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A B S T R A C T   

The Cuonadong Sn-W-Be polymetallic deposit is the first Cenozoic leucogranite-related rare-metal deposit with 
giant metallogenic potential in the Himalayan orogen. However, the controlling factors for the supernormal 
enrichment of beryllium, tin and tungsten in this deposit remain vague. In this study, we carried out systematic 
geochronological, whole-rock geochemical, and Sr-Nd isotopic analysis for the Cuonadong leucogranites, as well 
as detailed ore-forming geochronological study for the rare-metal mineralization. The monazite U-Th-Pb, 
cassiterite U-Pb and muscovite Ar-Ar dating results, together with previously reported geochronological data, 
indicate that the major Cuonadong leucogranites (including, from old to young, the weakly-oriented two-mica 
granite, two-mica granite and the muscovite granite) were formed during ~ 21–15 Ma, whereas the Sn-W-Be 
mineralization mainly occurred at ~ 18–14 Ma. The Cuonadong leucogranites show strong peraluminous (A/ 
CNK = 1.09–1.22) features, and have high SiO2 (71.62–75.97 wt%) and Al2O3 (14.04–16.09 wt%) and low MgO 
(0.07–0.33 wt%), MnO (0.01–0.15 wt%) and total iron (Fe2O3

T = 0.36–1.01 wt%) contents, and are enriched in 
large ion lithophile elements (e.g., Rb, U, K, and Pb). These geochemical features, together with enriched Sr-Nd 
isotopes (εNd(t) = -15.7 to − 11.7; (87Sr/86Sr)i = 0.71957–0.76313), indicate that the Cuonadong leucogranites 
belong to S-type granite and were derived from muscovite-induced dehydration melting of metapelites of the 
Higher Himalayan Crystalline Sequence. Perceptible linear variations of some major elements (e.g., Na2O, K2O, 
MnO, Fe2O3

T, TiO2 and A/CNK) with increasing Rb/Sr ratios suggest that these leucogranites experienced 
different degrees of evolution. Quantitative simulation calculations based on the whole-rock Rb, Sr, and Ba 
contents imply that the Cuonadong leucogranites experienced increasingly-strong fractional crystallization of 
plagioclase, K-feldspar and biotite from the weakly-oriented two-mica granite through the two-mica granite to 
the muscovite granite. Importantly, intense fractional crystallization leaded to notable enrichment of Sn, W and 
Be, although these elements are not obviously high in the relatively primitive magma for the Cuonadong leu-
cogranites. Significantly, evident REE tetrad effects and deviation of twin-element pair ratios (e.g. K/Rb, K/Ba, 
Zr/Hf, Nb/Ta, and Y/Ho) from the chondritic values demonstrate that intense interaction between melts and 
volatile-rich aqueous fluids occurred during magmatic evolution. This implies that the Cuonadong leucogranites 
were derived from a volatile-rich magmatic system. The abundant volatiles probably facilitated occurrence of 
fractional crystallization and extended duration of this process through lowering the solidus and viscosity of the 
magma. Thus, we propose that the long-lived fractional crystallization (21–15 Ma) and rare-metal mineralization 
(18–14 Ma) collectively leaded to supernormal enrichment of Sn, W, and Be in the Cuonadong Sn-W-Be poly-
metallic deposit. In contrast, the enrichment of these rare-metal elements was insignificant during partial 
melting.  
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1. Introduction 

Since the closure of the Neo-Tethys Ocean and subsequent collision 
between India and Eurasia in the Early Cenozoic (55 ± 10 Ma; Mo et al., 
2007; Zhu et al., 2015), the Himalayan orogen has experienced notable 
crustal thickening and extensive anatexis (Harris and Massey, 1994; 
Patiño Douce and Harris, 1998; Zeng et al., 2011; Hou et al., 2012; Dai 
et al., 2020; Cao et al., 2021a), which triggered formation of the world- 
renowned Himalayan leucogranite belt (Wu et al., 2015, 2020). The 
Himalayan leucogranites were traditionally considered as products of in 
situ anatexis of the Higher Himalayan Crystalline Consequence in the 
late metamorphic stage (Le Fort et al., 1987). Normally, this type of rock 
is less associated with rare-metal mineralization. Thus, the importance 
of rare-metal mineralization in the Himalaya was never been highly 
considered. However, recent studies showed that the Himalayan leu-
cogranites are highly fractionated peraluminous granites with rare- 
metal mineralization potential (Wang et al., 2017, 2020; Cao et al., 
2022a). This is supported by successive discovery of a few rare-metal 
deposits/occurrences, such as Cuonadong Sn-W-Be polymetallic depo-
sit (Li et al., 2017a), Gabo lithium deposit (Li et al., 2022), Lalong rare- 
metal polymetallic deposit (Huang et al., 2019), Qongjiagang lithium 
deposit (Qin et al., 2021), and several other rare-metal mineralization 
occurrences (Zhang et al., 2022). Thus, the Himalaya is expected to be a 

new promising rare-metal metallogenic belt (Wu et al., 2020; Cao et al., 
2022b). 

It is noteworthy that among these newly-discovered deposits the 
Cuonadong Sn-W-Be polymetallic deposit is the first rare-metal deposit 
with giant metallogenic potential in the Himalayan orogen (Li et al., 
2017a; Cao et al., 2021b; Dai et al., 2022). A series of previous studies 
have shown that this deposit is genetically related to the Cenozoic leu-
cogranites within ore district based on geological survey, rock- and ore- 
forming geochronological and C-H-O-S-Pb-Sr isotopic data (Liang et al., 
2018; Cao et al., 2020, 2021b; Xie et al., 2020; Dai et al., 2022). Ac-
cording to early estimate, only in Xianglin (one of the four areas with 
intensive and intense rare-metal mineralization in this deposit) the 
inferred Sn resources are up to 80,000 t (@ 0.36%); WO3 resources are 
up to 50,000 t (@ 0.21%); and BeO resources are up to 34,000 t (@ 
0.08%) based on preliminary exploration (Li et al., 2017a). However, 
the governing factors for supernormal enrichment of beryllium, tin and 
tungsten in the Cuonadong deposit is still unclear. This knowledge gap 
hinders our comprehensive understanding of the rare-metal metallogeny 
in the Himalayan orogen, and will probably limit our future prospecting 
breakthroughs. Hence, it is urgent to address this issue. 

