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1 Introduction 
 
With the rapid development of high-tech industries 
(e.g., new energy vehicles) and breakthroughs in 
controlled nuclear fusion technology, lithium (Li) has 
become a strategically critical mineral resource for global 
development (Li et al., 2014; Liu et al., 2017; Xu et al., 
2018; Zhai et al., 2019; Wang et al., 2022). Extensive 
investigations have reached the consensus that the 
mineralization of rare metals such as Li is closely related 

to the highly differentiated granitic magmas (Raimbault et 
al., 1995; Huang et al., 2002; London, 2008; Linnen et al., 
2014; Maneta et al., 2015). Under prolonged thermal 
supply, the trans-crustal magmatic system drives the high 
differentiation of granitic magmas through multistage 
fractionation (Michel et al., 2008; Cashman et al., 2017; 
Ma and Li, 2017), creating favorable conditions for rare 
metal mineralization associated with large-scale 
batholiths. However, key questions remain regarding the 
evolution mechanisms of magmas at different stages 
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Abstract: Elucidating the mineralization mechanisms of individual granitic stages and tracing magmatic evolution 

processes are critical for establishing mineralization models of large-scale batholiths. The Mufushan granitoid batholith, 

renowned for multistage magmatism and large-scale rare metal mineralization, mainly comprises biotite, two-mica, and 

muscovite monzogranite. Existing research has predominantly focused on biotite and two-mica granite, whereas muscovite 

granite, as the most highly differentiated lithologic unit, remains understudied regarding its mineralization mechanisms and 

evolution characteristics. Focusing on two newly discovered Li-rich granites, namely tourmaline muscovite granite (TMG) 

from Shiniuchong and garnet muscovite granite (GMG) from Huanglongxiang, this study clarifies their intrusion ages, Li 

occurrence states and enrichment mechanisms, while establishing the magmatic evolutionary pathway. The results show 

that the U-Pb ages of columbite-tantalum and zircon are 130.2 Ñ 1.0 Ma (TMG) and 138.2 Ñ 1.0 Ma (GMG), respectively, 

confirming Early Cretaceous Li-rich magmatism. The Li concentrations in muscovite from the Li-rich muscovite granites 

are high (mean 3328 ppm), compared to those in Mufushan ordinary muscovite granites (<1500 ppm), but the dominant Li-

bearing minerals are still classified as muscovite or phengite. Li enrichment of mica in this Li-rich granite system is 

controlled by the magmatic differentiation-dominated vector Si2LiAl-3, differing from that in cogenetic pegmatite systems, 

indicating distinct Li enrichment pathways between two mineralization processes and thereby endowing this system with 

the potential to evolve into granite-type Li deposits. Mica geochemistry and Rayleigh fractionation modeling indicate the Li-

rich muscovite granites, along with biotite and two-mica granite in the Mufushan area, represent products of different stages 

of co-magmatic evolution. Crystal fractionation is the key mechanism controlling Li enrichment, requiring effective 

separation of at least 75% of the melt to drive preliminary Li enrichment in the highly differentiated granite. These findings 

significantly advance understanding of mineralization processes in large-scale batholiths, providing valuable insights for 

