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A B S T R A C T   

The Weiling granitic pegmatite is a super-large (ca. 9.20 million tons) LCT-type pegmatite body in the Northern 
Wuyi area of South China, with the typical mineral assemblage quartz, plagioclase, K-feldspar and muscovite as 
well as tourmaline (schorl-dravite), garnet (almandine-spessartine) and beryl. This overall unzoned pegmatite 
with locally layered texture has economic amounts of the rare metal mineral beryl and ultrapure quartz, and 
porcelain clay in its uppermost weathering parts. The 40Ar/39Ar dating of pegmatitic muscovite yielded a precise 
age of 405.33 ± 3.38 Ma, indicating this beryl-bearing pegmatite body was formed in the Early Devonian rather 
than in the Jurassic-Cretaceous as previously thought. Boron and Nd isotope data demonstrate that the 
pegmatitic melts have solely crustal sources and are most likely derived from partial melting of the ambient 
metasedimentary rocks from the Zhoutan Formation. Geochemical characteristics of pegmatitic minerals 
muscovite, beryl, tourmaline, garnet and K-feldspar and the absence of coeval fertile granites around this 
pegmatite suggest that the Weiling pegmatite most likely evolved from anatectic melts that did not experience 
significant fractionation. The pegmatitic melts were generated by low degrees of muscovite dehydration partial 
melting of local metasedimentary rocks rich in fluxing elements and rare metals. These melts experienced limited 
differentiation during ascent in the crust. The beryl mineralization formed in the medium-temperature (222–357 
℃), low-salinity (3.3–10.9 wt% NaCl equiv.) and high-density (0.62–0.86 g/cm3) H2O-NaCl-KCl-CO2-N2 system. 
These temperatures are much lower than typical granitic pegmatites, possibly reflecting late fluids derived from 
the pegmatitic magma and experienced post-crystallization alteration. The Weiling pegmatite represents a Be- 
bearing pegmatite that formed by partial melting of local metasedimentary rocks.   

1. Introduction 

Granitic pegmatites are economically important sources for metals 
such as Li (spodumene, petalite), Rb (lepidolite, K-feldspar), Cs (pollu-
cite), Be (beryl), and Nb and Ta (columbite-tantalite group minerals and 
other Nb-Ta oxides), as well as industrial minerals such as ceramic grade 
feldspar, industrial mica, and ultra-pure quartz (e.g., Linnen et al., 2012 
and references therein). Granitic pegmatites are divided into five classes: 
abyssal, muscovite, muscovite-rare-element, rare-element and miar-
olitic from deep- to low-seated environment of formation. Furthermore, 
rare-metal pegmatites are also commonly classified as LCT (Li, Cs, Ta), 
NYF (Nb, Y, F), and LCT-NYF mixed types (Cerny and Ercit, 2005). 

Granitic pegmatites traditionally have been interpreted to be the 
extreme result of extended fractional crystallization of a granitic magma 
and are often located around huge granitic batholiths and stocks (Černý 
1991; London 2005). Pegmatites at different distances from the intru-
sion could differ with respect to element association and mineral 
assemblage (Cerny and Ercit, 2005). Such an interpretation implies a 
close spatial and temporal relation between granitic intrusions and 
pegmatites. Parental granites would have to be several orders of 
magnitude larger than the pegmatites (Partington et al., 1995). Frac-
tionated pegmatites are usually distributed within a radius of 10–15 km 
centered on the parent granite (Jiang et al., 2021). But not all rare-metal 
pegmatites are associated with granitic intrusions, and such pegmatites 

* Corresponding author. 
E-mail address: shyjiang@cug.edu.cn (S.-Y. Jiang).  

Contents lists available at ScienceDirect 

Ore Geology Reviews 

journal homepage: www.elsevier.com/locate/oregeorev 

https://doi.org/10.1016/j.oregeorev.2023.105572 
Received 31 January 2023; Received in revised form 23 June 2023; Accepted 21 July 2023   

mailto:shyjiang@cug.edu.cn
www.sciencedirect.com/science/journal/01691368
https://www.elsevier.com/locate/oregeorev
https://doi.org/10.1016/j.oregeorev.2023.105572
https://doi.org/10.1016/j.oregeorev.2023.105572
https://doi.org/10.1016/j.oregeorev.2023.105572
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2023.105572&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ore Geology Reviews 160 (2023) 105572

2

Fig. 1. (A) Tectonic map of China showing the distribution of Be deposits (Dai et al., 2014; Li et al., 2017; Yan et al., 2022), W-Sn deposits (Mao et al., 2019), and Cu- 
Mo deposits (Zeng et al., 2013; Zhong et al., 2017); (B) Regional geological map of the North Wuyi area (modified from Dai et al., 2014); (C) Geological sketch map of 
the Weiling granitic pegmatite (modified from BGMEDJP 2017). 
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are interpreted to have formed directly by low-degree partial melting of 
crustal lithologies rich in fluxing elements and rare metals, which have 
experienced only limited differentiation during ascent in the crust 
(Martin and De Vito, 2005; Müller et al., 2012; Zhao et al., 2015). The 
spatial distribution of these pegmatites is controlled by the distribution 
of fertile source rocks and P-T conditions that allow for partial melting. 
The age of these pegmatites corresponds to the age of regional meta-
morphism or post-metamorphic crustal extension (Müller et al., 2017). 
The wall rocks of such pegmatites include schist, gneiss, migmatite, 
granite, and gabbro. These wall rocks control which rare metals become 

particularly enriched in anatectic pegmatites (Liu et al., 2020). 
In China, there exist four large rare-metal pegmatite districts 

(Fig. 1A), including the Altai Pegmatite District, the Western Kunlun 
Orogenic Belt (e.g., the Bailongshan pegmatite), the Songpan-Ganzi 
Pegmatite Belt (e.g., the Jiajika pegmatite), and the South China 
Pegmatite Province (e.g., the Nanping pegmatite and Mufushan 
pegmatite) (Yan et al., 2022). In addition, there are several small dis-
tricts with rare-metal pegmatites such as the North Qinling Pegmatite 
Belt (Li et al., 2014). Locally, beryl-bearing deposits occur in these 
pegmatite districts of China (Li et al., 2017). In the South China Block, 

Fig. 2. (A) Simplified geological map and (B) profile (exploration line 3) of the Weiling pegmatite (modified from BGMEDJP 2017).  
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Be-pegmatites are rare and most Be resources are bound to minerals in 
hydrothermal quartz-vein W-Sn-Be deposits related to granitic in-
trusions (Li et al., 2017; Fig. 1A). 

The recently-discovered Weiling pegmatite in the South China Block 
is a super-large granitic pegmatite body that contains significant 
amounts of beryl and ultra-pure quartz (Zheng et al., 2023). This 
pegmatite was originally mined for porcelain clay and recently was 
mined for industrial mineral feldspar and quartz. During mining, coarse- 
grained green beryl crystals were found. The proven reserves of 9.20 
million tons of granitic pegmatite are of superior quality and account for 
the high economic value of the Weiling granitic pegmatite. Except for 
the huge quantity of feldspar and quartz, coarse-grained beryl within the 
Weiling pegmatite can be mined as rare metal source. Until now, little is 
known about the Weiling pegmatite that could be helpful for guiding 
exploration for similar pegmatites and Be resources. As the spatial dis-
tribution and the formation conditions of pegmatites that are the 
product of extreme fractional crystallization and of low-volume partial 
melting differ and have contrasting optimal approaches for regional 
prospecting, a better understanding for the formation of the Weiling 
pegmatite is essential. In particular information on the age, tectonic 
setting, petrogenesis, and source rocks is relevant, as this information 
could provide guidelines for exploration on the regional scale for other 

rare-metal pegmatites. In this paper, we present the results of muscovite 
Ar-Ar dating and garnet U-Pb dating, and use the major and trace 
element compositions of muscovite, beryl, tourmaline, garnet, and K- 
feldspar, in combination with B (tourmaline) and Nd (garnet, and feld-
spar) isotope data and fluid inclusions data to constrain the petrogenesis 
of the Weiling pegmatite. 

2. Geological setting 

2.1. Tectonic development and granitic magmatism of the South China 
Block 

The South China Block (SCB), well known for its large-scale Mesozoic 
granitic magmatism and related Sn and W mineralization, includes two 
major Precambrian continental blocks, namely the Yangtze Block in the 
northwest and the Cathaysia Block in the southeast (Fig. 1A). The 
Yangtze Block is composed mainly of late Paleoproterozoic and Neo-
proterozoic rocks and local Archean rocks, whereas the Cathaysia Block 
is dominated by metamorphosed Paleoproterozoic volcano-sedimentary 
units (Shu et al., 2008). The SCB formed by amalgamation of the Yangtze 
and Cathaysia blocks at ca. 830 Ma along the Jiangshan-Shaoxing- 
Pingxiang-Guanxian suture (Fig. 1B). A second collision between the 

Fig. 3. (A) Graphic texture formed by K-feldspar 
and quartz; (B) Pegmatite with typical mineral 
association of tourmaline-muscovite-quartz-K- 
feldspar-plagioclase; (C) Distribution of garnet 
in the layered structure; (D) Coarse-grained 
garnet coexisting with large flake muscovite in 
the pegmatite; (E) Pegmatite with typical mineral 
association of garnet-tourmaline-muscovite- 
quartz-K-feldspar-plagioclase; (F) Beryl crystals 
in the pegmatite. Abbreviations: Ms = Muscovite; 
Qz = Quartz; Tur = Tourmaline; Kfs = K-feldspar; 
Pl = Plagioclase; Grt = Garnet; Brl = Beryl.   
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Yangtze and Cathaysia blocks in the Early Paleozoic (ca. 420–440 Ma) 
caused intense deformation and plutonism (Wang et al., 2007a). There 
was major reactivation of old structures within these blocks during 
subsequent tectonic events at the margins of the SCB, such as the Silu-
rian closure of the Paleo-Tethys (collision along the Qinling Belt), the 
Triassic closure of the Meso-Tethys during the collision of Sibumasu, the 
Jurassic and Cretaceous subduction of the Paleo-Pacific, and the Ceno-
zoic closure of the Neo-Tethys (Shu et al., 2008; Wang et al., 2011). 

There are multiple stages of granitic magmatism associated with 
these tectonic events, whereby the nature of the rocks and their potential 

to form mineralization differs with time and regional occurrence. Early 
Paleozoic syn- to post-orogenic granites are dominated by biotite gran-
ites, two-mica granites, and granodiorites that mainly occur in the 
Jiangnan, Wuyi, Nanling, and Yunkai domains (Song et al., 2015). Most 
of these granitoids are peraluminous S-type granitoids that are derived 
from anatexis of the continental crust. Only few Early Paleozoic gran-
itoids have I-type compositions (Li et al., 2011b). Early Paleozoic rare 
metal pegmatites are rare in the SCB. Examples include the Nanping Ta- 
Nb-Sn pegmatite (387 Ma, Tang et al., 2017) and the Xigang Nb-Ta-Li 
pegmatite (420 Ma, Che et al., 2019). In contrast, Jurassic to 

Fig. 4. Microphotograph of the Weiling pegmatite 
samples. (A) Tourmaline crystal with weak zonation 
under the polarized light microscope; (B) Homoge-
nous tourmaline grains cut by plagioclase veinlets; 
(C) Compositional zoning of tourmaline in BSE im-
ages; (D) The small-grained garnet showing 
different colors (mostly pink) under the ordinary 
light; (E) The small-grained garnet occurring in 
layers under the polarized light microscope; (F) 
Homogenous garnet grains in layers in BSE images; 
(G) Homogenous garnet grains in coarse-grained 
pegmatite in BSE images; (H) Metasomatic beryl 
under the polarized light microscope. Abbrevia-
tions: Qz = Quartz; Tur = Tourmaline; Grt =
Garnet; Brl = Beryl; Pl = Plagioclase; Urn = Ura-
ninite. (For interpretation of the references to color 
in this figure legend, the reader is referred to the 
web version of this article.)   
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Cretaceous (Yanshanian) (160–80 Ma) granites in the SCB are volumi-
nous and carry important Sn-greisen and W-vein type deposits and 
locally Be mineralization (Chen et al., 2013; Hua et al., 2013). 

2.2. The Weiling pegmatite in the Northern Wuyi area 

The basement of the Northern Wuyi area (NWA), which is located in 
the northeastern part of the Cathaysia Block (Fig. 1B), mainly consists of 
Mesoproterozoic and Early Cambrian metamorphic rocks, i.e., 
muscovite-quartz schist, biotite schist, biotite-plagioclase granulite, 
plagioclase amphibolite, and marble. The metamorphic basement is 
uncomfortably overlain by Devonian and Carboniferous to Cenozoic 
sedimentary rocks of limestone, chert, sandstone, and siltstone (Fig. 1C). 
The structure of the NWA is dominated by three deep fault systems 
(Fig. 1B), i.e., the EW-striking Pingxiang-Guangfeng fault at its northern 
boundary, which also represents the suture between the Yangtze and 
Cathaysia blocks, the NNE-striking Yingtan-Anyuan fault at its western 
boundary, and the NE-striking Heyuan-Shaowu fault, which plays a key 
role in the distribution of Jurassic to Cretaceous magmatic rocks and 
associated polymetallic mineralization. Minor faults are predominantly 
NE-SW trending (Fig. 1C). Intrusive rocks are widely distributed in the 
NWA (Fig. 1C), and most of them formed during the Late Jurassic and 
Late Cretaceous. Around the Weiling pegmatite in the NWA, there occur 
additional pegmatites, e.g., Dongshanpai pegmatite, whose age and 
petrogenesis are not known either until now (Fig. 1C; Zheng et al., 
2023). Although there exist Early Paleozoic granites, e.g., Yihuang and 
Fufang gneissic granites, adjacent to the southwest of the NWA, they are 
relatively small and far away (≫ 10–15 km) from the Weiling pegmatite 
(Fig. 1B). No related parental granite pluton has been found so far. The 
Weiling super-large granitic pegmatite body, located in the NWA 
(Fig. 1C and 2), is hosted by Neoproterozoic marine sedimentary se-
quences intercalated with mafic volcanic rocks of the Zhoutan Forma-
tion. These rocks were metamorphosed in the Late Neoproterozoic and 
migmatized in the Early Paleozoic (446–423 Ma; Zhao et al., 2021; 
BGMEDJP, 2017). The basement rocks are unconformably overlain by 
post-Devonian sedimentary rocks and intruded by Jurassic to Cretaceous 
granites (Li et al., 2011a). The Weiling pegmatite body is exposed in a 
1100 m long and 200–500 m wide area (Fig. 2A). Limited drill core data 
reveal a depth of 50–250 m (Fig. 2B). The top of the granitic pegmatite 
has been weathered into sandy kaolin (porcelain clay), with a thickness 
of 5–10 m (locally > 50 m) (Fig. 2B). There is a gradual transition from 
porcelain clay to fresh granitic pegmatite. 