In this study, we carried out systematic geochronological, whole- 
rock geochemical, and Sr-Nd isotopic analysis for the Cuonadong leu-
cogranites, together with metallogenic geochronological studies for the 
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Fig. 1. (a) Tectonic map of China, showing the location of Tibet (modified after Pan et al., 2009). (b) Tectonic subdivision of the Tibet Plateau, showing the major 
sutures and terranes (modified after Yin and Harrison, 2000; Pan et al., 2012). (c) Simplified geological map of Himalaya showing the subdivision of Himalaya and 
distribution of Himalayan leucogranites (modified after Zhang et al., 2012; Wu et al., 2020; Pan et al., 2012). CAO: Central Asia Orogen; TMB: Tarim Block; NCC: 
North China Craton; CCO: Central China Orogen; SGO: Songpan Ganzi Orogen; YC: Yangtza Craton; CC: Cathaysia Craton. 
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Cuonadong Sn-W-Be deposit. Using the results of this study and previ-
ously published data, we investigated the controlling mechanisms for 
the supernormal enrichment of ore-forming elements in the Cuonadong, 
from the aspect of magma generation, evolution and rare-metal miner-
alization. Finally, we proposed that the long-lived magmatic evolution 
and rare-metal mineralization process collectively facilitated the for-
mation of the giant Cuonadong Sn-W-Be polymetallic deposit. 

2. Geological setting 

The Tibetan Plateau orogen, located in west of China (Fig. 1a; Pan 
et al., 2009), is a tectonic collage of five east–west trending terranes. It 
includes (from north to south) the Songpan-Ganzi, North Qiangtang 
(also known as East Qiangtang), South Qiangtang (also known as West 
Qiangtang), Lhasa, and Himalaya. These terranes are bounded by Jin-
shajiang, Longmu Tso-Shuanghu, Bangong-Nujiang and Indus-Yarlung- 
Zangbo suture zones, respectively (Fig. 1b; Yin and Harrison, 2000; 
Pan et al., 2012). 

The Himalayan orogenic belt is an intensely deformed magmatic- 
metamorphic belt formed during the Cenozoic India-Eurasia collision 
(Fig. 1c; Yin and Harrison, 2000; Pan et al., 2012). It is separated from 
the Indian plate to the south by the Main Frontier Thrust and from the 
Lhasa terrane in the north by the Indus-Yarlung Zangbo suture zone. The 
Himalayan orogenic belt is subdivided into the Tethyan Himalaya, the 
Higher Himalaya, the Lower Himalaya, and the Sub-Himalaya, which 
are separated from each other by the south Tibet detachment system, the 
Main Central Thrust, and the Main Boundary Thrust, respectively 
(Fig. 1c; Yin and Harrison, 2000; Yin, 2006). The Tethyan Himalaya 
Sequence comprises Paleozoic to Paleogene low-grade metamorphic or 
unmetamorphosed siliciclastic and carbonate rocks (Myrow et al., 
2019), which were deposited on the Indian passive continental margin 
(Cao et al., 2018). The Higher Himalayan Crystalline Sequence com-
prises Late Proterozoic to Early Paleozoic upper amphibolite- to lower 
granulite-facies metamorphic rocks (Kohn, 2014; Mukherjee et al., 
2019). The Lower Himalayan Sequence consists of Proterozoic greens-
chist to amphibolite facies metasedimentary rocks (Kohn, 2014). The 
Sub-Himalayan Sequence consists of Neogene alluvial sedimentary 
rocks that represent an overfilled stage of the Himalayan foreland basin. 

Two sub-parallel leucogranite belts, namely the Tethyan Himalayan 
leucogranite belt (also referred to as the North Himalayan leucogranite 
belt) to the north and the Higher Himalayan leucogranite belt to the 
south, occur in the Himalayan area (Fig. 1c; Zhang et al., 2012; Wu et al., 
2020; Cao et al., 2022b). The vast majority of the Tethyan Himalayan 
leucogranites are exposed in the cores of the north Himalayan gneiss 
domes, except for a few isolated intrusive bodies that intruded into the 
Tethyan Himalayan Sequence (such as the Dala and Quedang two-mica 
granites) (Fig. 1c; Zhang et al., 2012; Wu et al., 2020; Cao et al., 2022b). 
The Higher Himalayan leucogranites, on the other hand, were emplaced 
into the Higher Himalayan Crystalline Sequence adjacent to the South 
Tibetan detachment system, forming a discontinuous chain of sheets, 
dykes, sills, and laccolithic bodies (Fig. 1c; Zhang et al., 2012; Wu et al., 
2020; Cao et al., 2022b). The Himalayan leucogranites comprise biotite 
granite, two-mica granite, muscovite granite, tourmaline granite, and 
garnet granite. These leucogranites were emplaced between 48.5 and 
6.8 Ma (Cao et al., 2022b). The Eocene leucogranites are characterized 
by high Sr/Y ratios, thus are considered as products of partial melting of 
a thickened lower crust comprising amphibolite with subordinate met-
apelites (Zeng et al., 2011; Hou et al., 2012; Dai et al., 2020). The 
Miocene leucogranites are considered as highly fractionated crust- 
derived peraluminous S-type granites (Wu et al., 2015, 2020; Hopkin-
son et al., 2017) and have great potential for rare-metal mineralization 
(Li et al., 2017a; Wang et al., 2017; Huang et al., 2019; Wu et al., 2020; 
Cao et al., 2022b; Li et al., 2022; Zhang et al., 2022). 

The Cuonadong Sn-W-Be polymetallic deposit occurs in the Cuona-
dong gneiss dome, eastern segment of the Tethyan Himalaya (Fig. 1c; Fu 
et al., 2017; Li et al., 2017a). The Cuonadong gneiss dome is a newly- 

identified dome with an exposed area of about 400 km2 (Fig. 2; Fu 
et al., 2017). The dome comprises three lithological-tectonic units, i.e. 
the lower-located core, the mantle in the center, and the upper-located 
rim, which are separated from each other by a ductile lower detachment 
fault and a brittle upper detachment fault (Fig. 2, 3a-c; Fu et al., 2017). 
The core comprises Early Paleozoic augen orthogneiss (ca. 500 Ma; 
Zhang et al., 2019a), minor Neoproterozoic granitic gneiss (825–820 
Ma; Zhang et al., 2021), migmatite, amphibolite (ca. 826 Ma; Zhang 
et al., 2021) and paragneiss (Figs. 2, 3b). The mantle comprises strongly 
deformed schist, marble, subordinate amphibolite and quartzite (Fig. 2, 
3b-d). The rim consists of Jurassic and minor Triassic low-grade meta-
sedimentary rocks and sedimentary rocks that belong to the Tethyan 
Himalayan Sequence, including silty mudstone, siltstone, slate, and 
minor phyllite (Fig. 2; Fu et al., 2017). 