regional Li exploration. 
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during large-scale batholith formation, such as (i) For the 
highly differentiated muscovite granite in a large-scale 
batholith, what are the main occurrence carriers and 
enrichment thresholds of rare metals (e.g., Li)? Does this 
stage have the material basis for independent 
mineralization? (ii) Do genetic relationships exist between 
intrusive bodies of different episodes in the batholith? (iii) 
During which stage of magmatic evolution is large-scale 
mineralization predominantly concentrated? These issues 
have significantly impeded the establishment of rare metal 
mineralization mechanisms within large-scale batholiths. 
Globally, substantial progress has been achieved in 
research on typical rare metal granitoid batholiths. For 
instance, the Yashan pluton in Yichun, China, displays a 
complete evolutionary sequence formed through 
continuous magmatic differentiation, encompassing biotite 
granite, two-mica granite, muscovite granite, and 
lepidolite granite (Yang et al., 2014; Fan et al., 2024). The 
carriers and enrichment mechanisms of rare metals within 
this pluton have been clarified, with large-scale 
mineralization concentrated in the late-evolution lepidolite 
granite; notably, the enrichment of Li-Nb-Ta 
mineralization is explicitly controlled by magmatic 
fractional crystallization (Li et al., 2000; Li and Huang, 
2013; Fan et al., 2024). Similarly, the Beauvoir granitoid 
batholith in the French Massif Central is closely 
associated with multistage magmatic activity and high-
degree differentiation, and its mineralization is also 
dominated by magmatic differentiation. It exhibits the 
mineralization characteristic of ñmulti-facies enrichment 
with a top peak,ò and the scale of mineralization shows a 
positive correlation with the degree of magmatic 
differentiation (Cuney et al., 1992; Raimbault et al., 1995). 
Collectively, these findings emphasize the pivotal role of 
magmatic differentiation in the enrichment of rare metals, 
while simultaneously highlighting the persistent gaps in 
quantitatively constraining mineralization processes at 
different stages. Therefore, elucidating the mineralization 
mechanisms of different granitic stages and detailing 
magmatic evolution processes are crucial for advancing 
the understanding of theoretical models of rare metal 
mineralization in large-scale batholiths. 
The Mufushan granitoid batholith in central China 
mainly comprises biotite monzogranite, two-mica 
monzogranite and muscovite monzogranite formed 
through homologous magma evolution (Li et al., 2014; Li 
et al., 2017, 2020a, b). It is renowned for its large-scale 
multistage magmatism and rare metal mineralization, 
serving as a natural laboratory for studying multistage 
granitic magmatic activity and mineralization 
mechanisms . Currently, rare metal mineralization and 
magma evolution characteristics related to biotite granite 
and two-mica granite stages have been reported by 
predecessors (Xu et al., 2019; Jiang et al., 2021; Li P et 
al., 2021b). In the region, however, the late-stage 
muscovite granite only occurs as small, scattered stocks; 
limited studies based on geochronology and zircon Hf 
isotopes have indicated its mineralization age is the Early 
Cretaceous, with ore-forming materials derived from the 
remelting of the Lengjiaxi Group strata (Jiang et al., 2021; 
Zhang et al., 2024). Though muscovite granite represents a 

highly differentiated magmatic stage in this region and is 
expected to possess significant rare metal mineralization 
potential (London, 2015; Ballouard et al., 2016; Wang et 
al., 2017; Fan et al., 2019), the rare metal enrichment 
mechanisms and magmatic evolution processes during this 
stage remain unclear, hindering a comprehensive 
understanding of the mineralization mechanisms specific 
to the Mufushan batholith. 
Based on detailed fieldwork, this paper focuses on two 
Li-rich muscovite granites in the Mufushan area, namely 
tourmaline muscovite granite (TMG) in Shiniuchong and 
garnet muscovite granite (GMG) in Huanglongxiang. 
Through integrated zircon and columbite-tantalite U-Pb 
geochronology, we establish the first precise emplacement 
ages for the Li-rich muscovite granite. Whole-rock 
geochemistry and mica compositional analyses confirm 
the Li occurrence states and enrichment mechanisms of 
the Li-rich muscovite granite, and track the magmatic 
evolution process. These findings improve and supplement 
the research on magmatic activities and rare metal 
mineralization across different granite stages of the 
Mufushan batholith, and provide key insights for an in-
depth understanding of the rare metal mineralization 
processes within large-scale batholiths. 