The Weiling pegmatite shows no association with the regional NE- 
SW trending faults (Fig. 1C), and does not show internal zonation 
from the boundary to the central parts. The pegmatite is heterogenous, 
both with respect to grain size and distribution of the minerals tour-
maline, garnet, and beryl. Locally, there exists complex banding with 
variations in thickness and fineness. The Weiling granitic pegmatite is 
typically composed of plagioclase (40 vol%), K-feldspar (20 vol%), 
quartz (20 vol%), muscovite (5–10 vol%) and minor tourmaline (7 vol 
%), garnet (5 vol%), and beryl (3 vol%). K-feldspar and quartz are 
intergrown and show graphic texture (Fig. 3A). Tourmaline displays 
radial to dendritic morphology with both needle-like, long columnar 
and massive tourmaline aggregates (Fig. 3B, E). Tourmaline crystals are 
generally polychromatic, and some crystals display optical zonation, 
with greenish to yellowish cores and dark-green rims under plane 
polarized light (Fig. 4A). Two groups of tourmaline are distinguished in 
BSE images, e.g., Tur 1 which is homogenous and cut off by plagioclase 
veinlets (Fig. 4B, C), and Tur 2 which occurs as the irregular alteration 
zoning of Tur 1 (Fig. 4C). There are two types of garnet, among which 
one is fine-grained (20–200 μm), which forms idiomorphic crystals that 
are red, brown, black, and gray and form layers (Fig. 3C, 4D, E). It 
should be noted that variable colors for tourmaline and garnet under 
natural light and the optical microscope do not correspond to compo-
sitional changes in BSE images (Fig. 4A-F). Alternating bands rich in 
fine-grained garnet and in K-feldspar, plagioclase, and quartz form 

concentric structures on the decimeter scale within the pegmatite 
(Fig. 3C). Another type of garnet forms 2–3 cm large brown crystals 
(Fig. 3D, E, 4G) that occur together with coarse-grained muscovite, 
tourmaline, K-feldspar, plagioclase, and quartz. Light green prismatic 
beryl occurs together with coarse-grained quartz and feldspar (Fig. 3F). 
Beryl crystals are fractured and the fractures are filled with fine-grained 
K-feldspar and plagioclase veinlets (Fig. 4H). 

Samples for analysis were collected from different depths of the 95-m 
drill hole ZK301 and the surface outcrop. From top to bottom of drill 
hole ZK301, the lithology varies from coarse-grained K-feldspar-quartz 
pegmatite with graphic texture, coarse-grained tourmaline-muscovite- 
K-feldspar-quartz pegmatite, interbedded layered domains (layers are 
0.5–1 cm wide in the depth range 64.0–68.5 m), to coarse-grained 
tourmaline-muscovite-K-feldspar-quartz pegmatite with minor garnet 
and beryl. Based on grain size and color, five domains are distinguished 
in the layered structure from the center to the rim, i.e., bright fine- 
grained layer, gray fine-grained layer, gray fine-medium layer, and 
garnet-bearing layer, and medium-coarse size domains. These layer 
domains represent a small-scale, irregular local structures (Fig. 3C). 
Bright fine-grained layers consist only of K-feldspar and quartz. The 
color change in the fine-grained layer from white to gray is due to the 
presence of tourmaline. The local structures are not representative for 
the whole pegmatite. In particular, they are not comparable to the 
complex zoning typical for pegmatites related to highly fractionated 
leucogranite with zoning variations of lithology. Muscovite used for Ar- 
Ar dating was sampled from a coarse-grained section of the tourmaline- 
muscovite-feldspar-quartz pegmatite. Muscovite occurs as flaky euhe-
dral crystals or 2–5 cm large fine-grained nearly monomineralic aggre-
gates (Fig. 3D). Muscovite from these boundaries shows only a little 
alteration along grain boundaries (Fig. 3D). 

3. Analytical methods 

3.1. 40Ar/39Ar dating of muscovite 

Muscovite was separated from a coarse-grained muscovite-quartz- 
feldspar pegmatite sample to determine the age of Weiling granitic 
pegmatite using the 40Ar/39Ar method. Muscovite with 99% purity was 
separated from the 60–80 mesh fraction. Muscovite separates were 
irradiated at the atomic reactor at the Research Institute of Atomic En-
ergy (Beijing, China). Biotite ZHB-25 from the Beijing Fangshan 
granodiorite (132.7 ± 1.2 Ma; Wang 1983) was used as a monitor 
standard. The J factor was 0.42901%, the neutron flux was about 2.60 ×
1013n cm− 2 s− 1, and the integrated neutron flux was 2.25 × 1018n cm− 2. 
Step-heating 40Ar/39Ar analyses were performed at the Beijing Research 
Institute of Uranium Geology following the protocol given by Chen et al. 
(2006). Measured isotopic ratios were corrected for mass discrimina-
tion, atmospheric Ar contributions, blanks, and irradiation-induced 
mass interferences. Correction factors for interfering argon isotopes 
derived from Ca and K are: (39Ar/37Ar)Ca = 0.000806, (36Ar/37Ar)Ca =

0.0002389, and (40Ar/39Ar)K = 0.004782. All dates are reported using 
5.543 × 10-10 a-1 as the total decay constant for 40K (Steiger and Jäger, 
1977). The errors are 2σ deviations and correspond to the 95% confi-
dence level. The Ar-Ar age data were calculated and plotted using the 
ArArCALC v. 2.4 (Koppers 2002). 

3.2. U-Pb dating of garnet 

Garnet U-Pb isotopic dating was carried out at GFZ German Research 
Center for Geosciences (Potsdam). Isomorphic fine-grained garnet was 
separated from two pegmatite samples (15WL-14 and 15WL-16) from a 
local structure with concentric garnet-rich layers (Fig. 3C). For garnet U- 
Pb dating, only red translucent garnet grains without visible inclusions 
were separated under the binocular microscope. Black and grey garnet, 
as well as garnet with visible intergrowths were removed. Before anal-
ysis, garnet was washed in turn using warm 7 N HNO3, H2O, and 
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acetone. A mixed 205Pb-235U tracer was added and dried before sample 
dissolution in 40% HF on a hotplate (160 ◦C) for 5 days. Lead and U were 
separated using Biorad AG-1 and a two-stage HBr-HCl-HNO3 ion ex-
change column chemistry (Romer et al., 2005). Lead and U were loaded 
with dilute H3PO4 and silica gel on separate Re single-filaments and 
their isotopic compositions were determined using a Thermo-Fisher- 
Scientific Triton multi-collector thermal ionization mass-spectrometer 
operated in static multicollection mode, using Faraday collectors and 
an ion counter. Lead and U were analyzed at 1160–1260 ◦C and 
1300–1360 ◦C, respectively. 

3.3. Major and trace element analysis of pegmatitic minerals 

Major and trace element compositions of various minerals (musco-
vite, beryl, tourmaline, garnet, and K-feldspar) from the pegmatite were 
determined at the State Key Laboratory of Geological Processes and 
Mineral Resources (GPMR) at China University of Geosciences (Wuhan). 
Major elements were analyzed using a JEOL JXA-8100 Electron Probe 
Micro Analyzer operated at 15 kV acceleration voltage and 20nA beam 
current. Data were corrected on-line using a modified ZAF correction 
procedure. The peak counting time was 10 s for Na, Mg, Al, Si, K, Ca, Fe 
and 20 s for Ti, Mn, F and Cl. The following standards were used: 
sanidine for K, pyrope garnet for Fe and Al, diopside for Ca and Mg, 
jadeite for Na, rhodonite for Mn, olivine for Si, rutile for Ti, topaz for F 
and halite for Cl. In-situ trace element analyses were obtained on pol-
ished thin sections using a RESOlution S-155 laser ablation system 
coupled to a Thermo iCAP Qc inductively coupled plasma mass spec-
trometry (LA-ICP-MS). NIST SRM 612 and 610 glass standards and USGS 
reference glasses BIR-1G, BCR-2G and BHVO-2G were used for external 
calibration and were repeatedly analyzed after each 7–10 samples to 
correct for signal drift. Standards and samples were ablated using a 33 
μm beam diameter, 10 Hz repetition rate, and a fluence of ~ 3 J/cm2. 
The isotope 29Si was used as the internal standard in conjunction with 
the Si concentrations determined by electron microprobe. Reduction of 
raw data was performed offline using the ICP-MS-Data-Cal software (Liu 
et al., 2010). 

3.4. Boron isotope analysis 

The boron isotopic composition of tourmaline samples was deter-
mined by using RESOlution S-155 laser ablation system coupled to a Nu 
plasma II multi-collector ICPMS (LA-MC-ICP-MS) at the GPMR, China 
University of Geosciences (Wuhan). Analyses were carried out using 50 
μm beam diameter, 10 Hz repetition rate, and 3 J/cm2 fluence. Counting 
time were 30 s for the background and 40 s for the sample. The 11B and 
10B signals were collected using static multi-collection and Faraday 
cups. Instrumental mass fractionation was corrected using the 

standard–sample–standard bracketing method and the international 
tourmaline standard IAEA B4 (δ11B = − 8.71 ‰, Tonarini et al., 2003) 
as external standard. Instrumental mass fractionation (IMF) and 
analytical quality were assessed by replicate analyses of tourmaline 
reference materials dravite (HS#108796) and schorl (HS#112566) from 
the Harvard Mineralogical Museum (Dyar et al., 2001). 

3.5. Neodymium isotope analysis 

The Nd isotopic compositions of garnet and feldspar were deter-
mined using a TRITON multi-collector thermal ionization mass spec-
trometer at GFZ German Research Center for Geosciences (Potsdam). 
Before dissolution, mineral concentrates were cleaned using 7 N HNO3 
and a mixed 149Sm-150Nd tracer was added. Samples were dissolved in 
teflon beakers on the hotplate using 40% HF. Rubidium and Sr were 
separated in 2.5 N HCl medium by using cation-exchange techniques 
(Bio Rad AG50 W-X8). After Rb and Sr were collected, Ba was washed 
out using 2.5 N HNO3 before REEs were eluted using 6 N HCl. Neo-
dymium and Sm were separated from the other REEs by cation-exchange 
chromatography using HDEHP-coated Teflon in 0.22 N and 0.4 N HCl 
medium, respectively. Strontium and Rb were loaded on separate single 
Ta -filaments and analyzed using dynamic multi-collection. Neodymium 
and Sm were loaded on separate double Re -filaments and analyzed 
using dynamic multi-collection. 

3.6. Fluid inclusion measurements 

Fluid inclusions in quartz and beryl were analyzed using doubly 
polished thin sections. Typical fluid inclusion assemblages (FIA), i.e., 
groups of temporally coeval inclusions occurring in clusters and trails or 
along individual growth zones (Goldstein and Reynolds, 1994) were 
selected for micro-thermometric measurements and laser Raman spec-
troscopic analysis. The petrographic study of fluid inclusion was con-
ducted used a Nikon Eclipse LV100POL microscope at the National 
Demonstration Center for Experimental Mineral Exploration Education, 
China University of Geosciences (Wuhan). Micro-thermometric mea-
surements were carried out by using a Linkam THMS-600 heating- 
freezing stage (from − 196 to 600 ℃) and liquid N2 as a cooling agent. 
The stage was calibrated using fluid inclusions of pure H2O (ice melting 
temperature = 0 ℃, critical temperature = 371.4 ℃) and pure CO2 (CO2 
melting temperature = -56.6 ℃). The estimated precision of tempera-
ture is ± 0.5 ℃ for temperature between − 120 and − 70 ℃, ± 0.2 ℃ for 
temperature in the range of − 70 to 100 ℃, and ± 2 ℃ for temperature 
higher than 100 ℃. Heating and freezing rates near the point of phase 
transformation are 1–10 ℃/min and 0.1–1 ℃/min, respectively. Ice 
melting temperatures were determined at a heating rate of 0.1 ℃/min, 
and homogenization temperatures at a rate of 1 ℃/min. Freezing 

Table 1 
40Ar/39Ar step-heating geochronology data for muscovite from the Weiling granitic pegmatite.  

T (℃) a (40Ar/39Ar) m 
b (36Ar/39Ar) m 

b (37Ar/39Ar) m 
b 40Ar* (%) c F (40Ar*/39Ar) d 39Ar (×10-14mol) 39Ar (%) Age (Ma) e ±2σ (Ma) 

700  42.8190  0.0531 5.52E-05  63.27  27.09  0.04  0.05  200.2  7.2 
800  30.3341  0.0162 1.10E-05  84.17  25.53  0.26  0.32  189.3  2.4 
850  36.2419  0.0225 6.74E-06  81.56  29.56  0.42  0.51  217.4  2.8 
900  36.4318  0.0089 2.88E-06  92.73  33.78  1.10  1.35  246.4  2.4 
950  58.4000  0.0004 9.12E-07  99.75  58.25  31.10  38.22  406.2  3.8 
1000  58.3020  0.0005 9.60E-07  99.73  58.14  30.10  36.99  405.5  3.6 
1050  58.2278  0.0008 1.90E-06  99.56  57.97  2.55  3.13  404.4  3.6 
1100  64.1744  0.0008 2.10E-06  99.59  63.91  2.77  3.40  441.2  4.0 
1150  63.4529  0.0004 1.06E-06  99.78  63.31  11.47  14.10  437.5  4.0 
1200  61.5539  0.0027 1.91E-06  98.68  60.74  1.40  1.73  421.7  3.8 
1300  71.1526  0.0311 1.89E-05  87.05  61.94  0.16  0.20  429.1  4.6  

a Temperature of each step-heating, time of each step-heating is 10 min. 
b Measured isotopic ratios. 
c Radiogenic Ar. 
d Calculated isotopic ratio of radiogenic Ar to 39Ar produced by neutron interactions on 39K be obtained. 
e Age spectrum of muscovite during step-heating. 
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temperatures were measured before heating temperatures. Salinities for 
aqueous fluid inclusions were calculated using the final ice melting 
temperature (Bodnar and Vityk, 1994). For CO2-bearing fluid inclusions, 
salinities were calculated by using the melting temperature of clathrate 
(Darling 1991). Qualitative determinations of the compositions of 

individual fluid inclusion were conducted by using an RM-1000 laser 
Raman probe at GPMR, China University of Geosciences (Wuhan). The 
Ar+ laser has 514.5 nm wavelength and 5 mW power. Measurements 
were performed at 2 cm− 1 resolution, 20–40 s exposure, and for the 
range 50 to 3500 cm− 1. The spectrograph aperture was confined to 50 

Fig. 5. Age of pegmatite minerals from the Weiling granitic pegmatite. (A) 40Ar/39Ar step-heating geochronological data for muscovite. The plateau age is defined by 
three fractions accounting for 80% of the radiogenic Ar. (B) Tera-Wasserburg diagram for garnet U-Pb dating. Data from Tables 1 and 2. 

Table 2 
U-Pb geochronology data for garnet from the Weiling granitic pegmatite.  