It is noteworthy that voluminous leucogranites/pegmatites were 
intruded into the dome, particularly in the core and mantle of the dome 
(Fig. 2), including: (1) strongly-deformed two-mica granite/pegmatite, 
normally exposed in the mantle of the dome and occurs in the shape of 
lenticle, boudin or tight/sheath fold (Figs. 2 and 3d; Fu et al., 2020; 
Zhang et al., 2020); (2) weakly-oriented two-mica granite, mainly 
exposed in northern part of the dome (Figs. 2, 3e); (3) two-mica granite, 
mainly exposed in center and southwestern part of the dome (Figs. 2, 3f); 
(4) muscovite granite, mainly exposed in eastern part of the dome 
(Figs. 2, 3e-g); and (5) pegmatite (pegmatite in the following text refers 
to such type unless specified) (Figs. 2, 3g-h). The latter four rock types 
constitute the main part of the Cuonadong intrusion (Fig. 2). The 
weakly-oriented two-mica granite is medium- to fine-grained and com-
prises quartz (30–35 vol%), K-feldspar (25–30 vol%), plagioclase 
(25–30 vol%), biotite (8–10 vol%), and muscovite (8–10 vol%) with 
accessory apatite, monazite and zircon (Fig. 4a, d). The two-mica granite 
is fine-grained and comprises quartz (30–35 vol%), K-feldspar (20–25 
vol%), plagioclase (30–35 vol%), muscovite (10–15 vol%), biotite (5–8 
vol%) and minor garnet (locally), with accessory tourmaline, apatite, 
monazite, zircon, and columbite (Fig. 4b, e). The muscovite granite is 
fine-grained and comprises quartz (30–35 vol%), plagioclase (30–35 vol 
%), K-feldspar (10–15 vol%), muscovite (15–20 vol%), garnet (3–8 vol 
%) and tourmaline (1–5 vol%), with accessory beryl, monazite, zircon 
and columbite (Fig. 4c, f). The pegmatite contains plagioclase, quartz, 
and muscovite, with variable amounts of beryl, tourmaline, and garnet, 
and accessory zircon, monazite and columbite (Fig. 3g-h). 

Four areas with intensive and intense rare-metal mineralization were 
identified in the Cuonadong dome, including the Xianglin (Zabulu), 
Yunazha, Rina and Changming (Fig. 2; Cao et al., 2020, 2021b; Dai et al., 
2022). Within these areas, four major types of rare-metal mineralization 
were identified, including: (1) pegmatite-type Be mineralization, which 
developed in beryl-rich pegmatite (Fig. 3 h); (2) greisen-type Sn 
mineralization, which normally occurs as greisen veins developed in 
muscovite granite/pegmatite and are composed mainly of quartz, 
muscovite, cassiterite and tourmaline (Fig. 5a, d); (3) skarn-type W-Sn- 
Be mineralization (Fig. 5b, e), which mainly occurs at the contact zone 
between the muscovite granite/pegmatite and the marble in the mantle 
of the Cuonadong dome (Fig. 5b); (4) hydrothermal vein-type Sn-W-Be-F 
mineralization (Fig. 5c, f), which normally occurs in NE-striking faults 
that cut the gneiss, marble, skarn, leucogranite, and pegmatite (Figs. 2, 
5c). Spatially, these ore/mineralized bodies show close correlation to 
the Cuonadong leucogranites, especially the muscovite granite/pegma-
tite (Figs, 3 h, 5a-c). 

3. Samples and analytical methods 

In this study, the weakly-oriented two-mica granite, two-mica 
granite and the muscovite granite were selected as the main objects 
for geochronological, Sr-Nd isotopic and whole-rock compositional 
research considering their huge volume and close spatial relationship to 
the rare-metal mineralization. This is combined with ore-forming 
geochronological study. In detail, two granite samples (one weakly- 
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oriented two-mica granite sample and one unoriented two-mica granite 
sample) were used for in situ LA-ICP-MS monazite U-Th-Pb dating, one 
beryl-rich pegmatite sample was used for bulk muscovite Ar-Ar dating, 
four cassiterite-bearing ores (three greisen samples and one skarn sam-
ple) were used for in situ LA-MC-ICP-MS cassiterite U-Pb dating, seven 
granite samples were used for bulk major and trace element analysis, 
and fourteen granite samples were used for bulk Sr-Nd isotope analysis. 
Detailed sample descriptions and analytical methods are provided in 
Appendix A (Table S1) and B, respectively. 

4. Results 

4.1. Monazite U-Th-Pb dating 

The monazite grains in studied granites are subhedral to euhedral 
and have a size of 40–120 μm with an aspect ratio of 1:1–1:2. The well- 
developed growth zones within these monazites are indicative of their 
magmatic origin (Fig. 6a, b). 

The U-Th-Pb isotopic dating results for monazites are shown in Ap-
pendix A (Table S2). The 208Pb/232Th ages of sample D1719-B1 (weakly- 
oriented two-mica granite) vary from 20.0 to 20.6 Ma with a weighted 
average age of 20.3 ± 0.1 Ma (n = 20, MSWD = 0.95). The 208Pb/232Th 
ages of sample PM02-28B4 (two-mica granite) range from 17.9 Ma to 
18.5 Ma with a weighted average age of 18.3 ± 0.1 Ma (n = 18, MSWD 
= 1.14). Monazite is a Th-rich mineral and the 208Pb/232Th age data are 

relatively concentrated allowing the use of the U-Th-Pb concordance 
diagram. In the U-Th-Pb concordance diagrams (Fig. 6a, b) almost all 
data points fall on or near the corresponding concordance lines, indi-
cating that the data represent the crystallization ages of the host 
granites. 

4.2. Muscovite Ar-Ar dating 

The muscovite 40Ar-39Ar dating result for the beryl-rich pegmatite is 
shown in Appendix A (Table S3). Sample D8036-B9 experienced thirteen 
stages of heating from 700 to 1400℃. During these stages, the cumu-
lative release of 39Ar was 100%. An ideal plateau age of 15.14 ± 0.21 Ma 
(MSWD = 3.72) was obtained with an isochron age of 15.02 ± 0.43 Ma 
(MSWD = 4.45) between 800 and 1160℃ (Fig. 6c, d). The initial 
40Ar/36Ar ratio is 298.5 ± 11.1. The plateau and isochron age of the 
muscovite sample are within error and the initial 40Ar/36Ar ratio is very 
close to the modern atmospheric Ar ratio (298.56 ± 0.31; Lee et al., 
2006)). This indicates that there was no excess Ar in the tested sample 
and there was no significant Ar loss, i.e., muscovite has remained a 
closed system for K and Ar since crystallization, and was not affected by 
later thermal events. The analyzed age, therefore, represents a reliable 
crystallization age for the host pegmatite. 

