Pacific plate (Liu et al,
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Table 4
Zircon Hf isotopic compositions of the CMG and FMG from Laojunshan.

Sample Ages (Ma) 176Hf/Y77Hf  1SE 76Yb/Y7Hf  1SE 76Lu/Y7Hf  1SE eHf(0) eHf(t) Tovt Tomz fru/me

LJS19 (FMG) 92.4 0.282352 0.000015 0.038355 0.000367 0.000934 0.000010 —14.85 —12.88 1269 1967 -0.97
90.2 0.282469 0.000021 0.050047 0.000196 0.001178 0.000006 —-10.72 —8.82 1113 1710 —-0.96
87.6 0.282440 0.000028 0.062530 0.000335 0.001515 0.000007 -11.73 -9.90 1163 1776 -0.95
87.3 0.282438 0.000020 0.044211 0.000067 0.001078 0.000002 —11.81 -9.96 1153 1779 -0.97
92.0 0.282413 0.000020 0.049661 0.000146 0.001138 0.000003 —-12.71 —10.76 1190 1834 -0.97
90.0 0.282686 0.000029 0.076177 0.000935 0.001868 0.000024 -3.05 -1.19 821 1226. —-0.94
90.3 0.282475 0.000018 0.030326 0.000107 0.000760 0.000003 —10.52 —8.59 1092 1695 —-0.98
87.2 0.282559 0.000015 0.024582 0.000747 0.000646 0.000017 —7.54 —5.66 972 1508 —0.98
90.6 0.282580 0.000020 0.045855 0.000665 0.001123 0.000014 —6.78 —4.86 954 1460 -0.97
91.0 0.282499 0.000024 0.050766 0.000248 0.001263 0.000006 —9.66 -7.74 1073 1642 -0.96

LJS47 (CMG) 89.1 0.282581 0.000020 0.050990 0.000293 0.001302 0.000007 —6.74 —4.86 957 1459 —-0.96
89.6 0.282635 0.000033 0.083948 0.000122 0.002082 0.000002 —4.85 —-3.01 900 1342 —-0.94
90.6 0.282555 0.000015 0.035988 0.000339 0.000909 0.000007 -7.69 -5.76 985 1517 -0.97
90.1 0.282544 0.000024 0.063596 0.000215 0.001679 0.000004 —8.07 —6.20 1020 1544 —-0.95
90.4 0.282623 0.000031 0.067442 0.001090 0.001735 0.000024 -5.29 —-3.41 909 1367 —-0.95
90.1 0.282509 0.000016 0.028133 0.000287 0.000726 0.000006 -9.29 -7.36 1043 1617 -0.98
92.1 0.282619 0.000023 0.089618 0.000189 0.002170 0.000008 —5.43 —3.54 926 1377 -0.93
91.8 0.282590 0.000020 0.045102 0.000671 0.001119 0.000015 —6.45 —4.51 940 1438 -0.97
91.2 0.282588 0.000019 0.032378 0.000269 0.000844 0.000008 —6.50 —4.55 936 1441 -0.97
91.5 0.282520 0.000020 0.029676 0.000149 0.000784 0.000004 —-8.91 —6.95 1029 1593 —-0.98
89.1 0.282589 0.000033 0.064681 0.000776 0.001636 0.000018 —6.48 —4.62 955 1444 —-0.95
92.2 0.282550 0.000017 0.033019 0.000402 0.000835 0.000009 —7.84 —5.87 988 1525 -0.97
87.1 0.282518 0.000023 0.167867 0.002440 0.003757 0.000051 —-8.99 -7.29 1120 1610 -0.89
90.2 0.282558 0.000023 0.131667 0.002130 0.003018 0.000050 —7.58 —5.78 1038 1517 —-0.91
91.4 0.282501 0.000017 0.020631 0.000040 0.000507 0.000001 —9.59 —7.61 1049 1635 —0.98