Sample Name U (ppm) a Pb (ppm) a 238U/204Pb b 206Pb/204Pb b 207Pb/204Pb b 208Pb/204Pb b 238U/206Pb c 2 σ 207Pb/206Pb c 2 σ 

15WL-14  1.03  0.20 558  63.28  17.79  43.84  8.82  0.18  0.281  0.014 
15WL-14  0.30  0.24 90  27.78  15.89  38.05  3.22  0.06  0.572  0.029 
15WL-14  0.53  0.14 349  45.65  17.19  39.37  7.64  0.15  0.376  0.019 
15WL-14  0.50  0.21 183  35.62  16.41  38.50  5.15  0.10  0.461  0.023 
15WL-16  3.60  0.56 702  69.81  17.99  38.65  10.05  0.20  0.258  0.013 
15WL-16  1.86  0.43 419  55.03  17.37  38.96  7.62  0.15  0.316  0.016 
15WL-16  2.35  0.65 321  46.35  16.91  38.79  6.93  0.14  0.365  0.018 
15WL-16  2.41  0.53 459  59.21  17.59  38.82  7.74  0.15  0.297  0.015  

a Concentrations of Pb and U were determined by isotope dilution using a mixed 205Pb-235U tracer. 
b Measured isotope ratios corrected for fractionation and isotopic tracer. 
c Corrected for fractionation, 15 pg Pb blank, 1 pg U blank, isotopic tracer and initial lead. 
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Table 3 
Chemical compositions of muscovite in the Weiling pegmatite.  

Major elements (wt%) 

Na2O 0.48 0.60 0.25 0.26 0.17 0.43 0.47 0.47 0.53 0.58 
MgO 0.72 0.72 0.68 0.68 0.74 0.64 0.65 0.68 0.65 0.74 
Al2O3 33.72 34.45 33.37 33.68 34.06 33.53 33.94 33.72 33.60 33.88 
SiO2 46.57 47.63 46.57 46.99 47.54 47.87 47.54 47.46 46.95 47.77 
FeO 2.92 2.46 2.88 2.80 2.88 3.56 3.14 3.31 3.36 3.17 
MnO 0.02 0.05 0.03 0.05 0.03 0.03 0.01 0.00 0.07 0.05 
TiO2 0.11 0.09 0.18 0.07 0.09 0.06 0.10 0.12 0.08 0.14 
CaO 0.08 0.05 0.04 0.06 0.05 0.02 0.02 0.09 0.06 0.06 
K2O 9.39 9.11 9.32 8.41 7.49 10.11 10.19 9.96 10.07 10.06 
F 0.14 0.16 0.07 0.15 0.05 0.00 0.01 0.01 0.02 0.03 
Cl 0.01 0.01 0.00 0.01 0.01 0.00 0.02 0.00 0.01 0.00 
Total 94.13 95.31 93.38 93.14 93.10 96.29 96.09 95.97 95.38 96.46 
Si 3.14 3.15 3.16 3.17 3.19 3.17 3.15 3.16 3.14 3.16 
AlIV 0.86 0.85 0.84 0.83 0.81 0.83 0.85 0.84 0.86 0.84 
AlVI 1.82 1.84 1.83 1.85 1.88 1.79 1.81 1.80 1.80 1.79 
Ti 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 
Fe3+ 0.16 0.14 0.16 0.16 0.16 0.20 0.17 0.18 0.19 0.17 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.07 0.07 0.07 0.07 0.07 0.06 0.06 0.07 0.06 0.07 
Ca 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Na 0.06 0.08 0.03 0.03 0.02 0.06 0.06 0.06 0.07 0.07 
K 0.81 0.77 0.81 0.72 0.64 0.85 0.86 0.84 0.86 0.85 
Total 6.94 6.90 6.91 6.85 6.79 6.97 6.97 6.97 6.99 6.98 
MF 0.30 0.34 0.29 0.30 0.31 0.24 0.27 0.27 0.25 0.29 
AlVI+Fe3++Ti 1.99 1.98 2.00 2.01 2.05 1.99 1.99 1.99 1.99 1.97 
Fe2++Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti/(Mg + Fe + Ti + Mn) 0.02 0.02 0.04 0.02 0.02 0.01 0.02 0.02 0.02 0.03 
Al/(Al + Mg + Fe + Ti + Mn + Si) 0.44 0.44 0.44 0.44 0.44 0.43 0.44 0.44 0.44 0.44 
Trace elements and rare earth elements (ppm) 
Sn 57.6 54.4 51.3 54.1 54.5 57.6 67.0 58.1 58.0 51.1 
Nb 149 142 139 152 144 143 319 141 219 179 
Ta 8.63 8.36 8.45 8.86 8.75 9.21 30.5 9.81 27.1 25.8 
Li 27.0 24.1 22.4 30.0 21.9 20.6 30.1 33.8 30.9 23.4 
Sc 19.5 19.4 19.4 19.4 19.2 20.6 15.4 16.7 14.5 15.5 
Zn 68.7 67.4 67.3 81.3 77.4 72.9 87.6 85.7 83.8 83.3 
Ga 107 106 105 103 104 105 102 100 100 101 
Ge 2.01 1.49 1.92 1.66 1.68 2.32 1.89 1.99 1.67 1.71 
V 0.11 0.16 0.15 0.11 0.41 0.10 0.70 0.42 0.94 0.75 
Cr 0.49 0.55 0.37 0.55 0.48 0.01 0.04 0.31 0.28 0.29 
Co 0.33 0.46 0.57 0.23 0.34 0.13 0.43 0.28 0.24 0.41 
Ni 0.00 0.16 0.00 0.37 0.00 0.13 0.36 0.00 0.07 0.18 
Cu 1.09 0.60 1.01 0.98 0.40 1.33 1.87 0.42 0.72 3.30 
Mo 0.09 0.08 0.06 0.09 0.12 0.06 0.07 0.05 0.05 0.08 
Cd 0.05 0.03 0.01 0.02 0.00 0.00 0.01 0.01 0.02 0.00 
In 0.21 0.20 0.21 0.23 0.24 0.26 0.23 0.19 0.20 0.26 
Sb 0.02 0.00 0.06 0.02 0.00 0.00 0.01 0.02 0.02 0.02 
La 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 
Ce 0.00 0.00 0.02 0.00 0.00 0.02 0.01 0.00 0.00 0.01 
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nd 0.01 0.00 0.00 0.00 0.02 0.02 0.01 0.00 0.00 0.00 
Sm 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Eu 0.04 0.00 0.01 0.00 0.03 0.01 0.00 0.00 0.00 0.00 
Gd 0.30 0.81 0.00 0.18 0.00 0.00 0.13 0.65 0.00 0.12 
Tb 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Dy 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.02 
Ho 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Er 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 
Tm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Yb 0.01 0.03 0.07 0.02 0.04 0.00 0.02 0.04 0.00 0.03 
Lu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 
Hf 0.27 0.23 0.32 0.31 0.24 0.36 0.12 0.23 0.13 0.19 
Y 0.00 0.01 0.04 0.01 0.01 0.01 0.02 0.01 0.00 0.22 
Zr 2.05 2.18 1.98 2.06 1.68 2.42 1.12 1.50 1.21 1.09 
In 0.21 0.20 0.21 0.23 0.24 0.26 0.23 0.19 0.20 0.26 
Hf 0.27 0.23 0.32 0.31 0.24 0.36 0.12 0.23 0.21 0.19 
Rb 895 859 877 869 859 831 932 938 877 854 
Sr 0.72 0.77 1.34 1.66 0.85 1.26 0.92 0.54 0.52 3.02 
Ba 6.19 7.16 9.72 6.59 8.38 7.97 1.69 5.17 3.47 7.59 
Cs 32.3 25.6 31.4 23.3 21.5 28.1 19.1 25.6 24.6 29.4 
W 34.5 32.5 30.6 32.9 34.4 34.1 27.0 34.4 29.6 28.4 
Bi 0.02 0.01 0.01 0.02 0.00 0.01 0.00 0.01 0.01 0.01 
Be 9.10 7.65 8.67 8.38 11.9 10.3 8.96 9.31 9.32 9.36 
B 26.6 26.8 25.6 26.2 26.7 26.9 29.5 23.4 24.0 20.8 
Pb 5.31 5.71 5.05 5.35 5.72 6.02 5.66 5.16 5.36 5.31 
K/Rb 105 109 107 109 112 114 101 99.1 107 109  
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Table 4 
chemical compositions of beryl. Li2O* and Cs2O* are calculated by the trace element content of Li and Cs, BeO* is calculated is Be*= 3-Li⋅H2O* is calculated by (0.84958 × Na2O) + 0.8373.  

Major elements (wt%) 

Na2O 0.68 0.68 0.57 0.62 0.63 0.67 0.59 0.57 0.63 0.64 0.69 0.63 0.65 0.69 0.68 0.62 0.56 0.62 0.60 0.60 
MgO 0.56 0.56 0.57 0.56 0.51 0.51 0.53 0.49 0.59 0.34 0.29 0.16 0.25 0.59 0.39 0.60 0.22 0.62 0.55 0.54 
Al2O3 17.13 16.93 16.96 17.08 17.08 16.89 17.03 17.16 17.12 17.58 17.87 18.01 17.87 17.12 17.49 16.92 17.67 16.91 17.14 17.24 
SiO2 66.78 66.06 66.17 66.11 66.18 66.11 66.08 66.33 66.32 66.86 67.22 67.03 67.18 66.41 67.03 66.40 66.63 66.24 66.51 66.61 
FeO 0.82 0.72 0.78 0.78 0.77 0.78 0.84 0.75 0.67 0.41 0.37 0.30 0.33 0.64 0.37 0.81 0.35 0.84 0.75 0.71 
Li2O* 0.06 0.06 0.06 0.05 0.07 0.07 0.06 0.06 0.07 0.06 0.06 0.05 0.05 0.06 0.07 0.10 0.07 0.07 0.07 0.07 
Cs2O* 0.16 0.15 0.12 0.15 0.15 0.16 0.16 0.19 0.17 0.17 0.28 0.29 0.28 0.52 0.61 0.32 0.46 0.59 0.71 0.76 
BeO* 13.81 13.66 13.69 13.69 13.68 13.66 13.67 13.71 13.70 13.83 13.91 13.88 13.91 13.73 13.86 13.67 13.76 13.69 13.74 13.75 
H2O* 1.42 1.42 1.32 1.36 1.37 1.41 1.34 1.32 1.37 1.38 1.42 1.37 1.39 1.42 1.42 1.36 1.31 1.36 1.35 1.35 
Trace elements and rare earth elements (ppm) 
Li 275 274 278 221 307 323 272 297 321 269 274 248 235 282 304 442 334 319 319 344 
B 0.00 1.27 0.00 8.72 0.00 0.21 5.74 20.3 4.69 5.78 0.00 0.00 6.96 16.1 7.12 9.70 b.d.l. 7.17 b.d.l. 11.91 
Zn 390 362 294 372 395 388 377 360 393 378 347 358 312 329 357 178 308 363 399 332 
Ga 19.5 19.4 18.2 19.0 22.2 18.6 22.3 18.7 20.6 19.2 21.0 22.0 21.4 22.0 20.7 17.7 19.4 21.4 20.5 23.0 
Ge 6.71 0.00 0.00 10.9 0.00 4.34 15.1 0.00 0.00 14.2 6.00 0.00 0.74 10.0 4.45 8.08 0.00 0.00 5.86 0.00 
Rb 77.4 74.5 61.2 67.9 88.1 81.5 81.5 76.7 88.5 76.4 91.5 112 80.8 113 141 60.1 103 117 142 139 
Sr 0.01 0.24 0.41 0.11 0.13 0.01 0.00 0.01 0.02 0.15 45.56 77.0 30.2 5.60 5.16 88.5 60.5 0.00 3.82 0.89 
Y 0.01 0.09 0.27 0.00 0.00 0.11 0.10 0.00 0.00 0.00 0.00 0.10 0.00 0.01 0.11 0.03 0.00 0.03 0.03 0.00 
Zr 0.10 0.00 0.01 0.00 0.00 0.00 0.08 0.00 0.18 0.06 0.37 0.70 0.00 0.00 0.00 0.00 0.00 0.71 0.00 1.13 
Cs 1351 1323 1080 1314 1343 1376 1382 1657 1451 1509 2453 2603 2545 4624 5362 2875 4136 5257 6313 6757 
Ta 0.03 0.38 0.49 0.16 0.00 0.01 0.05 0.01 0.00 0.01 0.36 0.15 0.40 0.48 0.11 0.28 0.30 0.40 0.11 1.21 
Sc 5.02 11.5 12.3 8.66 9.40 8.00 15.0 7.40 8.91 11.11 1.89 2.07 4.27 4.75 1.56 7.06 6.85 6.04 6.95 9.57 
V 0.58 0.00 0.23 0.97 1.17 0.00 1.43 1.24 2.13 0.00 0.00 0.00 0.40 0.71 0.31 0.50 0.00 0.00 0.72 1.86 
Mo 1.62 1.41 0.00 0.00 2.72 0.41 0.86 0.14 0.00 0.00 0.02 0.00 0.44 0.00 0.06 0.00 0.66 0.00 0.13 0.07 
Nb 0.35 0.04 0.53 0.23 0.00 0.27 0.01 0.00 0.29 0.01 0.07 0.14 0.34 0.26 0.12 0.15 0.16 0.21 0.00 0.40 
As 1.83 0.00 2.23 0.00 0.00 0.00 0.00 2.51 0.05 1.52 0.00 1.65 3.32 0.00 0.21 0.00 1.38 0.00 0.00 0.46 
Cr 0.02 29.0 75.6 104 17.4 102 80.0 15.5 0.00 17.7 0.00 9.91 24.7 68.9 0.00 12.9 18.4 31.6 1.96 37.2 
Co 0.00 0.01 0.00 0.00 0.00 0.00 0.29 0.14 0.00 0.00 0.10 0.00 0.18 0.00 0.24 0.00 0.20 0.00 0.00 0.34 
Ni 3.40 0.00 0.00 0.00 0.00 4.46 3.38 6.71 2.16 0.00 0.89 0.00 1.91 0.00 0.00 8.14 0.00 1.47 0.00 0.00 
Cu 0.00 0.00 0.86 1.05 0.23 0.00 0.05 0.00 0.48 0.00 0.00 3.97 0.00 0.00 5.56 1.59 0.00 0.05 0.00 0.00 
Cd 0.71 0.00 0.07 0.00 0.86 2.10 0.27 0.00 0.00 0.00 0.00 0.00 0.00 0.77 0.00 0.21 0.14 0.19 0.00 0.00 
In 0.00 0.00 0.00 0.00 0.00 0.07 0.05 0.00 0.07 0.00 0.00 0.07 0.00 0.00 0.02 0.00 0.07 0.00 0.00 0.00 
Sn 0.00 0.28 0.53 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.00 0.20 0.00 0.00 0.50 0.00 0.57 0.05 0.91 0.00 
Sb 0.00 0.18 0.00 0.00 0.00 0.00 0.18 0.00 0.11 0.15 0.15 0.00 0.00 0.04 0.00 0.06 0.07 0.02 0.00 0.16 
La 0.05 0.00 0.00 0.03 0.03 0.00 0.08 0.04 0.03 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.01 0.00 0.00 0.02 
Ce 0.00 0.01 0.00 0.00 0.03 0.00 0.01 0.01 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 
Pr 0.04 0.00 0.00 0.01 0.00 0.00 0.03 0.01 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 
Nd 0.00 0.00 0.19 0.00 0.00 0.13 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 
Sm 0.21 0.00 0.00 0.00 0.17 0.00 0.03 0.00 0.00 0.24 0.00 0.06 0.00 0.00 0.12 0.06 0.00 0.04 0.04 0.00 
Eu 0.02 0.13 0.02 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.02 0.00 0.00 
Gd 0.00 0.00 0.00 0.00 0.00 0.00 0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 
Tb 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Dy 0.06 0.09 0.03 0.03 0.00 0.00 0.03 0.00 0.07 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 
Ho 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 
Er 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 
Tm 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.05 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Yb 0.04 0.00 0.13 0.00 0.10 0.00 0.00 0.00 0.05 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.10 0.03 0.04 0.00 
Lu 0.00 0.00 0.01 0.00 0.02 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 
Hf 0.00 0.02 0.00 0.02 0.00 0.05 0.05 0.00 0.03 0.00 0.07 0.00 0.04 0.00 0.02 0.04 0.00 0.14 0.02 0.07 
W 0.00 0.03 0.00 0.00 0.00 0.10 0.06 0.03 0.03 0.03 0.05 0.03 0.19 0.13 0.00 0.23 0.04 0.00 0.00 0.06 
Bi 0.06 0.01 0.05 0.00 0.00 0.00 0.03 0.00 0.02 0.00 0.00 0.05 0.02 0.00 0.02 0.01 0.01 0.00 0.00 0.04 
Pb 0.82 0.00 0.44 0.81 1.21 0.51 0.19 6.46 0.00 2.31 0.00 0.56 0.91 0.00 0.00 0.72 4.07 0.00 0.00 0.00 
Cs/Li 4.91 4.83 3.88 5.95 4.37 4.27 5.08 5.58 4.52 5.62 8.97 10.5 10.8 16.4 17.6 6.51 12.4 16.5 19.8 19.6 
Cs/Rb 17.5 17.8 17.7 19.3 15.3 16.9 17.0 21.6 16.4 19.8 26.8 23.2 31.5 41.1 37.9 47.8 40.2 45.0 44.5 48.5  
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Table 5 
chemical results of tourmaline. B2O3* and H2O* are calculated on stoichiometry for B = 3 apfu and OH + F = 4 apfu.  