 
2 Regional Geological Setting 

 
The Mufushan granitoid batholith is located at the 
junction of Hunan, Hubei, and Jiangxi provinces, 
tectonically situated within the Jiangnan uplift belt, which 
lies in the transitional zone between the Yangtze and 
Cathaysia blocks (Fig. 1a). The regional strata encompass 
the Yangtze and Jiangnan strata divisions, with exposed 
units spanning the Proterozoic Daijian and Changcheng 
systems to the Neoproterozoic Qingbaikou System, along 
with the Lower Paleozoic Cambrian system, Ordovician 
system, and Silurian system, extending to the Mesozoic 
Cretaceous system, Cenozoic Paleogene system, and 
Quaternary system (Fig. 1b). Notably, the Neoproterozoic 
Lengjiaxi Group, predominantly composed of biotite 
schist and two-mica schist, is located at the periphery of 
this complex batholith. The study area exhibits significant 
magmatic activity, with numerous Mesozoic intrusive 
rocks exposed. The predominant lithology consists of 
medium-acid, acidic granites and basic, medium-acid and, 
acidic dyke rocks. Regional magmatic activity 
commenced in the Neoproterozoic, peaked in the Late 
Jurassic, and persisted until the late Early Cretaceous. 
Neoproterozoic intrusive rocks are primarily located in the 
southwestern region of the Mufushan granite mass, 
covering an area of approximately 5.5 km2, with its 
lithologies including biotite granodiorite and biotite 
tonalite. Granites from the Late Jurassic and Early 
Cretaceous periods are extensively distributed in this area, 
which are formed by multistage magmatic activities and 
constitute the main body of the Mufushan granitoid 
batholith, with the exposed area exceeding 2400 km2. The 
early-stage lithology is predominantly biotite quartz 
monzonite and biotite monzogranite, while the second 
stage features mainly two-mica monzogranite. In the late 
stage, scattered muscovite monzogranite strains are 
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observed (Li, 2017; Zhang et al., 2020). Pegmatites are 
mainly distributed in the northern, central, and southern 
parts of the granitoid batholith. Based on the 
characteristics of rare metal mineralization in pegmatites, 
the region can be classified into four mineralization zones: 
(i) Be mineralization zone; (ii) Be-Nb-Ta mineralization 
zone; (iii) Be-Nb-Ta-Li mineralization zone; and (iv) Be-
Nb-Ta-Li-Cs mineralization zone. Typical deposits 
include the Maishi pegmatite concentration area in the 
east, the Duanfengshan Be-Nb-Ta deposit in the north, and 
the Renli-Huangbaishan Li-Be-Nb-Ta deposit in the south 
(Fig. 1b). 
The region has undergone a tectonic evolution spanning 
the Pre-Caledonian tectonic assembly, Indosinian 
subduction convergence, Early Yanshanian convergence 
strike-slip, and Late Yanshanian discrete strike-slip (Bai et 
al., 2006; Wang et al., 2017; Yan et al., 2024). The 
structural framework of this area is dominated by NE-
trending Yanshanian fault systems and a coherent near 
east-west fold structure formed during the Indosinian 

orogeny. The Yanshanian NE-trending structures were 
superimposed on pre-existing NE- and NW-trending 
structures, which resulted in significant uplift and 
depression in southern Hubei Province (Jiang et al., 2021). 
The NE-trending structures serve as the primary ore-
controlling structures, predominantly located within 
granite regions, which are mainly manifested by the 
development of the Mufushan tectonic uplift and 
associated fault structures (Fig. 1b; Li, 2017; Liu et al., 
2018). Magmatic emplacement in the region, coupled with 
frequent acidicïbasic magmatism and intense faulting, has 
generated significant rare metal enrichment and endogenic 
mineralization (Leng et al., 2018; Liu et al., 2018). 
The spatiotemporal distribution characteristics of the 
intrusions within the Mufushan granitoid batholith exhibit 
a certain correspondence with rare metal mineralization 
patterns (Li, 2017; Jiang et al., 2021; Li P et al., 2021b). 
The batholith displays a progressive young trend in 
intrusive phases, extending from the northeast through the 
central and western sectors to the southern region. The 

    
 