LJS53 (CMG) 86.2 0.282588 0.000023 0.035510 0.000277 0.001076 0.000007 —6.52 —4.69 942 1446 -0.97
85.6 0.282599 0.000017 0.026601 0.000173 0.000827 0.000004 —-6.13 —-4.30 920 1420 —-0.98
84.7 0.282492 0.000018 0.042556 0.000409 0.001327 0.000012 —9.89 —-8.11 1084 1661 —0.96
85.5 0.282522 0.000023 0.068287 0.001270 0.002098 0.000036 —8.84 —7.09 1064 1596 —0.94
84.8 0.282405 0.000017 0.054898 0.000201 0.001726 0.000006 —-12.98 —-11.21 1220 1856 -0.95
84.6 0.282593 0.000019 0.019982 0.000139 0.000638 0.000004 —6.34 —4.52 924 1434 —0.98
85.8 0.282584 0.000021 0.024162 0.000073 0.000761 0.000002 —6.64 —4.81 939 1453 —0.98
86.3 0.282505 0.000021 0.045032 0.000235 0.001401 0.000010 —-9.45 —7.64 1068 1632 -0.96
85.3 0.282577 0.000021 0.033478 0.000399 0.001007 0.000013 —6.89 -5.07 955 1469 -0.97
85.3 0.282492 0.000018 0.027873 0.000139 0.000874 0.000006 —9.91 —8.09 1071 1660 -0.97
86.6 0.282493 0.000020 0.011866 0.000024 0.000364 0.000001 —-9.85 -7.97 1055 1654 -0.99
86.8 0.282588 0.000020 0.023776 0.000054 0.000768 0.000004 —6.49 —4.63 933 1443 —-0.98
85.4 0.282585 0.000020 0.027988 0.000152 0.000844 0.000003 —6.63 —-4.75 941 1451 -0.97
85.1 0.282492 0.000018 0.027873 0.000139 0.000874 0.000006 —-9.91 -8.09 1071 1660 -0.97

LJS65 (CMG) 87.9 0.282583 0.000019 0.050423 0.000337 0.001273 0.000008 —6.68 —4.83 954 1455 -0.96
85.3 0.282583 0.000018 0.060412 0.000392 0.001535 0.000010 —6.67 —4.89 960 1457 —-0.95
85.5 0.282619 0.000015 0.027995 0.000165 0.000717 0.000004 —5.42 —-3.59 890 1375 —-0.98
85.8 0.282494 0.000014 0.064328 0.000507 0.001635 0.000012 —9.85 —8.06 1091 1658 -0.95
85.5 0.282598 0.000019 0.071787 0.000119 0.001759 0.000004 —6.14 —4.37 944 1424 —-0.95
87.7 0.282643 0.000016 0.049825 0.000196 0.001255 0.000006 —4.57 -271 868 1322 —-0.96
86.8 0.282545 0.000014 0.039221 0.000085 0.000994 0.000002 —8.04 -6.20 1001 1541 -0.97
86.1 0.282671 0.000018 0.078929 0.001810 0.001952 0.000044 —-3.57 -1.79 844 1262 —-0.94
86.9 0.282569 0.000018 0.058699 0.000133 0.001386 0.000004 —-7.18 —5.36 977 1488 —0.96
86.1 0.282644 0.000029 0.057641 0.000328 0.001456 0.000007 —4.54 —-2.74 872 1322 —-0.96
86.1 0.282508 0.000020 0.062621 0.000659 0.001612 0.000018 —9.34 —7.54 1070 1626 -0.95
86.4 0.282529 0.000026 0.047288 0.000430 0.001157 0.000009 —8.60 -6.77 1027 1577 -0.97
85.1 0.282585 0.000021 0.052344 0.000337 0.001265 0.000008 —6.63 —4.84 951 1454 —0.96
87.5 0.282581 0.000020 0.040452 0.000238 0.001010 0.000007 —6.74 —4.88 949 1459 -0.97
86.2 0.282587 0.000019 0.067558 0.000350 0.001639 0.000008 —6.53 —4.73 957 1448 —0.95

2007; Zhang et al., 2013). It seems impossible to explain the magma
related to Indian-Eurasian collision, because it is inconsistent with the
previous knowledge that the collision time of the India-Eurasian is
65 Ma (Mo et al., 2003; Wang et al., 2003; Cheng, 2012). It is generally
accepted that large volume magma in South China is associated with
Pacific plate subduction (Zhou et al., 2006; Sun et al., 2007). However
pronounced phenomenons include SE Yunnan is far away from sub-
duction zone (more than 1500 km; Espurt et al., 2008), NE trending
subduction zone is inconsistent with the NW trending granitic bodies in
SE Yunnan and Pacific plate retreated in the Late Cretaceous (Xia et al.,
2016), which consistently show a weak influence of Pacific plate sub-
duction on SE Yunnan.