Tourmaline Tur 2 Tur 2 Tur 2 Tur 2 Tur 2 Tur 2 Tur 2 Tur 2 Tur 2 Tur 2 Tur 2 Tur 2 Tur 2 Tur 2 Tur 2 Tur 2 Tur 1 Tur 1 Tur 1 Tur 1 Tur 1 Tur 1 Tur 1 Tur 1 

Major elements (wt%) 
SiO2 36.31 36.20 36.12 35.70 36.11 35.77 35.77 36.56 36.72 36.08 36.09 35.83 36.37 36.34 35.47 36.04 36.71 36.69 36.38 36.22 36.57 36.19 36.26 36.75 
TiO2 0.00 0.20 0.14 0.17 0.13 0.16 0.14 0.13 0.05 0.11 0.06 0.13 0.11 0.13 0.21 0.26 0.14 0.10 0.16 0.20 0.12 0.10 0.19 0.18 
Al2O3 32.12 32.24 32.27 32.23 32.34 32.32 32.32 31.86 32.88 32.12 32.08 32.13 32.45 32.94 31.99 32.50 32.07 32.52 32.24 32.10 32.10 31.54 32.54 32.24 
FeO 11.05 11.15 10.98 10.68 10.81 11.34 11.06 11.23 10.16 10.61 10.38 10.84 10.22 10.16 10.57 11.07 8.49 9.55 8.44 9.49 9.10 9.84 9.47 8.98 
MnO 0.21 0.21 0.20 0.14 0.26 0.20 0.20 0.21 0.13 0.19 0.12 0.19 0.18 0.16 0.14 0.19 0.08 0.17 0.15 0.11 0.16 0.16 0.15 0.08 
MgO 3.50 3.67 3.80 3.96 4.05 3.84 3.89 3.86 3.65 3.77 4.08 3.89 3.85 3.66 4.03 3.91 5.34 5.13 4.88 5.13 5.18 5.14 4.97 4.89 
CaO 0.05 0.14 0.12 0.15 0.19 0.22 0.21 0.19 0.09 0.13 0.19 0.23 0.20 0.11 0.21 0.16 0.28 0.24 0.20 0.22 0.24 0.27 0.21 0.29 
Na2O 1.79 1.88 1.80 2.04 2.05 1.99 2.19 2.22 1.80 2.15 2.08 2.24 2.19 1.64 2.09 2.07 2.03 2.22 2.20 2.13 2.11 2.20 2.13 2.12 
K2O 0.05 0.05 0.03 0.03 0.03 0.04 0.04 0.07 0.03 0.06 0.05 0.07 0.03 0.06 0.07 0.04 0.08 0.05 0.06 0.06 0.05 0.03 0.05 0.04 
F 0.17 0.38 0.11 0.00 0.06 0.07 0.00 0.00 0.07 0.45 0.14 0.00 0.00 0.00 0.09 0.01 0.19 0.47 0.09 0.43 0.36 0.05 0.32 0.00 
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00. 
B2O3* 10.37 10.35 10.34 10.28 10.38 10.35 10.33 10.37 10.38 10.27 10.29 10.29 10.33 10.35 10.23 10.40 10.40 10.53 10.31 10.41 10.42 10.50 10.41 10.38 
H2O* 3.49 3.39 3.51 3.54 3.55 3.53 3.56 3.58 3.54 3.33 3.48 3.54 3.56 3.57 3.48 3.58 3.50 3.41 3.51 3.38 3.42 3.60 3.44 3.58 
Total 85.76 85.96 85.53 85.09 86.03 85.92 85.85 86.31 85.56 85.48 85.22 85.56 85.60 85.20 84.86 86.26 85.33 86.94 84.77 85.93 86.58 85.79 86.21 85.77 
Structural formula based on 31 total anions 
X-site: Na 0.58 0.61 0.59 0.67 0.67 0.65 0.71 0.72 0.58 0.70 0.68 0.73 0.71 0.53 0.69 0.67 0.66 0.71 0.72 0.69 0.68 0.70 0.69 0.69 
K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01 
Ca 0.01 0.03 0.02 0.03 0.03 0.04 0.04 0.03 0.02 0.02 0.03 0.04 0.04 0.02 0.04 0.03 0.05 0.04 0.04 0.04 0.04 0.05 0.04 0.05 
Vacancy 0.40 0.35 0.38 0.30 0.29 0.31 0.24 0.23 0.40 0.26 0.27 0.21 0.24 0.43 0.26 0.29 0.27 0.24 0.23 0.26 0.26 0.23 0.26 0.25 
Y-site: Mg 0.87 0.92 0.95 1.00 1.01 0.96 0.98 0.96 0.91 0.95 1.03 0.98 0.97 0.92 1.02 0.97 1.33 1.26 1.23 1.28 1.29 1.27 1.24 1.22 
Fe 1.55 1.57 1.54 1.51 1.51 1.59 1.56 1.57 1.42 1.50 1.47 1.53 1.44 1.43 1.50 1.55 1.19 1.32 1.19 1.32 1.27 1.36 1.32 1.26 
V + W-site: OH 3.91 3.80 3.94 4.00 3.97 3.96 3.99 4.00 3.96 3.76 3.93 4.00 4.00 4.00 3.95 3.99 3.90 3.75 3.95 3.77 3.81 3.98 3.83 4.00 
F 0.09 0.20 0.06 0.00 0.03 0.04 0.00 0.00 0.04 0.24 0.07 0.00 0.00 0.00 0.05 0.01 0.10 0.25 0.05 0.23 0.19 0.02 0.17 0.00 
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg/(Mg + Fe) 0.36 0.37 0.38 0.40 0.40 0.38 0.39 0.38 0.39 0.39 0.41 0.39 0.40 0.39 0.40 0.39 0.53 0.49 0.51 0.49 0.51 0.48 0.48 0.49 
X/(X + Na) 0.41 0.37 0.40 0.31 0.31 0.32 0.25 0.24 0.40 0.27 0.28 0.22 0.26 0.45 0.27 0.30 0.29 0.25 0.24 0.27 0.27 0.25 0.28 0.27 
Trace elements and rare earth elements (ppm)    
La 0.35 0.48 0.35 0.46 0.70 0.66 0.43 0.47 0.63 0.86 0.19 3.68 0.72 0.24 0.32 0.37 0.64 0.60 0.77 0.86 0.76 0.76 0.38 0.36 
Ce 0.54 0.61 0.55 0.77 1.05 1.18 0.66 0.74 0.82 1.15 0.30 7.75 0.44 0.28 0.47 0.45 0.69 0.74 0.88 0.89 1.18 1.13 0.56 0.35 
Pr 0.03 0.05 0.04 0.07 0.07 0.07 0.06 0.06 0.06 0.08 0.03 0.73 0.14 0.04 0.03 0.06 0.03 0.04 0.05 0.05 0.08 0.09 0.05 0.03 
Nd 0.11 0.10 0.06 0.23 0.21 0.17 0.11 0.16 0.16 0.23 0.06 2.18 0.58 0.13 0.07 0.11 0.07 0.09 0.09 0.08 0.24 0.20 0.08 0.07 
Sm 0.00 0.01 0.00 0.03 0.01 0.05 0.01 0.00 0.06 0.04 0.00 0.56 0.17 0.05 0.02 0.05 0.00 0.02 0.00 0.06 0.00 0.01 0.02 0.05 
Eu 0.00 0.00 0.01 0.00 0.03 0.00 0.00 0.00 0.03 0.02 0.00 0.00 0.00 0.00 0.02 0.03 0.00 0.01 0.01 0.00 0.03 0.00 0.00 0.04 
Gd 0.01 0.00 0.17 0.28 1.61 0.57 0.00 0.18 0.00 0.77 0.56 0.00 1.54 0.00 0.00 0.00 0.27 0.00 0.34 0.26 0.26 0.22 0.00 0.41 
Tb 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.12 0.06 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Dy 0.00 0.00 0.00 0.01 0.02 0.06 0.00 0.00 0.03 0.04 0.02 1.02 0.34 0.01 0.02 0.05 0.00 0.00 0.01 0.02 0.00 0.01 0.01 0.00 
Ho 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.26 0.05 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Er 0.00 0.00 0.00 0.02 0.01 0.03 0.01 0.01 0.01 0.03 0.01 1.22 0.15 0.04 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Tm 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.26 0.02 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
Yb 0.00 0.00 0.03 0.08 0.11 0.12 0.00 0.00 0.04 0.08 0.00 3.18 0.39 0.01 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Lu 0.00 0.01 0.00 0.01 0.01 0.02 0.00 0.01 0.01 0.01 0.00 0.50 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Hf 0.02 0.01 0.01 0.02 0.04 0.00 0.00 0.02 0.00 0.01 0.02 0.13 0.02 0.03 0.00 0.01 0.03 0.02 0.01 0.02 0.01 0.02 0.00 0.01 
Ta 0.09 0.14 0.18 0.21 0.14 0.42 0.82 0.10 0.20 0.20 0.12 0.84 0.83 0.26 0.10 0.11 0.10 0.11 0.17 0.20 0.16 0.18 0.18 0.29 
Y 0.01 0.05 0.01 0.17 0.06 0.22 0.01 0.00 0.33 0.43 0.13 0.30 0.21 0.70 0.20 0.23 0.02 0.02 0.05 0.07 0.05 0.07 0.07 0.07 
Zr 0.07 0.06 0.08 0.11 0.15 0.21 0.09 0.07 0.14 0.26 0.10 1.97 0.29 0.27 0.14 0.12 0.06 0.11 0.09 0.12 0.11 0.12 0.04 0.09 
Nb 0.11 0.17 0.23 0.93 0.35 1.83 0.64 0.29 0.80 1.12 0.34 1.06 0.77 0.91 0.32 0.43 0.25 0.29 0.40 0.51 0.45 0.75 0.43 0.21 
W 0.01 0.00 0.02 0.17 0.02 0.43 0.00 0.00 0.21 0.20 0.05 0.46 1.83 0.14 0.02 0.03 0.02 0.02 0.03 0.07 0.03 0.12 0.14 0.05 
Mo 0.06 0.01 0.03 0.09 0.12 0.14 0.00 0.03 0.11 0.02 0.06 0.12 0.14 0.07 0.01 0.04 0.03 0.01 0.08 0.04 0.05 0.05 0.01 0.03 
Bi 0.01 0.01 0.00 0.02 0.01 0.01 0.02 0.01 0.07 0.23 0.11 0.15 1.00 0.35 0.10 0.13 0.01 0.00 0.01 0.00 0.01 0.01 0.02 0.00 
Zn 849 824 924 859 905 790 1172 938 658 555 716 464 400 606 741 727 388 403 385 349 384 380 376 399 
Ga 67.1 67.1 68.5 74.8 77.4 77.5 96.4 73.7 73.2 73.4 64.0 65.9 63.7 63.7 64.7 63.5 72.4 71.5 71.3 76.7 80.1 76.9 71.7 65.4 
Li 22.9 22.9 21.7 25.6 23.0 30.3 29.9 27.9 32.2 25.4 19.5 20.8 20.3 27.4 19.6 37.3 22.1 24.3 21.9 26.1 24.0 21.8 28.6 24.6 
Be 2.51 2.66 2.48 1.94 2.11 2.76 2.48 2.20 2.51 3.64 3.00 3.37 3.11 2.96 4.07 2.49 2.00 3.54 2.44 5.60 1.86 2.47 1.84 2.62 

(continued on next page) 
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μm. 

4. Results 

4.1. 40Ar/39Ar dating of muscovite 

The results of 40Ar/39Ar step-heating analysis of muscovite are pre-
sented in Table 1. The sample yielded a well-defined plateau age of 
405.33 ± 3.38 Ma (2 σ; MSWD = 0.22), consisting of three contiguous 
steps that account for 77% of the total 39Ar precipitated (Fig. 5A). Only 
three steps fit an isochron age, whereas the other steps contain excess 
argon (Fig. 5A). 

4.2. U-pb dating of garnet 

The U-Pb isotopic data of garnet from the Weiling pegmatite are 
shown in Table 2. All analyzed fractions have low U contents (0.30–3.60 
ppm) and relatively low 206Pb/204Pb values (27.78–63.28). Therefore, 
the data are plotted on a Tera-Wasserburg diagram (Fig. 5B), which in 
contrast to the concordia diagram does not require a correction of the 
common Pb contribution. The data plot on the Tera-Wasserburg diagram 
near the 207Pb/206Pb intercept and show important excess scatter. 
Therefore, the age for garnet from the Weiling pegmatite has a relatively 
large error (464 ± 59 Ma, 2 σ; MSWD = 10.7; Fig. 5B). Nevertheless, 
despite the relatively large error, the garnet U-Pb age of the Weiling 
pegmatite shows that this pegmatite is distinctly older than the Mesozoic 
granites that gave rise to important Sn and W mineralization in the SCB. 