Rina

Yunazha

Changming

Xianglin

Fig. 2. Simplified geological map of the Cuonadong gneiss dome (modified after Dai et al., 2022).  
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4.3. Cassiterite U-Pb dating 

The results of the cassiterite LA-MC-ICP-MS U-Pb dating for the 
Cuonadong Sn-W-Be polymetallic deposit are shown in Appendix A 
(Table S4). Sample 2019-16B1 (cassiterite-bearing greisen) has average 
Pb and U contents of 0.03 ppm and 17.7 ppm, respectively. The lower 
intercept age on the Tera-Wasserburg 238U/206Pb-207Pb-206Pb (T-W) 
diagram is 17.1 ± 0.3 Ma (MSWD = 2.6, n = 34) (Fig. 7a). Sample 2019- 
31B1 (cassiterite-bearing greisen) has average Pb and U contents of 0.17 
ppm and 25 ppm, respectively. The lower intercept age on the T-W di-
agram is 17.9 ± 0.3 Ma (MSWD = 2.6, n = 42) (Fig. 7b). Sample DZW02 
(cassiterite-bearing greisen) has average Pb and U contents of 0.19 ppm 
and 1.46 ppm, respectively. The lower intercept age on the T-W diagram 
is 18.3 ± 0.8 Ma (MSWD = 2.4, n = 36) (Fig. 7c). Sample D8036-B3-2 
(cassiterite-bearing skarn) has an average Pb and U contents of 0.02 
and 7.54 ppm, respectively. The lower intercept age on the T-W diagram 
is 13.9 ± 0.6 Ma (MSWD = 3.1, n = 30) (Fig. 7c), which is similar to the 
age of another cassiterite grain (D8036-B3, 14.2 ± 0.2 Ma) within the 
same thin section as reported by Cao et al. (2021b). 

4.4. Whole-rock major and trace elements 

The major and trace element compositions for the Cuonadong leu-
cogranites are presented in Appendix A (Table S5), including seven 
samples from this study and 18 samples from Huang (2019). The Cuo-
nadong leucogranites display similar major element compositions and 
show high contents of SiO2 (71.62–75.97 wt%), Al2O3 (14.04–16.09 wt 
%), total alkali (K2O + Na2O = 7.71–8.84 wt%), and low concentrations 
of MgO (0.07–0.33 wt%), TiO2 (0.01–0.12 wt%) and total iron (Fe2O3

T =

0.36–1.01 wt%). The differentiation index (DI = Quartz + Orthoclase +
Albite + Nepheline + Leucite + K-feldspar, from CIPW calculating 
values) is 90.67–94.75. The A/CNK ratio (molar ratio of Al2O3/[CaO +
K2O + Na2O]) varies between 1.09 and 1.22 whereas the A/NK ratio 
(molar ratio of Al2O3/[K2O + Na2O]) ranges between 1.17 and 1.42 
(average of 1.32), showing strong peraluminous characteristics 
(Fig. 8a). The [(K2O + Na2O)-CaO] values vary from 6.65 to 8.28 wt% 
indicating medium-K calc-alkalic to high-K alkali-calcic series (Fig. 8b). 
In the AFC diagram, all samples are located in peraluminous or S-type 
granite field (Fig. 8c). 

The total rare earth element (ΣREE) contents of the Cuonadong 
leucogranites are relatively low and vary between 20.27 and 112.9 ppm. 

Fig. 3. (a) A macrophotograph showing that the Cuonadong dome consists of core, mantle and rim from bottom to the top separated by two detachment faults. (b) A 
macrophotograph showing lithologic composition of lower part of the mantle and upper part of the core. (c) A macrophotograph showing lithologic composition of 
upper part of the mantle and lower part of the rim. (d) An outcrop photograph showing the strongly-deformed two-mica granite was crosscut by the undeformed 
pegmatite. (e) An outcrop photograph showing the distinct boundary between the weakly-oriented two-mica granite and the muscovite granite. (f) A photograph of a 
polished rock sample showing clear boundaries between two-mica granite and muscovite granite, and between muscovite and pegmatite. (g) A photograph of a 
polished rock sample showing transitional boundary between muscovite granite and pegmatite. (h) An outcrop photograph of beryl-rich pegmatite. 
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The average ΣREE contents of the weakly-oriented two-mica granite, 
two-mica granite, and the muscovite granite are 73.85, 31.02, and 
30.85 ppm, respectively. These leucogranites are enriched in light rare 
earth elements (LREE) but depleted in heavy rare earth elements (HREE) 
(LREE/HREE = 1.14–13.93), and display significant and variable 
negative Eu anomalies (Eu/Eu* = 0.04–0.80) (Table S5; Fig. 9a, c, e). 

Importantly, the REE pattern becomes flatter and the negative Eu 
anomalies increases from the weakly-oriented two-mica granite through 
the two-mica granite to the muscovite granite (Fig. 9a, c, e). On the 
chondrite-normalized REEs patterns, the two-mica granite and musco-
vite granite samples show an evident W-type REE tetrad effect (Fig. 9a, 
c, e; Irber, 1999). The intensity of the REE tetrad effect is quantified by 

Fig. 4. Photographs and microphotographs of representative samples of (a, d) weakly-oriented two-mica granite, (b, e) two-mica granite, and (c, f) muscovite 
granite. Microphotographs were captured under crossed polarized light. Qz: quartz; Bt: biotite; Ms: muscovite; Kfs: potassium feldspar; Pl: plagioclase; Grt: garnet; 
Tur: tourmaline. 

Fig. 5. (a) An outcrop photograph of cassiterite-bearing greisen vein that developed in muscovite granite-pegmatite. (b) An outcrop photograph of ore-forming skarn 
that developed at the contact zone between muscovite granite/pegmatite and marble. (c) A macrophotograph showing an ore-bearing hydrothermal vein that 
crosscuts leucogranite. (d-f) Photographs of representative greisen-type, skarn-type, and hydrothermal vein-type rare-metal ores from the Cuonadong Sn-W-Be 
polymetallic deposit. Qz: quartz; Ms: muscovite; Tur: tourmaline; Cst: cassiterite; Sch: scheelite; Fl: fluorite; Tr: tremolite; Cal: calcite. 