Cretaceous magma in SE Yunnan is more strongly influenced by the
Tethys tectonic domain. Widespread mafic or ultramafic rocks along the
China-Vietnam border (Zhang et al., 2003a,2003b) have been
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diagnosed as having mid-oceanic ridge features (Wu et al., 2002).
Ophiolite has been found in the Malipo County of SE Yunnan (Zhong
et al., 1998), which has the Sm-Nd isochronous age of 328 Ma. Re-
gional stratigraphic comparative and paleontological studies suggest
that the research area is part of the Tethyan Ocean in Permian. Zhang
et al. (2006) named this ocean after the Dian-Qiong Ocean. The Dian-
Qiong oceanic crust was subducted underneath the Indochina block in
the Late Permian to Middle Triassic, then collided in the Late Triassic
(Roger et al., 2000; Cai and Zhang, 2009) and formed the Ailao Shan-
Song Ma sutures. Subsequently, the tectonic environment transformed
into an extensional setting in the Late Cretaceous (Zhou and Li, 2000;
Niu, 2005; Xu and Xie, 2005). The extensional tectonic is recorded by
the Laojunshan metamorphic core complex (which is a northern part of
Song Chay Dome), and a series of large-scale highly active glide faults
(Fig. 2; Wen-Ma, Tian-Pan, Maguan-Dulong faults) and the rift-basins
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Fig. 9. Zr + Nb + Ce + Y vs. (Na,O + K,0)/CaO diagram of Laojunshan
granites (Whalen et al., 1987). FG = fractionated I-type granite; OGT = un-
fractionated I-S-M type granite.

(Neogene sedimentary basins in Maguan and Wenshan counties) in the
western Cathaysia block (Roger et al., 2000; Maluski et al., 2001; Yan
et al.,, 2005; Liu et al.,, 2011; Zhang et al., 2009). The Cretaceous-
Neogene alkaline basic rocks exposed in SE Yunnan also reflect the
intraplate extensional tectonic environment (Huang et al., 2018). Large-
scale extensional tectonic in SE Yunnan is still documented by the
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seismic data, which reveal that the lithosphere in the region is thinner
than peripheral region (Zhao et al., 1992). Even though the extensional
peak in the region occurred in Cretaceous, the regionally active tectonic
movements were related to extension until recent times. Delamination
may be the main mechanism for the change of the tectonic background.
Lithospheric extension is often accompanied by upwelling of the asth-
enosphere and underplating of the mantle-derived magma (Sun et al.,
2011), which subsequently may have led to the partial melting of me-
tamorphosed pelitic rocks in the lower crust to form S-type granite.

6. Conclusions

(1) The emplacement ages of granites in the Laojunshan district fall

within the range from 85.6 = 0.8 Ma to 90.37 + 0.77 Ma. The

majority of granites are silica rich and strongly peraluminous S-type
granites. The geochemical and isotopic results reveal that the

Laojunshan granites originated from the partial melting of the Al-

rich metamorphic basement.

The depletion of Ba, Sr and Eu and the relatively higher Rb/Sr ratios

of the granites are indicative of fractional crystallization of the

plagioclase during magma evolution. The contents of La, Yb and Ti
in the granites seem to be controlled by the fractional crystal-
lization of allanite, monazite, ilmenite or other accessory minerals.

Metallic elements such as W, Sn, In, Li and Be are enriched in the

hydrothermal fluid due to their incompatible properties.

(3) Widespread granites and occurrences of world-class W-Sn-In
polymetallic deposits in SE Yunnan are a response to the strong
extension of the lithosphere in the Late Cretaceous. The Laojunshan
granites formed in the post-collision setting and may mark the onset
of lower crust delamination.

(2
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