4.3. Mineral chemistry of pegmatite-forming minerals 

Chemical compositions of the pegmatitic minerals muscovite, beryl, 
tourmaline, garnet, and K-feldspar are given in Tables 3, 4, 5, 6, and 7. 

The composition of muscovite is relatively homogeneous with 
46.57–47.87 wt% SiO2, 33.37–34.45 wt% Al2O3, 7.49–10.19 wt% K2O, 
2.46–3.56 wt% FeO, 0.64–0.74 wt% MgO, and 0.17–0.60 wt% Na2O 
(Table 3). The variation of the K2O contents indicates that muscovite is 
locally altered. Muscovite has high contents of Rb (831–938 ppm), Nb 
(139–319 ppm), Cs (19.1–32.3 ppm), W (27.0–34.4 ppm), B (20.8–29.5 
ppm), Be (7.65–11.9 ppm), Sn (51.1–67.0 ppm), Ta (8.36–30.5 ppm), Li 
(20.6–33.8 ppm), Sc (14.5–20.6 ppm), Zn (67.3–87.6 ppm), and Ga 
(100–107 ppm) and high K/Rb ratios (99.1–114). The contents of other 
trace elements and the rare earth elements are low. 

The composition of beryl shows little variation with 66.06–67.22 wt 
% SiO2, 16.89–18.01 wt% Al2O3, and 13.66–13.91 wt% BeO (calcu-
lated). The contents of Na2O (0.56–0.69 wt%), FeO (0.30–0.84 wt%), 
and MgO (0.16–0.62 wt%) are low. Calculated H2O contents (using the 
equation H2O = (0.84958 ×Na2O) + 0.8373; Giuliani et al., 1997) range 
from 1.31 to 1.42 wt%. The contents of trace elements are variable and – 
in part – high: Cs (1080–6757 ppm), Li (221–442 ppm), Zn (178–399 
ppm), Ga (17.7–23.0 ppm), Rb (60.1–142 ppm), Sc (1.56–15.0 ppm), Ge 
(b.d.l.–15.1 ppm), and Cr (b.d.l.–104 ppm). The contents of other trace 
elements and the rare earth elements are very low. The Cs/Li and Cs/Rb 
ratios range from 3.88 to 19.8 and 15.3–48.5, respectively (Table 4). 

Some tourmaline crystals have homogeneous compositions (Fig. 4B), 
whereas others show alteration (Fig. 4C). Two groups of tourmaline are 
distinguished, Tur 1 has Mg/(Mg + Fe) ratios of 0.48 to 0.53, which 
plots on the schorl-dravite boundary, whereas Tur 2 has Mg/(Mg + Fe) 
ratios of 0.36 to 0.41, which is typical for schorl (Fig. 8A; Table 5). Tur 2 
has more Zn and less Co than Tur 1 (Fig. 8B). Concentrations of most 
trace elements (Be, Sc, V, Co, Sn, Ge, Sr) in tourmaline from the Weiling 
pegmatite show median concentrations of 1 to 11 ppm. The Li and Ga 
contents are slightly higher (20–90 ppm) and the Zn contents are 
markedly higher (349–1172 ppm). According to the classification of 
Henry et al. (2011), Tur 1 and Tur 2 both belong to the alkali group 
characterized by a Na + K site (Fig. 8C). In the Al-Fe-Mg ternary diagram 
of Henry et al. (1985), the composition of Tur 1 falls into the field of Ta
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Table 6 
chemical compositions of garnet.  

Garnet Fine-grained Garnet Coarse-grained Garnet 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 2 3 4 5 6 7 8 9 

Major elements (wt%) 
Na2O 0.00 0.04 0.04 0.04 0.01 0.07 0.04 0.05 0.04  0.00  0.06 0.04 0.11 0.05 0.09 0.01 0.06 0.05 0.03 0.00 0.04 0.04 0.06 
MgO 2.04 2.00 1.97 1.90 1.88 2.03 2.01 1.75 2.00  1.97  1.98 1.85 1.87 1.87 1.01 1.00 1.00 0.96 0.91 0.89 0.95 0.97 0.95 
Al2O3 20.18 20.48 20.51 19.97 20.25 20.48 20.50 19.36 20.32  20.33  20.37 20.17 20.25 20.21 20.57 20.55 20.34 20.59 20.41 19.54 20.40 20.30 20.57 
SiO2 36.84 37.46 37.39 36.65 37.13 37.21 37.34 35.87 37.22  36.95  37.02 36.69 36.70 36.84 36.06 36.20 36.35 36.29 36.17 34.14 36.39 36.20 36.48 
FeO 26.09 25.73 26.43 25.96 25.58 25.79 25.37 25.46 25.87  25.75  24.93 25.58 25.41 25.37 19.84 20.08 20.31 20.05 20.06 20.17 20.24 20.17 20.18 
MnO 14.38 14.28 14.44 14.56 15.09 15.08 15.06 15.41 15.19  14.88  15.06 15.27 15.20 15.40 23.03 23.28 23.09 22.99 23.07 22.99 22.96 22.83 22.47 
TiO2 0.01 0.01 0.00 0.07 0.02 0.00 0.00 0.02 0.00  0.00  0.02 0.00 0.05 0.00 0.02 0.06 0.04 0.03 0.04 0.05 0.07 0.02 0.04 
CaO 0.37 0.33 0.46 0.48 0.47 0.48 0.54 0.52 0.27  0.44  0.48 0.39 0.41 0.44 0.19 0.22 0.28 0.19 0.19 0.22 0.21 0.20 0.23 
K2O 0.00 0.00 0.00 0.01 0.01 0.01 0.03 0.03 0.00  0.00  0.00 0.00 0.03 0.00 0.02 0.01 0.01 0.01 0.03 0.03 0.01 0.00 0.04 
Total 99.96 100.42 101.28 99.68 100.45 101.17 100.92 98.48 100.97  100.36  99.93 100.26 100.32 100.17 100.89 101.44 101.58 101.21 100.90 98.03 101.33 100.74 101.05 
Xalm 0.57 0.58 0.58 0.58 0.57 0.56 0.56 0.55 0.56  0.57  0.56 0.56 0.56 0.56 0.43 0.43 0.43 0.43 0.43 0.42 0.43 0.43 0.44 
Xsps 0.33 0.33 0.33 0.33 0.34 0.34 0.34 0.36 0.35  0.34  0.35 0.35 0.35 0.35 0.52 0.53 0.52 0.52 0.53 0.53 0.52 0.52 0.51 
Xpro 0.08 0.08 0.08 0.08 0.07 0.08 0.08 0.07 0.08  0.08  0.08 0.08 0.08 0.08 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
Xgrs 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01  0.01  0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Xadr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MnO/(FeO + MgO) 0.51 0.51 0.51 0.52 0.55 0.54 0.55 0.57 0.55  0.54  0.56 0.56 0.56 0.57 1.10 1.10 1.08 1.09 1.10 1.09 1.08 1.08 1.06 
Trace elements and rare earth elements (ppm) 
La 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00  0.00  0.00 0.19 0.00 0.01 0.04 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Ce 0.02 0.01 0.01 0.04 0.00 0.00 0.00 0.00 0.00  0.00  0.00 0.81 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pr 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00  0.00  0.01 0.16 0.00 0.00 0.01 0.00. 0.00 0.00 0.01 0.00 0.00 0.00 0.01 
Nd 0.03 0.05 0.02 0.07 0.02 0.01 0.03 0.02 0.02  0.00  0.03 0.68 0.02 0.01 0.22 0.00 0.06 0.05 0.03 0.20 0.08 0.09 0.08 
Sm 0.29 0.40 0.12 0.12 0.08 0.07 0.14 0.15 0.15  0.07  0.15 0.46 0.18 0.08 0.46 0.68 0.62 0.52 0.58 0.52 0.62 0.67 0.78 
Eu 0.05 0.07 0.01 0.02 0.00 0.04 0.00 0.00 0.01  0.00  0.00 0.08 0.02 0.00 0.02 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.01 
Gd 3.88 4.78 0.93 1.31 1.08 1.34 1.35 1.63 0.44  0.70  0.74 2.14 1.35 0.00 3.89 3.96 4.45 4.17 3.92 3.17 3.82 4.22 3.84 
Tb 2.89 3.18 0.62 0.79 1.03 1.32 1.19 1.19 0.41  0.83  0.50 1.23 0.52 0.38 2.25 2.34 2.30 2.19 2.24 2.17 2.08 2.27 2.25 
Dy 40.8 45.9 6.86 12.7 15.6 19.4 16.3 15.6 4.09  11.7  5.59 19.4 5.24 4.08 17.3 19.5 19.2 18.3 18.1 17.6 18.5 18.7 19.4 
Ho 12.0 13.0 1.47 4.87 4.84 5.75 4.26 4.11 0.77  3.02  1.19 6.06 1.15 0.92 1.84 2.15 1.98 2.18 2.15 1.75 1.98 1.98 2.08 
Er 52.5 56.8 5.71 24.8 19.7 23.8 17.6 16.3 2.68  11.8  4.55 26.0 4.70 3.97 3.78 4.00 3.79 3.51 4.01 3.40 3.68 3.72 3.88 
Tm 14.4 15.5 1.56 6.35 4.62 5.56 4.25 3.82 0.65  2.76  1.18 6.57 1.25 1.13 0.44 0.54 0.57 0.59 0.63 0.60 0.57 0.55 0.50 
Yb 155 169 16.0 70.7 46.4 56.1 43.3 37.8 6.98  25.6  12.8 68.4 13.9 13.0 3.76 4.44 3.41 4.10 4.10 3.35 3.48 3.50 3.71 
Lu 24.7 26.5 2.54 13.4 6.23 8.76 6.26 5.40 0.81  3.55  1.80 10.2 2.17 2.03 0.30 0.32 0.31 0.25 0.30 0.24 0.25 0.26 0.27 
HREE 306 335 35.6 135 99.4 122 94.5 85.9 16.8  60.0  28.3 140 30.3 25.5 33.5 37.2 36.0 35.3 35.5 32.3 34.3 35.2 35.9 
Li 141 140 94.3 41.3 46.0 62.6 85.8 77.1 200  56.3  61.2 40.6 140 150 250 258 252 258 254 262 259 254 246 
Be 0.21 0.13 0.03 0.73 0.00 0.03 0.02 0.02 0.01  0.00  0.10 1.00 0.01 0.03 0.21 0.17 0.51 0.00 0.00 0.12 0.36 0.00 0.16 
B 20.3 18.5 18.5 15.1 13.5 13.4 13.5 12.5 13.9  13.6  9.79 13.7 14.2 13.5 5.11 0.00 2.73 0.00 0.17 3.19 0.00 0.00 1.67 
Sc 17.7 24.5 22.9 27.6 30.3 26.9 24.1 25.8 21.2  25.9  23.1 32.9 20.8 19.0 5.11 4.81 5.25 4.42 5.83 4.06 5.53 5.24 4.77 
V 0.19 0.19 0.16 0.25 0.20 0.27 0.25 0.20 0.11  0.20  0.12 0.23 0.04 0.07 0.41 0.63 0.29 0.58 0.47 0.16 0.66 0.45 0.86 
Cr 0.90 0.27 0.90 0.30 0.17 0.50 0.09 0.31 0.37  0.42  1.05 0.67 0.64 0.00 9.78 6.94 1.49 0.00 0.60 0.00 0.00 0.00 0.40 
Co 3.55 2.95 3.80 4.11 4.39 4.57 4.30 4.44 4.34  4.39  3.24 4.34 4.37 4.53 1.56 0.21 0.32 1.22 1.01 0.88 0.00 0.00 1.16 
Ni 0.66 0.23 0.13 0.09 0.12 0.07 0.03 0.04 0.00  1.20  0.08 0.10 0.01 0.03 0.00 0.00 0.00 0.05 0.11 0.72 0.00 0.08 0.00 
Cu 0.00 0.00 0.66 0.20 0.03 0.01 0.03 0.09 0.14  0.09  0.01 0.35 0.07 0.07 1.20 0.00 0.00 0.00 0.00 0.01 0.44 0.00 0.70 
Zn 97.7 84.7 97.2 92.9 97.1 94.8 95.0 96.8 97.2  95.7  70.1 90.7 96.6 95.9 149 151 160 149 156 159 156 159 161 
Ga 26.1 19.2 14.3 12.5 11.7 14.0 17.3 16.6 30.0  15.2  14.3 11.5 24.4 25.7 30.0 24.7 25.0 23.2 26.6 25.4 25.9 25.4 26.4 
Ge 50.4 48.4 29.5 32.1 41.6 47.0 54.1 58.0 73.7  55.7  39.7 36.8 67.1 68.4 93.1 92.8 94.7 103 98.5 99.2 113 98.6 101 
As 0.00 0.00 0.43 0.33 0.27 0.22 0.32 0.20 0.34  0.21  0.20 0.46 0.26 0.26 0.61 0.00 0.62 0.00 0.74 0.80 0.00 0.00 2.98 
Rb 0.06 0.11 12.3 35.0 0.04 0.00 0.03 0.00 0.00  0.02  0.07 1.92 0.00 0.00 26.89 0.03 0.14 0.00 0.00 0.04 0.08 0.15 0.07 
Sr 0.00 0.00 0.45 0.35 0.05 0.07 0.05 0.04 0.02  0.02  0.03 0.17 0.01 0.04 0.43 0.06 0.01 0.04 0.00 0.00 0.00 0.03 0.00 
Y 107 85.8 124 107 134 155 137 132 35.2  96.1  47.0 173 45.4 38.4 111 117 118 122 111 119 118 117 106 
Zr 6.69 3.80 6.11 4.75 2.91 5.37 6.63 6.53 19.0  3.86  5.31 3.90 12.5 11.3 18.5 18.9 19.9 19.3 18.0 19.6 19.7 20.0 20.6 
Nb 2.42 0.61 1.28 0.27 0.00 0.00 1.49 0.92 6.18  0.09  1.86 0.71 3.34 1.70 3.81 3.14 3.35 3.64 2.59 4.02 3.64 3.35 3.07 
Mo 4.22 3.70 5.28 4.31 4.32 4.55 4.26 4.37 4.32  4.33  3.22 4.76 4.50 4.34 1.90 2.18 2.30 1.40 2.50 2.86 1.68 2.05 1.62 

(continued on next page) 
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metapelites and metapsammites with coexisting Al-saturating phases, 
whereas the composition of Tur 2 falls in the field of Li-poor granitoids 
and associated pegmatites and aplites (Fig. 8D). Both groups of tour-
maline have similar REE patterns with LREE enrichment and positive Eu 
anomalies (Fig. 8E). 