Z. Dai et al.                                                                                                                                                                                                                                      



Ore Geology Reviews 157 (2023) 105434

7

the TE1,3 value (TE1,3 = [(Ce × Pr × Tb × Dy)N/(La × Nd ×Gd × Ho)N]1/ 

4), where TE1,3 values > 1.1 indicate a tetrad effect (Irber, 1999). The 
TE1,3 values of the weakly-oriented two-mica granite, two-mica granite, 
and the muscovite granite are 0.99–1.12 (1.08 on average), 1.13–1.17 ( 
1.15 on average), and 1.16–1.25 (1.20 on average) (Table S5), respec-
tively. Thus, the REE tetrad effect increases from the weakly-oriented 
two-mica granite to the two-mica granite, and the muscovite granite. 

The Cuonadong leucogranites are relatively enriched in large ion 
lithophile elements (e.g., Rb, U, and Pb) and depleted in high field 
strength elements (e.g., Nb, Zr, and Ti) (Fig. 9b, d, f). They show sig-
nificant negative Ba and Sr anomalies, which increase from the weakly- 
oriented two-mica granite to the two-mica granite and muscovite 
granite. In addition, the muscovite granite also displays perceptible 
negative P anomalies (Fig. 9f). 

4.5. Whole-rock Sr-Nd isotopes 

Sr-Nd isotopic data of the Cuonadong leucogranites are shown in 
Appendix A (Table S6), including 14 samples from this study and 11 
samples from Huang (2019). The initial 87Sr/86Sr ratios [(87Sr/86Sr)i] 
were calculated for an age of 15 Ma (the youngest age for the Cuonadong 
leucogranites; Cao et al., 2021b). The results show that the (87Sr/86Sr)i 
values of the weakly-oriented two-mica granite range between 0.719566 
and 0.734390, with corresponding εNd(t) values ranging between − 13.7 
and − 11.7 and two-stage Nd model ages (TDM2) of 1.78–1.94 Ga. The 
(87Sr/86Sr)i of the two-mica granite varies from 0.723421 to 0.757158, 

with corresponding εNd(t) values of − 15.7 to − 12.0 and two-stage Nd 
model ages of 1.81–2.10 Ga. The (87Sr/86Sr)i ratios of the muscovite 
granite range from 0.747657 to 0.763132, with corresponding εNd(t) 
values of − 15.7 to − 13.1 and two-stage Nd model ages of 1.89–2.10 Ga. 

5. Discussion 

5.1. Timing framework of magmatism and rare-metal mineralization in 
Cuonadong 

Available published geochronological data show that except for 
minor strongly-deformed leucogranites/pegmatites that were formed at 
~ 35–24 Ma (Fu et al., 2020; Zhang et al., 2020; He et al., 2022), the 
major leucogranites/pegmatites in the Cuonadong dome were formed 
during ~ 21–15 Ma (Cao et al., 2021b; Chen et al., 2021; He et al., 2022, 
and references therein). Monazites collected from the weakly-oriented 
two-mica granite and the undeformed two-mica granite in Cuonadong 
yielded crystallization ages of ~ 20 Ma and ~ 18 Ma, respectively 
(Fig. 6a and b). The muscovite 40Ar-39Ar dating result indicates that the 
beryl-rich pegmatite was formed/cooled at ~ 15 Ma (Fig. 6c and d). 
Noteworthily, the pegmatite represents a magmatic-hydrothermal 
transitional phase due to coexisting of melt and fluid inclusions (Xie 
et al., 2017). Thus, geochronological data in this study indicate that the 
major Cuonadong leucogranites were generated at ~ 20–15 Ma, which 
is highly consistent with previous results. Thus, a long-term magmatism 
(~6 Ma) generated the major Cuonadong leucogranites. 

. . . . . . .

=

. . . . . . .

=

Fig. 6. Monazite U-Th-Pb concordia diagrams and backscattered electron images of representative monazite grains in (a) weakly-oriented two-mica granite and (b) 
two-mica granite; (c) Muscovite 40Ar-39Ar plateau age and (d) isochron age plots for the beryl-rich pegmatite from the Cuonadong Sn-W-Be polymetallic deposit. 
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Although the isotopic ages of the major Cuonadong leucogranites are 
partly overlapping (Cao et al., 2021b; Chen et al., 2021; He et al., 2022, 
and references therein), the old-young relationships of these leucog-
ranites can be readily determined based on combined consideration of 

geochronological data and field observations. Undoubtedly, the weakly- 
oriented two-mica granite should have formed earlier than undeformed/ 
unoriented two-mica and muscovite granites. In addition, the muscovite 
granite should have generated later than other granites considering the 

Fig. 7. Tera-Wasserburg (T-W) concordia plots of in-situ U-Pb dating results and cathodoluminescence images of cassiterite in (a-c) greisen, and (d) skarn from the 
Cuonadong Sn-W-Be polymetallic deposit. 

Fig. 8. (a) A/NK versus A/CNK (after Maniar and Piccoli, 1989), (b) (Na2O + Na2O□CaO) versus SiO2 (after Frost et al., 2001) and (c) AFC diagrams (after Chappell 
and White, 1992) for the Cuonadong leucogranites. 
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youngest isotopic ages (~15 Ma) for the Cuonadong leucogranites in the 
literature are always from the muscovite granite (Cao et al., 2020, 
2021b). Moreover, the transitional boundary between the muscovite 
granite and pegmatite (Fig. 3g) indicates that the muscovite granite was 
the latest magmatic product in the Cuonadong dome. Consequently, the 
weakly-oriented two-mica granite, the undeformed two-mica granite 
and the muscovite granite should have formed successively. 

Greisen-hosted cassiterites from the Cuonadong deposit yield ages of 
17.1 ± 0.3 Ma (sample 2019-16B1; Fig. 7a), 17.9 ± 3 Ma (sample 2019- 
31B1; Fig. 7b) and 18.3 ± 0.8 Ma (sample DZW02; Fig. 7c), indicating 
that remarkable greisen-type Sn mineralization occurred at 17–18 Ma. 
The skarn-hosted cassiterite yield an age of 13.9 ± 0.6 Ma (sample 
D8036-B3-2; Fig. 7d) representing the timing for skarn-type rare-metal 
mineralization. The muscovite Ar-Ar age (~15 Ma; Fig. 6c, d) of the 

beryl-rich pegmatite (sample D8036-B9) represents the timing for the 
pegmatitic Be mineralization. Together with published ore-forming 
geochronological data (Cao et al., 2020, 2021b; Xie et al., 2020; Dai 
et al., 2022; He et al., 2022), we propose that the Cuonadong Sn-W-Be 
polymetallic deposit has experienced a long-lasting mineralization 
process of ~ 4 Ma (18–14 Ma). 