Garnet from the Weiling pegmatite forms almandine-spessartine 
solid solutions (Table 6) and is characterized by low CaO contents 
(0.19–0.54 wt%) and variable, but high FeO and MnO contents: 
19.84–20.31 wt% and 14.28–15.41 wt% for the coarse-grained garnet, 
24.93–26.43 wt% and 22.47–23.28 wt% for the fine-grained garnet 
(Fig. 9A, B), respectively. Such garnet is typical for peraluminous (S- 
type) granites (Dutrow and Henry, 2011; Harangi et al., 2001). Apart 
from higher MnO contents, coarse-grained garnet also has higher Li, Zn, 
Zr, Ge, Cd, Ta, and Hf contents, higher MnO/(MnO + FeO) and Zr/Hf 
ratios, lower FeO, B, Mo, Co, Lu, Sc, and HREE contents, and lower Y/Ho 
ratios than garnet from the fine-grained layer (Fig. 9A-J; Table 6). 
Coarse-grained garnet has a marked enrichment of MREE, whereas fine- 
grained garnet has a strongly negative Eu anomaly and a marked 
enrichment of HREE (Fig. 9K). Both types of garnet have low Be, V, Cr, 
Ni, Cu, As, Sb, Cs, W, Bi, and Pb contents (Table 6). 

The composition of K-feldspar shows only little variation with 
64.16–66.78 wt% SiO2, 17.12–18.80 wt% Al2O3, 15.18–17.30 wt% K2O, 
and 0.53–1.12 wt% Na2O. K-feldspar has relatively low contents of Li 
(0.39–11.8 ppm), Be (1.45–5.44 ppm), B (4.33–10.4 ppm), Sc 
(4.07–5.12 ppm), Cu (0.25–2.79 ppm), Zn (0.36–11.2 ppm), Ga 
(9.34–30.5 ppm), Ge (2.05–3.84 ppm), Rb (458–533 ppm), Sr 
(11.9–74.0 ppm), Sn (0.24–4.58 ppm), Cs (20.4–54.5 ppm), Ba 
(13.2–227 ppm), Pb (57.4–156 ppm), and high K/Rb ratios (206–296) 
(Table 7). 

4.4. Boron isotopic composition of tourmaline 

Tourmaline B isotope data are shown in Table 8 and Fig. 10. The δ11B 
values fall in a narrow range from –12.8 ‰ to –9.5 ‰, which is close to 
the average boron isotopic composition of continental crust (–10 ± 3 ‰) 
(Marschall and Jiang, 2011). There is no difference between δ11B values 
of Tur 1 (–12.4 ‰ to –10.8 ‰) and Tur 2 (–12.8 ‰ to –9.5 ‰). 
Furthermore, the core and rim of tourmaline crystals do not show any 
difference in δ11B isotope data. 

4.5. Neodymium isotopic composition of Weiling pegmatite 

The Nd isotopic compositions of garnet and feldspar from the Weil-
ing pegmatite are shown in Table 9 and Fig. 11. Garnet contains abun-
dant small apatite inclusions, which results in higher Sm and Nd 
contents and markedly lower 147Sm/144Nd ratios than typical garnet. 
Thus, the εNd (t) values of the garnet samples may reflect the Nd isotopic 
composition of apatite shielded by garnet rather than garnet itself. The 
εNd(t) values of –12.0 and –11.4 for garnet (plus apatite) and –13.0 and 
–12.8 for K-feldspar fall into the range typical for average Proterozoic 
crust of the South China Block, implying that the Weiling pegmatite 
formed from partial melting of Mesoproterozoic crust. The Early 
Paleozoic as well as the strongly mineralized Triassic and Jurassic 
granites of the SCB could be derived from the same protoliths (Fig. 11). 

4.6. Fluid inclusion data 

Based on phase composition and phase proportion at 25 ℃, there are 
three types of fluid inclusions in quartz and beryl samples from the 
coarse-grained pegmatite. 

(1) L-type inclusions: Liquid-rich inclusions are the most abundant 
type of fluid inclusions in quartz and beryl. These oval to irregular in-
clusions typically have 2–10 μm diameter (Fig. 12A-D). 

(2) V-type inclusions: Vapor-rich inclusions are relatively uncom-
mon. At 25 ◦C, the vapor bubble occupies 50–80 vol% of the volume of 
the fluid inclusion (Fig. 12A, D). Ta
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Table 7 
chemical compositions of K-feldspar.  

Major elements (wt%) 

Na2O 0.66 0.53 0.65 0.78 0.66 0.66 1.12 0.64 0.81 0.85 0.58 0.57 0.89 0.71 0.74 
MgO 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 18.34 18.47 18.57 17.12 18.28 18.36 17.50 17.63 18.53 18.01 18.80 17.63 17.97 17.16 17.58 
SiO2 65.70 65.51 65.26 66.78 65.23 65.58 65.19 65.68 65.71 65.29 64.16 65.28 65.09 65.85 65.49 
K2O 15.81 16.06 15.78 15.18 15.30 15.48 15.32 16.17 16.52 16.42 17.30 16.59 16.76 16.26 16.64 
CaO 0.02 0.02 0.00 0.04 0.05 0.01 0.05 0.02 0.02 0.04 0.02 0.01 0.02 0.05 0.03 
FeO 0.00 0.00 0.03 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.03 0.03 
Total 100.54 100.61 100.29 99.95 99.57 100.12 99.25 100.17 101.62 100.66 100.88 100.09 100.76 100.09 100.55 
Trace and rare earth elements (ppm) 
Li 0.82 0.52 0.81 11.8 0.72 0.59 0.83 0.64 1.03 0.39 1.04 0.55 0.75 0.86 0.68 
Be 3.57 3.38 4.14 5.44 4.62 1.71 1.46 1.49 1.47 1.59 1.63 1.51 1.45 1.58 1.65 
B 5.05 4.52 4.44 10.4 4.33 5.63 5.81 6.27 6.49 5.93 5.50 5.79 5.47 5.23 5.31 
Sc 4.42 4.64 4.62 4.82 4.63 4.07 4.46 4.82 4.51 4.22 4.47 5.12 4.51 4.08 4.45 
V 0.00 0.00 0.02 0.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.05 
Cr 0.37 0.71 1.10 0.00 0.71 1.05 0.04 1.04 0.00 1.00 2.09 1.04 0.67 0.00 0.12 
MnO 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Co 0.00 0.06 0.02 0.29 0.18 0.09 0.17 0.11 0.00 0.00 0.04 0.00 0.22 0.07 0.00 
Ni 0.00 0.21 0.15 0.22 0.18 0.66 0.01 0.52 0.00 0.28 0.43 0.35 0.48 0.00 0.43 
Cu 0.51 1.05 0.59 0.86 0.54 1.09 0.73 2.79 0.75 0.25 1.62 2.14 1.80 0.51 0.28 
Zn 1.13 0.68 1.09 11.2 0.81 0.49 0.36 0.56 0.55 0.77 1.78 1.31 1.15 1.15 0.71 
Ga 14.6 12.1 16.2 30.5 15.6 16.3 16.2 15.3 16.8 13.6 12.1 11.0 9.61 9.34 11.5 
Ge 3.84 3.51 3.67 2.07 3.64 2.86 2.54 2.66 2.49 2.05 2.35 2.49 2.17 2.30 2.16 
As 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Rb 458 528 460 518 482 479 486 497 509 498 473 533 515 533 489 
Sr 74.0 39.9 35.2 48.3 37.2 13.7 12.5 13.5 11.9 25.3 24.5 20.5 15.5 16.1 18.9 
Y 0.24 0.05 0.04 0.19 0.06 0.12 0.02 0.04 0.01 0.05 0.08 0.07 0.05 0.08 0.01 
Zr 0.00 0.00 0.02 0.04 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.01 0.01 0.00 0.00 
Nb 0.01 0.01 0.01 2.98 0.01 0.02 0.00 0.01 0.00 0.02 0.01 0.01 0.01 0.02 0.00 
Mo 0.02 0.00 0.02 0.05 0.04 0.01 0.00 0.01 0.01 0.01 0.00 0.03 0.01 0.04 0.00 
Cd 0.02 0.02 0.00 0.04 0.01 0.08 0.00 0.00 0.04 0.00 0.04 0.01 0.00 0.03 0.00 
In 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Sn 0.36 0.28 0.34 4.58 0.31 0.38 0.39 0.56 0.32 0.41 0.44 0.36 0.52 0.39 0.24 
Sb 0.03 0.00 0.00 0.02 0.00 0.07 0.04 0.02 0.00 0.01 0.00 0.00 0.04 0.01 0.01 
Cs 39.9 34.1 26.6 20.4 45.7 35.2 41.5 38.4 43.9 46.0 45.8 47.6 40.2 34.7 54.5 
Ba 115 134 123 227 107 26.2 13.2 23.8 13.6 64.1 35.5 44.0 44.3 33.4 44.5 
La 0.06 0.04 0.04 0.04 0.05 0.25 0.08 0.12 0.06 0.07 0.09 0.10 0.09 0.09 0.08 
Ce 0.14 0.05 0.06 0.07 0.05 0.27 0.04 0.12 0.03 0.09 0.11 0.14 0.12 0.17 0.05 
Pr 0.01 0.01 0.01 0.01 0.00 0.02 0.01 0.02 0.00 0.01 0.01 0.01 0.02 0.02 0.00 
Nd 0.10 0.04 0.02 0.00 0.00 0.09 0.00 0.04 0.01 0.03 0.04 0.03 0.02 0.02 0.01 
Sm 0.06 0.02 0.00 0.01 0.00 0.06 0.01 0.00 0.00 0.02 0.00 0.02 0.03 0.02 0.01 
Eu 0.11 0.01 0.05 0.08 0.00 0.02 0.05 0.05 0.07 0.00 0.08 0.05 0.05 0.02 0.06 
Gd 0.32 0.00 0.17 0.16 0.00 0.00 0.00 0.00 0.96 0.00 0.58 0.76 0.22 0.87 0.15 
Tb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Dy 0.05 0.00 0.00 0.02 0.01 0.02 0.00 0.00 0.02 0.00 0.01 0.00 0.00 0.01 0.01 
Ho 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Er 0.00 0.00 0.01 0.02 0.03 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 
Tm 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Yb 0.05 0.03 0.02 0.00 0.03 0.03 0.05 0.03 0.00 0.07 0.02 0.00 0.03 0.01 0.10 
Lu 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Hf 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.00 0.02 0.00 0.00 0.00 0.00 
Ta 0.04 0.01 0.02 0.60 0.03 0.01 0.01 0.02 0.00 0.01 0.01 0.01 0.03 0.03 0.01 
W 0.02 0.01 0.00 1.27 0.00 0.23 0.04 0.03 0.01 0.00 0.00 0.03 0.03 0.05 0.02 
Bi 0.02 0.01 0.02 0.03 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.00 
Pb 138 127 81.3 57.4 112 88.1 100 95.7 103 129 149 102 111 116 156 
Th 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.01 0.00 0.00 0.01 0.02 0.01 0.02 0.00 
U 0.02 0.02 0.05 3.98 0.03 0.07 0.03 0.05 0.02 0.15 0.11 0.07 0.04 0.08 0.02 
K/Rb 296 238 275 206 266 265 276 276 267 288 291 261 262 259 269  
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(3) C-type inclusions: CO2-bearing inclusions occur in both quartz 
and beryl. These three-phase inclusions (VCO2 + LCO2 + LH2O) have 3–8 
μm diameter and show a regular to irregular shape. This type of fluid 
inclusion accounts for 20 vol% of the total population. The carbonic 
phase accounts for 60–80 vol% of the total volume (Fig. 12A, C, D). 

L-type, V-type, and C-type inclusions in quartz and beryl have CO2 
melting temperatures ranging from –58.1 to –55.1 ℃ and CO2 

homogenization temperatures ranging from 25.2 to 27.8 ℃ (Fig. 13 and 
Table 10). Eutectic temperatures of –28.2 to –22.3 ℃ demonstrate the 
dominance of NaCl and KCl (Crawford 1981). The three types of in-
clusions homogenize at temperatures of 222–357 ℃ (Fig. 13A; 
Table 10). During heating, all L-type inclusions homogenize to the liquid 
phase and most V-type inclusions homogenize to the vapor phase. The 
final ice melting temperatures of L-type and V-type inclusions are –7.4 to 
–1.3 ℃, whereas clathrate melting temperatures of C-type inclusions 
range from 4.3 to 8.3 ℃. The salinities of fluid inclusions range from 3.3 
to 10.9 wt% NaCl equiv (Fig. 13B) and the density of the fluid ranges 
from 0.62 to 0.86 g/cm3. Raman spectroscopy demonstrates the pres-
ence of CO2 in the vapor phase of L-type and C-type inclusions in quartz 
(Fig. 14A, B), H2O in the liquid phase of L-type inclusions in quartz, and 
coexisting CO2 and N2 in the vapor phase of L-type inclusions in beryl 
(Fig. 14D). 

5. Discussion 

5.1. Age of the Weiling pegmatite 

There were three major Phanerozoic phases of tectonic overprint in 
the SCB, i.e., an Early Paleozoic intracontinental orogeny with major 

Fig. 6. Binary diagrams showing the trace element contents and ratios of 
muscovite from Be-pegmatites and granites. (A) log(Rb) vs. log(Cs); (B) log(Li) 
vs. log(K/Rb); (C) log(Sc) vs. log(Sn). Data sources: Be-pegmatites from the 
western Kunlun Orogenic Belt (Yan et al., 2022) and Weiling (Table 3), and 
granites from Yashan (Li et al., 2015), Dalingshang (Yin et al., 2019), and 
Xihuashan (Li et al., 2021). 

Fig. 7. Binary diagrams showing the trace element contents of beryl from the 
Weiling pegmatite. (A) Cs vs. Li; (B) B vs. Li. Data for the California Blue Mine 
topaz-beryl pegmatite (Pauly et al., 2021) are shown to highlight that the 
contents for Cs and Li increase systematically from magmatic to metasomatic 
and hydrothermal beryl. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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Fig. 8. Compositional variation of tourmaline from 
the Weiling pegmatite. (A) Tourmaline classification 
based on the calculated Mg/(Mg + Fe) versus X-site 
occupancy; (B) Co versus Zn; (C) Classification dia-
gram of tourmaline from the Weiling pegmatite based 
on X-site occupancy (after Henry et al., 2011); (D) 
Ternary Al-Fe-Mg diagram showing composition of 
tourmaline from the Weiling pegmatite. The regions 
define the compositions of tourmaline from different 
rock types, according to Henry and Guidotti (1985). 
1 = Li-rich granitoids and associated pegmatites and 
aplites; 2 = Li-poor granitoids and associated peg-
matites and aplites; 3 = Fe3+-rich quartz-tourmaline 
rocks (hydrothermally altered granites); 4 = Meta-
pelites and metapsammites coexisting with an Al- 
saturating phase; 5 = Metapelites and meta-
psammites not coexisting with an Al-saturating phase; 
6 = Fe3+-rich quartz-tourmaline rocks, calc silicate 
rocks, and metapelites. (E) Chondrite normalized di-
agram of REE. Normalization values are after McDo-
nough and Sun (1995).   
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Fig. 9. Binary diagrams showing the major and trace element concentrations and ratios of garnet from the Weiling pegmatite. (A) MnO/(FeO + MnO) vs. FeO (wt. 
%); (B) CaO vs. MnO (wt.%); (C) B vs. Li (ppm); (D) V vs. Sc (ppm); (E) Ge vs. Ga (ppm); (F) HREE vs. Cd (ppm); (G) Zn vs. Co (ppm); (H) Zr vs. Y (ppm); (I) Mo vs. Nb 
(ppm); (J) Zr/Hf vs. Y/Ho; (K) Chondrite normalized diagram of REE. Normalization values are after McDonough and Sun (1995). 
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crustal thickening, the Triassic collision between the Indochina Block 
and the SCB in response to the closure of the Paleo-Tethys Ocean, and 
the Jurassic-Cretaceous subduction of the Paleo-Pacific plate (Song 
et al., 2015; Wang et al., 2007a; Wang et al., 2011). Major granite- 
related polymetallic mineralization is associated with highly- 
fractionated S-type granites that formed during these tectonic events. 
Jurassic and Cretaceous Sn and W mineralization is economically most 
important (Jiang et al., 2020). Based on field occurrence alone, the 
Weiling beryl-bearing pegmatite could be related to any of these 
magmatic and metamorphic events. 