Timing framework of magmatism and mineralization within an ore 
district commonly plays a significant role in determining their genetic 
correlations (Xu et al., 2017; Cao et al., 2019; Fei et al., 2020). Gener-
ally, the lifespan of a magmatic-hydrothermal systems is<10 million 
years, and even shorter (<2 Ma) for porphyry deposits (Petford et al., 
2000; Glazner et al., 2004; Chiaradia et al., 2013; Karakas et al., 2017; Li 
et al., 2017b). Accordingly, a time interval of > 10 Ma between plutons 
and mineralization is interpreted to indicate that they have no genetic 

Fig. 9. (a, c, e) Chondrite-normalized REEs patterns and (b, d, f) primitive mantle-normalized trace elements patterns for the Cuonadong leucogranites. Chondrite 
values are from Sun and McDonough (1989). 
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ties (Fei et al., 2020). Therefore, the 35–24 Ma-aged leucogranites are 
unlikely the causative intrusion for the Cuonadong Sn-W-Be poly-
metallic deposit. In contrast, leucogranite(s) that formed during 21–15 
Ma was likely the ore-forming granite. Obviously, the muscovite granite 
should be the direct ore-related granite considering its intimate rela-
tionship with the orebodies (Fig. 5a-c). 

5.2. Magma source of the Cuonadong leucogranites 

The geochemical compositions of granites can provide insights into 
the origin of the magma source. The Cuonadong leucogranites display 
similar geochronological features, indicating similar magma source. In 
general, these leucogranites have high SiO2 (71.62–75.97 wt%) and 
Al2O3 (14.04–16.09 wt%) and low MgO (0.07–0.33 wt%), MnO 
(0.01–0.15 wt%) and total iron (Fe2O3

T = 0.36–1.01 wt%) contents 
(Table S5). They are enriched in large ion lithophile elements (e.g., Rb, 
U, K, and Pb), and relatively depleted in high field strength elements (e. 
g., Nb, Zr, and Ti) (Fig. 9; Table S5), which are the geochemical char-
acteristics of crust-derived rocks (Rudnick and Gao, 2003). More specific 
information regarding magma source can be revealed by some major 
and trace element discriminant diagrams. On the Rb/Sr vs. Rb/Ba plot, 
the Cuonadong leucogranites fall entirely in the clay-rich source region 
(Fig. 10a; Sylvester, 1998). Similarly, on the Al2O3 + Fe2O3

T + MgO +
TiO2 vs. Al2O3/(Fe2O3

T + MgO + TiO2) diagram, these granites also plot 
mainly in/near the felsic pelite field (Fig. 10b; Patiño Douce, 1999)). 
Thus, the Cuonadong leucogranites were likely derived from partial 
melting of clay-rich sedimentary rocks. 

Besides geochemical compositions, the Sr-Nd isotopes play a signif-
icant role in determining magma source. For instance, similar Sr-Nd 
isotopic compositions of the Eocene high Sr/Y granites in the Yardoi 
area and the amphibolites (typical rocks of lower crust in this region) 
nearby suggest their genetic relationships (Zeng et al., 2011; Hou et al., 
2012; Dai et al., 2020). The Sr-Nd isotopes of the Cuonadong leucog-
ranites differ from those of the amphibolite-derived Eocene high Sr/Y 
granites in the Yardoi area (Fig. 11), excluding the possibility of am-
phibolites as the major source rocks for the Cuonadong leucogranites. In 
contrast, the Cuonadong leucogranites show Sr-Nd isotopic composi-
tions similar to those of the metapelites of the Higher Himalayan Crys-
talline Sequence and the Tethyan Himalaya Sequence (Fig. 11; Dai et al., 
2020) and references therein). Considering the higher position of the 
Tethyan Himalaya Sequence compared to the Cuonadong leucogranites 
(Fig. 2), the Tethyan Himalaya metapelites could not have been the 

source for the Cuonadong leucogranites. Consequently, the metapelites 
of the Higher Himalayan Crystalline Sequence were most likely the main 
magma source. 

It can, therefore, be concluded that the source region of the Cuona-
dong leucogranites was composed of metapelites of the High Himalayan 
Crystalline Sequence based on their compositional and isotopic features. 

5.3. Petrogenesis of the Cuonadong leucogranites 

The I-S-(M)-A classification is one of the most prevailing classifica-
tion schemes for granitoids (Whalen et al., 1987; Chappell and White, 
1992). Genetically, rare-metal deposits can be related to all these granite 
types (Li et al., 2018; Zhao et al., 2018; Yan et al., 2020; Romer and 
Pichavant, 2021). Obviously, the peraluminous features and origin of 

Fig. 10. (a) Rb/Ba versus Rb/Sr (after Sylvester, 1998) and (b) Al2O3 + Fe2O3
T + MgO + TiO2 vs. Al2O3/(Fe2O3

T + MgO + TiO2) diagrams (after Patiño Douce, 1999) 
for the Cuonadong leucogranites. 

Fig. 11. εNd(t) versus (87Sr/86Sr)i diagram for the Cuonadong leucogranites. 
Data sources: Metapelites of HHCS, metapelites of LHS, low-grade metamorphic 
or unmetamorphosed sedimentary rocks of THS and Late Eocene adakitic 
granites with high Sr/Y granites are from Dai et al. (2020) and references 
therein; amphibolites (including garnet-amphibolite from the Yardoi area and 
amphibolite from Cuonadong) are from Zeng et al. (2011) and Zhang et al. 
(2021). (87Sr/86Sr)i and εNd(t) values were normalized to 15 Ma. 
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metapelites suggest that the Cuonadong leucogranites are S-type gran-
ites (Chappell and White, 1992). This conclusion is also supported by 
lines of other evidence as fellows. A-type granites are typically charac-
terized by presence of anhydrous minerals (pyroxene and fayalite) and 
are enriched in HFSEs with high crystallization temperature (approxi-
mately to 830 ℃; Whalen et al., 1987; Bonin, 2007). However, pyroxene 
and fayalite do not occur in Cuonadong leucogranites (Fig. 4d-f). HFSE 
depletion (Fig. 9) and the relatively low crystallization temperature (Tzr 
= 637-754℃; Lin et al., 2016b; Huang et al., 2018) preclude an A-type 
affinity. On the (Na2O + K2O)/CaO vs. Zr + Nb + Ce + Y and 10000*Ga/ 
Al vs. Zr + Nb + Ce + Y discrimination diagrams, samples mainly plot 
near or within the field of fractionated M-, I- and S-type granite 
(Fig. 12a, b). The presence of muscovite, garnet, and tourmaline in the 
Cuonadong leucogranites (Fig. 4d-f) implies their S-type attributes 

(Chappell and Simpson, 1984; Chappell and White, 1992). This is 
reinforced by S-type trends of these leucogranites on the Th vs. Rb and 
La vs. Rb plots (Fig. 12c, d). 