The dated muscovite has slightly low K2O contents (Table 3), which 
indicates that the muscovite might have been slightly altered. Therefore, 
it is a priori not clear whether the plateau age of 405.33 ± 3.38 Ma really 
dates a Paleozoic event or is too old because of the alteration with 
possible additions of excess argon. To resolve this ambiguity, mineral 
separates of garnet from the concentric structures were dated using the 
U-Pb method. The U contents of garnet are low and the Pb isotopic 
compositions are not very radiogenic. Therefore, the garnet U-Pb age is 
not very precise. The U-Pb data, however, clearly show that the Weiling 
pegmatite formed during an Early Paleozoic tectonic event affecting the 
SCB. This finding agrees broadly with the zircon U-Pb isochron age of 
388.5 ± 3.1 Ma reported by Zheng et al. (2023). The age data demon-
strate that the Weiling beryl-bearing pegmatite is not related to the 
Jurassic-Cretaceous magmatism that accounts for Sn and W 

Table 8 
LA-MC-ICP-MS boron isotopic analyses of tourmaline from the Weiling granitic pegmatite.  

Analysis no. Type δ11B (%)  Analysis no. Type δ11B (%)  Analysis no. Type δ11B (%) 

17WL-1–1 Tur 2  − 11.9  15WL-21–1 Tur 2  − 10.4  15WL-22–4 Tur 2  − 10.8 
17WL-1–2 Tur 2  − 12.1  15WL-21–2 Tur 2  − 10.1  15WL-22–5 Tur 2  − 10.4 
17WL-1–3 Tur 2  − 12.0  15WL-21–3 Tur 2  − 9.5  15WL-22–6 Tur 2  − 10.7 
17WL-1–4 Tur 2  − 12.8  15WL-21–4 Tur 2  − 9.6  15WL-22–7 Tur 2  − 10.8 
17WL-1–5 Tur 2  − 12.6  15WL-21–5 Tur 2  − 10.3  17WL-1–6 Tur 1  − 12.4 
15WL-17–1 Tur 2  − 11.2  15WL-21–6 Tur 2  − 10.1  15WL-17–8 Tur 1  − 10.9 
15WL-17–2 Tur 2  − 11.9  15WL-21–7 Tur 2  − 12.2  15WL-17–9 Tur 1  − 11.7 
15WL-17–3 Tur 2  − 11.8  15WL-21–8 Tur 2  − 11.0  15WL-21–9 Tur 1  − 10.8 
15WL-17–4 Tur 2  − 11.8  15WL-22–1 Tur 2  − 10.4  15WL-21–10 Tur 1  − 10.9 
15WL-17–5 Tur 2  − 11.4  15WL-22–2 Tur 2  − 10.2  15WL-22–8 Tur 1  − 10.8 
15WL-17–6 Tur 2  − 11.6  15WL-22–3 Tur 2  − 10.7  15WL-22–9 Tur 1  − 11.1  

Fig. 10. Histogram of boron isotopic composition of tourmaline.  

Fig. 11. Evolution diagram for the Nd isotopic composition of differently-aged 
crust in the South China Block. The Nd isotopic composition of pegmatitic 
minerals from the Weiling pegmatite (garnet and feldspar) falls on the same Nd 
evolution trend as Jurassic, Triassic, and Paleozoic granites from the South 
China Block. The Nd isotope ranges of Proterozoic metasedimentary rocks in 
the SCB are from Chen and Jahn (1998). Data source: Early Paleozoic granites 
(Wang et al., 2011b; Shu et al., 2015); Early Triassic granites (Wang et al., 
2007b; Shu et al., 2015); Late Jurassic granites (Liu et al., 2021). 

Table 9 
Nd isotopic analyses of garnet and feldspar from the Weiling granitic pegmatite.  

Sample Mineral Age (Ma)  Sm (ppm) a Nd (ppm) a 147Sm/144Nd b 143Nd /144Nd ± 2 σ b εNd (t ¼ 407 Ma) c 

15WL-14-Grt Garnet 407   0.83  2.45  0.2044 0.512056 ± 4  − 11.35 
15WL-16-Grt Garnet 407   1.47  4.25  0.2093 0.512021 ± 4  − 12.03 
15WL-14-fsp Feldspar 407   0.09  0.31  0.1737 0.511984 ± 6  − 12.76 
15WL-16-fsp Feldspar 407   0.29  0.97  0.1778 0.511972 ± 3  − 12.98  

a Measured concentration of isotopes in garnet and feldspar. 
b Measured isotopic ratios in garnet and feldspar. 
c Calculated using (143Nd/144Nd)0 

CHUR = 0.512638 and emplacement age of 407 Ma. 
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mineralization in the SCB, although most of Be mineralization in the SCB 
is related to Jurassic and Cretaceous Sn and W mineralization. The age 
data cannot distinguish whether the Weiling pegmatite is related to the 
Early Paleozoic high-grade metamorphism affecting the area (Zhang 
et al., 2009) or to post-orogenic Paleozoic intrusions. 

5.2. Source and mobilization of pegmatitic melt 

The Weiling pegmatite contains abundant tourmaline, beryl, garnet, 
and muscovite, all of which are typical for granitic rocks originating 
from the partial melting of sedimentary rocks. Pegmatites with this 
mineral assemblage typically are classified as LCT-type pegmatites that 
apart from enrichment of B and P also may have enhanced contents of 
rare metals and/or Be (Cerny and Ercit, 2005). 

The δ11B values of tourmaline from the Weiling pegmatite (-12.8 ‰ 
to − 9.5 ‰) are similar to those of the continental crust (Palmer and 
Slack, 1989; Marschall and Jiang, 2011), suggesting a continental 
crustal origin (Fig. 10). Pegmatitic minerals – feldspar and garnet – from 
the Weiling pegmatite have εNd (t) values of − 12.98 to − 11.35 (Fig. 11). 
These values are similar to those of Early Paleozoic granites from the 
SCB (-14.9 ~ -11.7, Liu et al., 2021) and fall into the compositional 
evolution trend of Paleo-Meso Proterozoic basement rocks (Fig. 11). 
Thus, both the Weiling pegmatite and the Early Paleozoic granites are 
likely to have been generated by partial melting of metasedimentary 
rocks without significant input of mantle material (Song et al., 2015; 
Fig. 11). Furthermore, the similar εNd (t) values suggest that regional 
Early Paleozoic granites (if present at depth) could be parental rocks of 
the Weiling pegmatite. 

Although the nature of accessory and ore minerals and the isotopic 
compositions of Nd and B clearly indicate sedimentary protoliths for the 
pegmatitic melts, it is a priori not clear whether the Weiling pegmatite is 
linked to a S-type granite or represents local anatectic melts. In the first 
case, the pegmatitic melts are the result of extensive magmatic frac-
tionation and the pegmatite should be spatially and genetically related 
to a nearby coeval granite. On the local scale, there are no outcrops of 

intrusions of appropriately chemical composition and age (Fig. 1C), 
although it may be argued that such intrusions could be present at depth. 
In the second case, the pegmatites are related to the metamorphism and 
migmatization of regional sedimentary rocks of the Zhoutan Formation 
induced by decompression and head advection by the emplacement of 
high-grade metamorphic nappes or the emplacement of melts from the 
lower crust or the mantle. Both processes of pegmatite formation yield 
similar δ11B, and εNd(t) values with regional early Paleozoic granites. 

5.3. The Weiling pegmatite: A highly fractionated melt or a small-volume 
partial melt 

The chemical composition of pegmatitic melt reflects the source 
rocks and internal fractionation processes, which are particularly 
important in zoned pegmatites (Trumbull et al., 2013; Morgan and 
London, 1989). For pegmatites that are derived from a parent granite, 
the chemical composition of the pegmatite is also affected by the early 
magmatic fractionation of the parent granitic melt. Because of the large 
crystal size of pegmatites, it is generally difficult to get representative 
bulk rock samples. Therefore, the composition of pegmatitic minerals is 
commonly used to monitor the composition of the melts/fluids forming 
the pegmatite (Morgan and London, 1989). 

The chemical compositions of pegmatitic minerals differ between 
anatectic melts and highly fractionated residual melts (Michallik et al., 
2017; Tian et al., 2020; Jiang et al., 2021; Luo et al., 2022). We use this 
dependence of mineral chemistry on the mode of pegmatite formation to 
address the petrogenesis of the Weiling pegmatite by comparing trace 
element signatures of muscovite, K-feldspar, tourmaline, and beryl from 
the Weiling pegmatite with the corresponding signatures of minerals 
from pegmatites of unequivocal genesis, i.e., highly fractionated peg-
matites or anatectic pegmatites. 

Muscovite from the Weiling pegmatite has low contents and rela-
tively narrow ranges of Rb, Cs, Li, Sc, and Sn, and high K/Rb ratios 
(Fig. 6), which is in contrast to muscovite from highly fractionated 
melts, such as the Mesozoic highly fractionated muscovite granites in 

Fig. 12. Sketch and photomicrographs showing types and distribution of fluid inclusions in quartz and beryl from the Weiling pegmatite. Qz = Quartz; Brl = Beryl.  
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Yashan, Dalingshang, and Xihuashan granites, the Be-pegmatites along 
the western Kunlun Orogenic Belt that formed by fractional crystalli-
zation (Fig. 6). Muscovite from the Be-pegmatites along the western 
Kunlun Orogenic Belt formed by fractional crystallization and has 
similar compositions as muscovite from the Mesozoic granites of the SCB 
with W-Sn-Be-Nb-Ta deposits. Muscovite from magmatic systems has 
much higher contents and variations of these elements (Rb, Cs, Li, Sc, 
and Sn) and lower K/Rb ratios (Fig. 6). The high trace element contents 
reflect two features, availability of the trace elements in the source and 
incompatible behavior during melt evolution. For instance, the corre-
lated increase of Sn and Sc in muscovite from differently evolved types 
of the Xihuashan granite (Fig. 6C) shows that both elements were 
available in the granite source and behaved incompatible during magma 
evolution. Low contents of the incompatible trace elements Li, Rb, and 
Cs indicate that the melt did not experience significant fractionation. 
Muscovite from little-evolved Xihuashan biotite granite shows low Cs 
and Rb contents, and high ratio of K/Rb, similar to muscovite from the 
Weiling pegmatite. Therefore, the low contents of Rb, Cs, Li, Sc, and Sn 
in muscovite from the Weiling pegmatite demonstrate that this 
pegmatite crystallized from a little-evolved melt. This conclusion is also 
supported by the low Rb (458–533 ppm) and Cs (20.4–54.5 ppm) con-
tents and the high K/Rb ratios (238–296) of K-feldspar from the Weiling 
pegmatite (Table 7) that differ markedly from the values known from 
highly evolved beryl-enriched granites, i.e., Rb > 3000 ppm, Cs > 100 
ppm, and K/Rb < 30 (Selway et al., 2005), the pegmatitic leucogranites 

with K/Rb varying from 24 to 132 (Černý et al., 2005), and the barren 
pegmatites with K/Rb varying from 158 to 216 (Hulsbosch et al., 2014). 
These ranges preclude the possibility that the Weiling pegmatite is the 
result of fractional crystallization. 

The composition of pegmatitic minerals is used to estimate the de-
gree of fraction (Morgan and London, 1989). For instance, the chemical 
composition of tourmaline in complex zoned pegmatites varies with 
fractionation from schorl-dravite in the little evolved border and wall 
zones to varicolored elbaite in the highly evolved inner zones (Trumbull 
et al., 2013). Tourmaline from the Weiling pegmatite belongs to the 
schorl-dravite series (Fig. 8A), indicating the Weiling pegmatite expe-
rienced only a low degree of fractionation, in line with the low contents 
of Rb (831–932 ppm), Cs (19.1–32.3 ppm), and Li (22.4–33.8 ppm) in 
muscovite (Fig. 6A, B), and the low contents of Rb (458–533 ppm) and 
Cs (20.4–54.5 ppm) and high K/Rb ratio (238–296) in K-feldspar. Both 
tourmaline and garnet from different mineral assemblage have varia-
tions of Fe and Mg contents (Fig. 8A, 9A), which could represent a 
reservoir effect, i.e., as early crystallized minerals extracted mainly Fe, 
later grown minerals had higher Mg contents. The trace and rare earth 
elements in tourmaline and garnet from different mineral assemblages 
vary significantly (Figs. 8 and 9), which could reflect non-homogenized 
melts that are derived from the partial melting of heterogeneous meta-
sedimentary source rocks or different degrees of partial melting from a 
homogeneous source. The B concentrations of beryl are low and highly 
variable (Fig. 7). 

Magmatic, metasomatic, and hydrothermal beryl from the California 
Blue pegmatite has contrasting trace element contents (Pauly et al., 
2021). Primary magmatic beryl has low concentrations of Cs < 700 ppm, 
Li < 200 ppm, and B < 5 ppm, whereas metasomatic and hydrothermal 
beryl seems to have markedly higher and heterogeneous contents of 
these elements (Pauly et al., 2021). Beryl from the Weiling pegmatite 
has high and variable contents of Li, B, and Cs, similar to metasomatic 
and hydrothermal beryl from the Bule Mine pegmatite (Fig. 7). A hy-
drothermal origin of beryl is in line with the abundance of fractures and 
fluid inclusions (Fig. 4D, Fig. 12C, D) and the low homogenization 
temperatures of fluid inclusions (Fig. 13A). As there seems to be no 
primary magmatic beryl in the Weiling pegmatite, its composition does 
not reflect the evolution history of the pegmatitic melt. 