Generally, the metasedimentary rocks-derived Himalayan leucog-
ranites can be generated through three different crustal anatexis styles: 
fluid-fluxed melting of muscovite, fluid-absent melting of muscovite or 
biotite (Gou et al., 2016, 2019; Gao et al., 2017). Biotite is a Ti-, Fe-, and 
Mg-rich mineral, so the dehydration-melting of biotite generates melts 
with relatively high contents of TiO2, total Fe2O3 and MgO (Gou et al., 
2016, 2019). Besides, breakdown of biotite occurs at a relatively higher 
temperature threshold than muscovite, e.g., at 1 GPa breakdown of 
biotite and muscovite decompose at 800 ℃ and 750 ℃, respectively 
(Gardien et al., 1995). The low TiO2 (0.01–0.12 wt%), total Fe2O3 
(0.36–1.01 wt%) and MgO (0.07–0.33 wt%) contents and low zircon 

Fig. 12. (a) (Na2O + K2O)/CaO vs. Zr + Nb + Ce + Y (after Whalen et al., 1987), (b) 10000*Ga/Al vs. Zr + Nb + Ce + Y (after Eby, 1990), (c) Th versus Rb (after 
Chappell, 1999), (d) La versus Rb (after Zhang et al., 2019b), (e) Sr vs. Rb (after Gao et al., 2017) and (f) U vs. Th (after Gao et al., 2017) plots for the Cuonadong 
leucogranites. 
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saturation temperature (Tzr = 637-754℃; Lin et al., 2016a; Huang et al., 
2018) preclude the possibility of biotite dehydration-melting. In 
contrast, high Rb (268–615 ppm), U (2–48 ppm), low Sr (5–115 ppm), 
Th (3–17 ppm) contents and high Rb/Sr (2–104) and U/Th (0.6–5) mass 
ratios imply that the Cuonadong leucogranites were most likely derived 
from muscovite dehydration-induced partial melting of metapelites 
(Fig. 12e and f; Wang et al., 2015; Gao et al., 2017). 

Rb is more incompatible than Sr in magmatic systems, particularly in 
high-silica granites, leading to continuous increase in Rb/Sr values with 
crystallization differentiation of granites (Lee and Morton, 2015). Thus, 
Rb/Sr can be used as a differentiation proxy, since SiO2 decreases in 
extremely evolved systems (Romer and Pichavant, 2021). From the old 
weakly-oriented two-mica granite through the two-mica granite to the 
young muscovite granite, the Rb/Sr ratios increase significantly 
(Fig. 10a), suggesting progressive degrees of magmatic fractionation. 
This is supported by the perceptible linear relations between some major 
elements and Rb/Sr values (Fig. 13). The muscovite granite was formed 
at the latest stage and have highest Rb/Sr values and DI (average DI =
93.67; Table S5), thus experienced the highest degree of differentiation. 

In contrast, the weakly-oriented two-mica granite was formed at the 
earliest stage and has lowest Rb/Sr ratios and DI (average DI = 91.17; 
Table S5), thus experienced lowest degree of differentiation. Therefore, 
the weakly-oriented two-mica granite samples with lowest Rb/Sr ratios 
(CND0205 and CND0206; Table S5) have geochemical compositions 
relatively close to those of the primitive magma that formed the Cuo-
nadong leucogranites. Assuming the average composition of these two 
samples to represent the primitive magma composition, we carried out 
quantitative fractional crystallization simulation calculations based on 
the whole-rock Rb, Sr, and Ba contents using Rb, Sr, Ba partition co-
efficients proposed by Rollinson (1993). The results show that the 
weakly-oriented two-mica granite, undeformed two-mica granite, and 
the muscovite granite can be generated by 0–40%, 40–60% and 50–80% 
fractional crystallization of a mineral assemblage of 25% plagioclase +
55 % K-feldspar + 20% biotite, respectively (Fig. 14). 

From the weakly-oriented two-mica granite to the undeformed two- 
mica granite and the muscovite granite, the increasing negative Ti 
anomalies (Fig. 9b, d, f) indicate that fractional crystallization of Ti- 
bearing minerals probably played a role in changing residual magma 

Fig. 13. (a) Na2O, (b) K2O, (c) MnO, (d) Fe2O3
T, (e) TiO2, (f) A/CNK vs. Rb/Sr plots for the Cuonadong leucogranites.  
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composition. Similarly, visible negative P anomalies of the muscovite 
granite (Fig. 9f) implies that the fractional crystallization of P-bearing 
minerals (such as monazite and apatite) probably occurred during 
magma evolution (Chen et al., 2015; Dai et al., 2020). The decreasing 
LREE contents from the weakly-oriented two-mica granite to the two- 

mica granite and the muscovite granite (Fig. 8a, c, e) are in accor-
dance with fractional crystallization of LREE-rich minerals such as 
monazite (Stepanov et al., 2012). 

Fig. 14. (a) Log-log diagrams of Ba versus Sr 
and (b) Rb/Sr versus Ba, showing fractionation 
of minerals, which controlled the variation of 
these elements from weakly-oriented two-mica 
granite via two-mica granite to muscovite 
granite in Cuonadong. The least fractionated 
magma is represented by the average compo-
sition of two least fractionated samples of the 
weakly-oriented two-mica granite with the 
lowest Rb/Sr ratio (CND0205 and CND0206) 
from Huang (2019). Partition coefficients are 
from Rollinson (1993). Amp: amphibole; Bt: 
biotite; Kfs: potassium feldspar; Pl: plagioclase.   

Zr
=6

Fig. 15. (a) Be and (b) Sn vs. differentiation index (DI) plots and (c) Ba and (d) Zr vs. Rb plots for the Cuonadong leucogranites. The crustal values of Be and Sn are 
from Rudnick and Gao (2003), while the boundaries between the Sn-rich and Sn-poor granites and between the W-rich and W-poor granites are from Lehmann (1990) 
and Huang and Jiang (2013), respectively. 
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5.4. Implications for rare-metal mineralization in Cuonadong 

Generally, breakdown of rare metal-enriched minerals (e.g., micas; 
Kunz et al., 2022) during partial melting of metapelites in the source 
region can produce melts that are rich in these elements, while fractional 
crystallization can further enrich the residual melts with these incom-
patible rare metals (Evensen and London, 2003; Simons et al., 2017; 
Zhang et al., 2019c). As demonstrated above, the S-type Cuonadong 
leucogranites stemmed from metapelites of HHCS via muscovite dehy-
dration melting. However, the Sn (7.5–11.1 ppm), W (2.2–3.3, except 

one sample having W content of 14.1 ppm), and Be (5.8–9.2 ppm, except 
one sample having Be content of 29.1 ppm) contents of the relatively 
primitive magma (as represented by the weakly-oriented two-mica 
granite) are just a little higher than the bulk continental crust (Sn = 1.7 
ppm, W = 1.0 ppm, Be = 1.9 ppm; Rudnick and Gao, 2003) (Table S5). 
This implies that remarkable enrichment of these rare metals did not 
occur during partial melting. Thus, the significant enrichment of rare- 
metal elements could have occurred during magma evolution (frac-
tional crystallization). Obviously, the increasing contents of Be and Sn 
with increasing differentiation index is consistent with this deduction 

Fig. 16. (a) Differentiation index (DI), (b) K/Ba, (c) Zr/Hf, (d) Nb/Ta, (e) Y/Ho and (f) K/Rb vs. TE1,3 plots for the Cuonadong leucogranites. TE1,3 values are 
calculated based on formula proposed by Irber (1999). 

Z. Dai et al.                                                                                                                                                                                                                                      



Ore Geology Reviews 157 (2023) 105434

15

(Fig. 15a and b). A previous study has revealed that tin deposits are 
genetically related to neighbouring tin-rich granites that contain tin in 
amounts>15 ppm (Lehmann and Harmanto, 1990). The Cuonadong 
leucogranites gradually evolved to tin-rich granite from the weakly- 
oriented two-mica granite to the muscovite granite (Fig. 15b). Huang 
and Jiang (2013) proposed that the Ba/Rb and Rb/Zr mass ratios can 
effectively distinguish W-rich (typically Ba/Rb mass ratio < 0.6 and Rb/ 
Zr mass ratio > 6) and W-poor granite. According to this discrimination 
criterion, a part of weakly-oriented two-mica granite samples and all the 
two-mica granite and muscovite granite samples show features of W-rich 
granite (Fig. 15c, d). Therefore, although the primitive magma for the 
Cuonadong leucogranites was probably infertile due to low Sn, W and Be 
contents, the highly evolved magma could be very fertile after intense 
fractional crystallization. 

Normally, crustal melts are viscous (Rutter et al., 2011), thus hard to 
differentiate. However, addition of volatiles (e.g., H2O, F and B) can 
significantly reduce melt viscosity (e.g., Dingwell et al., 1996), which 
promotes an increase in the diffusivity of ionic components through the 
melt. In addition, B and F can markedly enhance the isobaric-isothermal 
solubility of H2O in melt (London, 2009). The additional H2O can 
further lower viscosity, and more importantly, forestalls the exsolution 
of a separate aqueous solution. Furthermore, volatiles can greatly extend 
the duration of fractional crystallization through significant reduction of 
magma solidus temperature (Manning, 1981), which sharply extend the 
enrichment duration for rare-metal elements. Obviously, presence of 
tourmaline-bearing leucogranite, pegmatite, hydrothermal vein and 
fluorite-rich greisen, skarn, and hydrothermal vein in or near the Cuo-
nadong leucogranites suggest that the Cuonadong leucogranites were 
derived from a boron- and fluorine-rich magmatic system (Dai et al., 
2019, 2022; Zhou et al., 2019; Cao et al., 2021b). Studies have revealed 
that the fluid-melt interaction in magmatic-hydrothermal system will 
result in an M− type REE tetrad effect in the melt and a W-type REE 
tetrad effect in the fluid (Scaillet et al., 1996; Zhao et al., 2002). 
Therefore, the increasing REE tetrad effect from the weakly-oriented 
two-mica granite to the two-mica granite and muscovite granite 
(Fig. 16a) suggests a gradually-enhanced fluid-melt interaction. Nor-
mally, twin elements, such as K-Rb, Nb-Ta and Zr-Hf have similar charge 
and radius and, therefore, yield chondritic ratios (CHARAC behavior) in 
magmatic systems (Jahn et al., 2001; Stepanov and Hermann, 2013). In 
contrast, in an aqueous system, twin-element pairs are typically char-
acterized by non-CHARAC behavior (Bau, 1996) and have ratios 
different from the chondritic values (Jahn et al., 2001; Jiang et al., 2016; 
Yang et al., 2018). The twin-element pair ratios of the Cuonadong leu-
cogranites deviate dramatically from the chondritic values, indicating 
an intense interaction between the residual melts and F-rich aqueous 
hydrothermal fluids (Fig. 16b-f; Jahn et al., 2001). Moreover, gradually 
obvious deviation is indicative of increasingly intense fluid-melt inter-
action. Therefore, the Cuonadong leucogranites were derived from a B, F 
and H2O-rich magma system. Significantly, abundant volatiles not only 
guaranteed the occurrence of intensive and intense fractional crystalli-
zation through reduction of magma viscosity, but also extended duration 
of the fractional crystallization process (~21–15 Ma). These processed 
should have greatly facilitated enrichment of rare-metal elements in the 
residual magma, which is crucial for final rare-metal mineralization. 

Thus, although Cuonadong leucogranites were derived from 
muscovite-induced partial melting of metapelites, partial melting was 
less likely the major process for rare-metal enrichment. In contrast, 
volatile-caused long-lasting (21–15 Ma) fractional crystallization was 
likely the main mechanism for rare-metal enrichment in the magma. In 
addition, the long duration (18–14 Ma) of rare-metal mineralization was 
likely responsible for the supernormal enrichment of Sn, W, and Be in 
the Cuonadong Sn-W-Be polymetallic deposit. 

6. Conclusions  

(1) Major magmatism in the Cuonadong dome occurred during 
21–15 Ma, while the rare-metal mineralization in the Cuonadong 
Sn-W-Be polymetallic deposit mainly occurred during 18–14 Ma.  

(2) The Cuonadong leucogranites are peraluminous S-type granites 
and were mainly derived from metapelites of the Higher Hima-
layan Crystalline Sequence. 

(3) The primitive magma for the Cuonadong leucogranites experi-
enced gradually enhanced fractional crystallization and succes-
sively generated weakly-oriented two-mica granite, two-mica 
granite and muscovite granite.  

(4) The residual magma in Cuonadong became more and more 
enriched in rare-metal elements with continuous fractional 
crystallization, which made vital preparation of ore-forming 
metals for subsequent rare-metal mineralization.  

(5) The long-lived (21–15 Ma) fractional crystallization and long- 
lasting (18–14 Ma) rare-metal mineralization were collectively 
responsible for the supernormal enrichment of Sn, W, and Be in 
the Cuonadong Sn-W-Be polymetallic deposit. 
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