Granites that may form rare-metal pegmatites commonly are per-
aluminous to strongly peraluminous and highly-evolved. Typically, 
fertile granite and pegmatitic leucogranite have low ratios of K/Rb <
100, Ba/Rb < 1.8, Mg/Li < 10, and Nb/Ta < 8 (Selway et al., 2005; 
Černý et al., 2005; Ballouard et al., 2016; Lv et al., 2021). Early Paleo-
zoic granites around the NWA, e.g., Yihuang and Fufang granites, as well 
as typical Early Paleozoic granites of the SCB show high ratios of K/Rb >
100, Ba/Rb > 1.8, Mg/Li > 10, and Nb/Ta > 8 (Fig. 16), indicating that 
these granites are weakly differentiated and, therefore, unlikely to be 
precursors of beryl-bearing pegmatites. Furthermore, the Early Paleo-
zoic granites in the SCB have low Be contents (3.4–3.5 ppm, Liu 1975) 
and do not represent an adequate Be source for the Weiling pegmatite. 
For comparison, granites with beryllium deposits typically have Be 
contents of 10–27 ppm (Liu 1975). Thus, the absence of favorable fertile 
granites for Be-pegmatites supports the conclusion – obtained from the 
chemical compositions of muscovite and K-feldspar – that the Weiling 
pegmatite evolved from an anatectic melt. Mesozoic granites of the SCB 
having relatively high Be contents (15.7–33.7 ppm, Liu 1975), are 
highly fractionated and may have associated W ± Sn mineralization. 
Typically, Mesozoic Be mineralization is associated with those W-Sn 
deposits. Mesozoic Be-pegmatites in the SCB are linked to highly evolved 
granites (Tian et al., 2020; Wen et al., 2021). Even though it is quite 
likely that Paleozoic and Mesozoic granites involved the same source 
rocks (Fig. 11), the contrasting metal endowment of the two groups of 
granites indicates that they formed at different melting temperatures (e. 
g., Yuan et al., 2019), with generally insignificant mobilization of Be, Sn 
and W during Paleozoic melting and significant mobilization of these 
metals, in particular Sn and W during Mesozoic melting. 

Fig. 13. Histograms of homogenization temperatures and salinities of fluid 
inclusions in quartz and beryl from the Weiling pegmatite. 
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5.4. Role of fluids and post-crystallization alteration 

Many beryl-bearing rare-metal deposits in the Altai Pegmatite Dis-
trict, the Western Kunlun Orogenic Belt, and the Songpan-Ganzi 
Pegmatite Belt of western China formed from medium-temperature, 
low-salinity, high-density and CO2-rich fluids (Fig. 15; Liu et al., 2012; 
Ashworth 2014; Qin 2014; Ding and Li, 2015; Xiong et al., 2015; Huang 
et al., 2017; Mulja and Williams-Jones, 2018; Hu 2019). The CO2-rich 
ore-forming fluids are commonly present in LCT pegmatites, e.g., Jiajika 
(Yang et al, 2020) and Lijiagou (Fei et al., 2021) in the Songpan-Ganzi 
Pegmatite Belt. In some pegmatites the fluid has minor CH4 and N2, e. 
g., the beryl mineralization of the Cuonadong gneiss dome in southern 
Tibet of China (Hu 2019) and the Tanco Li-Be-pegmatite in Canada 
(London 1986). For the studied Weiling pegmatite, the ore-forming fluid 
contained also CO2 and N2 (Fig. 14). Fluxing components (CO2, N2, F, P, 
and B) could decrease the viscosity of melts/fluids and the solidus 
temperature of granitic melts, thereby allow for higher differentiation 
and higher concentrations of rare metals (Raimbault et al., 1995). In 
contrast, high-viscosity melts in the super-cooling environment, which 
could be caused by high contents of Be, always show characteristic 
graphic textures. For example, the Be-pegmatites of the Weiling in the 
SCB, as well as Altay Pegmatite District (e.g., Azubai and Jiamukai) have 
well developed graphic textures. Therefore, the presence of graphic 
structure of pegmatite is used as a guide in prospection of Be-pegmatites. 

Quartz and beryl have L-type, V-type and C-type fluid inclusions that 
occur together (Fig. 12A, D), which means the simultaneous presence of 
aqueous-carbonic and aqueous fluids. Quartz and beryl have similar 
homogenization temperatures and salinities for L-type, V-type and C- 
type inclusions (Figs. 13 and 15). Fluid inclusions from the Weiling 
pegmatite yield much lower temperatures than the melting temperature 
of most granitic pegmatites (420–650 ℃), even for P-rich and B-rich 
systems (Li et al., 2017). Instead, homogenization temperatures of fluid 
inclusion are similar to those from many Li-Be-pegmatites (Fig. 15) such 

as the Jiajika Li-rich granitic pegmatite (250–350 ℃) (Yang et al., 
2020), and the main emerald mineralization stage of the Dayakou 
emerald deposit (300–360 ℃) (Long et al., 2021). One possible expla-
nation for medium–low homogenization temperatures of the ore- 
forming fluid is that beryl formed during the late hydrothermal stage 
of the Weiling pegmatite. This interpretation, however, does not explain 
the medium homogenization temperatures and low salinities of fluid 
inclusions in quartz. Alternatively, the fluid inclusions could reflect 
secondary hydrothermal processes related to the exsolution of late fluids 
from the pegmatite melt. Such a late separation of a magmatic fluid with 
separation into aqueous and CO2 phases also explains the heterogeneous 
entrapment in quartz and beryl at temperatures between 222 and 357 
℃. 

5.5. The tectonic setting of the Weiling pegmatite 

The SCB hosts numerous rare-metal deposits, in particular of Sn, W, 
and Be (Fig. 1A) that formed in different tectonic settings and at 
different time (Jingwen et al., 2013, 2019). For instance, the W-Mo 
deposits are related to oxidized granites that received major input from 
the lithospheric mantle and formed in extensional settings (Jingwen 
et al., 2013). In contrast, Sn-W and Be deposits are mainly related to 
reduced granites. Although Sn, W, and Be mineralization in the SCB may 
involve the same protoliths, intensity of mineralization varies signifi-
cantly with time. The most important mineralization in the SCB is 
related to Jurassic and Cretaceous granites, and there is also significant 
Triassic mineralization. In contrast, Paleozoic granites and pegmatites 
only have minor mineralization, i.e., Be in some pegmatites and Mo in 
the Wuyi-Yunkai Domain farther to the southwest. This temporal vari-
ation seems to be related to the processes that mobilize these metals 
from the protoliths into the melt, in particular in dependence of melting 
temperatures and the mineral assemblages of the restites (Wolf et al., 
2018). The mobilization of Sn seems to be controlled by biotite- 

Table 10 
Summary of the microthermometric data of fluid inclusions trapped in quartz and beryl from the Weiling granitic pegmatite.  

Group Host 
Mineral 

FIs type Number Tm-co2 

(℃) 
Tm-eu 
(℃) 

Tm-ice 
(℃) 

Tm-cla 
(℃) 

Th-co2 

(℃) 
Th 
(℃) 

Salinity (wt.% NaCl 
equivalent) 

Density (g/ 
cm3) 

Group01 Quartz L + V-type 2   –22.3  − 3.9   285  6.3 0.79 
Group02 Quartz L + V-type 4   − 25.8  − 3.6   258  5.9 0.83 
Group03 Quartz L + V-type 3   − 25.3  − 4.6   354  7.3 0.75 
Group04 Quartz L + V-type 3      338  0.62 
Group05 Quartz L + V + C- 

type 
4    − 6.7   260  10.1 0.78     

4.3   10.0 
Group06 Quartz L + V + C- 

type 
3    − 4.7   253  7.5 0.85  

− 57.1    6.5  26.4  6.5 
Group07 Quartz C-type 2  − 55.1    5.2  26.4 357  8.7 0.57 
Group08 Quartz C-type 3  − 57.8    8.3  26.9 302  3.3 0.70 
Group09 Quartz L + V + C- 

type 
4   − 28.2  − 2.2   302  3.7 0.70     

7.5  27.8  4.9 
Group10 Quartz L + V + C- 

type 
3    − 4.9   253  7.7 0.79     

5.6  25.2  8.0 
Group11 Quartz L + V-type 2   –22.3    267  5.7 0.76 
Group12 Quartz L + V-type 1      255  0.78 
Group13 Quartz L + V-type 1   − 25.3    296  0.79 
Group14 Quartz L + V-type 2    − 2.2   245  3.7 0.80 
Group15 Quartz L + V-type 1   − 26.7    295  0.75 
Group16 Beryl L + V-type 2   –23.2  − 3.1   347  5.1 0.71 
Group17 Beryl L + V-type 4   − 24.5  − 4.1   222  6.6 0.78 
Group18 Beryl L + V-type 1   –22.6    225  0.83 
Group19 Beryl L + V-type 2    − 2.3   267  3.9 0.82 
Group20 Beryl L + V-type 1    − 2.3   235  3.9 0.82 
Group21 Beryl L + V-type 3   − 26.5  − 2.1   295  3.6 0.71 
Group22 Beryl L + V-type 2   –22.4  − 2.0   281  3.4 0.74 
Group23 Beryl L + V-type 3   − 26.5  − 7.4   300  11.0 0.70 
Group24 Beryl C-type 2  − 58.1    7.5  275  6.8 0.86 
Group25 Beryl L + V + C- 

type 
3     4.3  315  10.0 0.73    

− 7.3    10.9 

Abbreviation: Tm-CO2: melting temperature of solid CO2; Teu: eutectic temperature of aqueous fluid inclusions; Tm-cla: melting temperature of the clathrate; Th-CO2: 
homogenization temperature of CO2; Tm-ice: final ice-melting temperature; Th: total homogenization temperature. 
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Fig. 14. Representative laser Raman spectra for fluid inclusions from the Weiling pegmatite. (A) CO2 spectra of the vapor phase in L-type inclusion of quartz; (B) CO2 
spectra of the vapor phase in C-type inclusion of quartz; (C) H2O spectra of the liquid phase in L-type inclusion of quartz; (D) CO2 and N2 spectra of the vapor phase in 
L-type inclusion of beryl. Qz = Quartz; Brl = Beryl. 
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dehydration melting, which occurs at higher temperature than 
muscovite-dehydration melting. Furthermore, the loss of low- 
temperature partial melts seems to be essential for the enrichment of 
Sn in high-temperature partial melts (Wolf et al., 2018). In contrast, W 
and Be are mainly mobilized already at lower temperature during 
muscovite-dehydration melting (Yuan et al., 2019). These constraints 
may explain why Sn mineralization is rare in Paleozoic granites of the 
SBC and Be occurs both (i) in Paleozoic and Mesozoic pegmatites with no 
or only subordinate W or Sn and (ii) in Mesozoic late-magmatic vein- 
type mineralization associated with W. The Be-rich melts may be 
generated by partial melting of metasedimentary rocks by (i) muscovite 
dehydration melting if Be released from decomposed muscovite is not 
sequestered in stable restite phases and by (ii) influx of CO2-rich fluids 
that trigger dehydration melting (Cuney and Barbey 2014). The Weiling 
pegmatite possibly is derived from the partial melting of Zhoutan For-
mation metapelites under amphibolite facies conditions or by fluid input 
along regional shear zones. 

Early Paleozoic granitoids in the SCB fall into two age groups. The 
older age group includes 460–435 Ma syn-orogenic granites related to 
the intracontinental high-grade metamorphism. The younger group, 
which is far more voluminous, includes 435–400 Ma granites that post- 
date the metamorphic peak and that were emplaced in a setting of 
extension (Zhang et al., 2009; Chen et al., 2018). The Weiling super- 
large granitic pegmatite falls in the younger age group when an exten-
sional setting prevailed. Such a setting is in line with the observation 
that most large-scale rare metal pegmatites in the world form in late and 
post-orogenic settings (Černý 1991; Yan et al., 2022), i.e., postdate the 
peak of regional metamorphism (Lv et al., 2018). 

6. Conclusions  

(1) The Weiling granitic pegmatite possibly formed at ca. 405 Ma. 
The pegmatite shows a low degree of fractionation. The B isotopic 
compositions of tourmaline and the Nd isotopic compositions of 
K-feldspar and garnet of the pegmatite indicate that the melts 
were derived from crustal sources without input of mantle 
component. 

(2) The mineral assemblage, mineral chemistry, and B and Nd iso-
topic compositions indicate that the Weiling granitic pegmatite is 
a LCT pegmatite that resulted from low pressure muscovite 
melting of metasedimentary rocks of the Zhoutan Formation. 
These sedimentary rocks were likely the source of Be.  

(3) The Weiling beryl mineralization formed in the medium- 
temperature, low-salinity and high-density, B-rich, Li-poor H2O- 
NaCl-KCl-CO2-N2 system. 
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Fig. 15. Comparison for temperature and salinity of fluid inclusions in the 
Weiling pegmatite and other beryl-bearing beryllium deposits worldwide. Data 
for other beryl-bearing deposits from Liu et al. (2012), Ashworth (2014), Qin 
(2014), Xiong et al. (2015), Ding and Li (2015), Huang et al. (2017), Mulja and 
Williams-Jones (2018), and Long et al. (2021). Qz = Quartz; Brl = Beryl. 

Fig. 16. Diagrams of K/Rb vs. Ba/Rb (A), and Mg/Li vs. Nb/Ta (B) of the Early 
Paleozoic granites from the SCB and typical fertile granite worldwide, showing 
the low differentiation degree of the former. Data sources: Early Paleozoic 
granites of South China Block from Bai et al. (2006, 2014, 2015); Li et al. 
(2006); Tian et al. (2020); and He et al. (2022); Field for fertile granites ac-
cording to Selway et al. (2005), Zou and Li (2006) and Cerny et al. (2012). 
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Canada. Chem Geol. 493, 281–297. 

Müller, A., Kearsley, A., Spratt, J., Seltmann, R., 2012. Petrogenetic implications of 
magmatic garnet in granitic pegmatites from southern Norway. Can. Mineral. 50 (4), 
1095–1115. 

Müller, A., Romer, R.L., Pedersen, R.B., 2017. The Sveconorwegian Pegmatite Province - 
thousands of pegmatites without parental granite. Can. Mineral. 55, 1–33. 

Palmer, M.R., Slack, J.F., 1989. Boron isotopic composition of tourmaline from massive 
sulfide deposits and tourmalinites. Contrib. Mineral. Petrol. 103 (4), 434–451. 

Partington, G.A., Mcnaughton, N.J., Williams, I.S., 1995. A review of the geology, 
mineralization, and geochronology of the Greenbushes pegmatite, western Australia. 
Econ. Geol. 90, 616–635. 

Pauly, C., Gysi, A.P., Pfaff, K., Merkel, I., 2021. Beryl as indicator of metasomatic 
processes in the California Blue Mine topaz-beryl pegmatite and associated miarolitic 
pockets. Lithos 404-405, 106485. 

Qin, J.L., 2014. Geological characteristics of the Shayikenbulake pegmatite beryllium ore 
deposit in Altai, Xinjiang. Xinjiang University. Master’s thesis.  

Raimbault, L., Cuney, M., Azencott, C., Duthou, J.L., Joron, J.L., 1995. Geochemical 
evidence for a multistage magmatic genesis of Ta-Sn-Li mineralization in the granite 
at Beauvoir, French Massif Central. Econ. Geol. 90, 548–576. 
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