Fig. 1. Location map (a) and geological sketch map (b) of the Mufushan batholith (modified from Li et al., 2017). 
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mining area also exhibits distinct rare metal mineralization 
zones: Be in the east, Nb-Ta in the north, Li-Nb-Ta in the 
center, Li-Be-Nb-Ta in the south and no obvious 
mineralization in the west (Fig. 1b; Shu et al., 2015; Li et 
al., 2017; Xiao et al., 2017; Liu et al., 2018). This zonation 
reflects multiphase magmatic differentiation and 
evolutionary processes. Specifically, from northeast to 
southwest, rare metal mineralization transitions from a 
singular focus on Be to progressively complex Be-Nb-Ta-
Li-Cs associations, whereas the ages of the corresponding 
magmatic rocks progress from older to younger, indicating 
a gradual increase in magmatic differentiation and 
evolution. 

 
3 Geological Characteristics of the Mining Area 
 
3.1 Geology of the Shiniuchong area 
Shiniuchong in southern Hubei is located in the eastern 
Mufushan granitoid batholith. This region is characterized 
by NE- and NW-trending structural groups. The NE-
trending fault, situated on the eastern side of Shiniuchong, 
has a strike of 270Áï290Á and a dip of 60Áï75Á, 
representing the most extensively developed fault in the 
Mufushan area (Fig. 2). In addition to Quaternary 
alluvium, the primary development in the region is a large 
expanse of granitoid batholith dating from the Late 
Jurassic to Early Cretaceous. Major lithologies include 
porphyritic biotite monzogranite, two-mica monzogranite, 
and muscovite monzogranite. Porphyritic biotite granite 
and two-mica granite are the two dominant lithologies, 
cropping out in the southeast and northwest of the region, 
respectively. Muscovite monzogranite is categorized into 
two types: medium-fine-grained muscovite granite and 
tourmaline muscovite granite. The medium-fine-grained 
muscovite granite mainly intrudes into two-mica granite 
and porphyritic biotite granite in the form of veins, which 
are dispersed. In contrast, tourmaline muscovite granite 
(TMG) is a later intrusive phase, separated from the 
former by a distinct boundary (Fig. 4b). TMG occurs on a 
smaller scale, predominantly as dikes within porphyritic 
biotite granite. It is closely associated with rare metal Li 
mineralization and mainly consists of K-feldspar (20ï
25 vol%), albite (30ï35 vol%), quartz (20ï25 vol%), and 
muscovite (15 vol%), with accessory minerals including 
tourmaline, zircon, and apatite (Fig. 4cïf). Two 
representative TMG veins in the Shiniuchong area extend 
approximately 900 and 600 m with a northeast trend, 
parallel to the Maishi Fault. This fault is hypothesized to 
control the spatial distribution of mineralized intrusions. 
Additionally, a dense pegmatite zone in the southern study 
area contains small veins occurring within porphyritic 
biotite granite. These veins are controlled by joint planes 
formed during rock mass consolidation, exhibiting 
variable orientations and sizes ranging from several meters 
to tens of meters. The primary rare metal mineralization 
includes Be, Nb, and Ta (Li et al., 2023). 

 
3.2 Geology of the Huanglongxiang area 
Huanglongxiang in western Jiangxi is located at the 
eastern margin of the Mufushan granitoid batholith. 
Magmatic emplacement in this region has caused 

significant tectonic activity, primarily manifested as 
tectonic uplift and the formation of fault structures. 
Multiple tectonic movements and their overprinting have 
generated a series of NEïSW-trending secondary faults 
(Fig. 3), leading to the formation of large-scale uplifts and 
depressions. The magmatic rocks in this region constitute 
the eastern part of the Mufushan batholith and are 
primarily composed of porphyritic biotite monzogranite, 
two-mica monzogranite, and garnet muscovite 
monzogranite. These granites belong to the continental 
crust syntaxis-type, exhibiting strong magmatic 
crystallization differentiation, and are categorized as late 
orogenic granite (Zuo et al., 2014). Porphyritic biotite 
granite is the most widely developed granite in the area, 
with an exposed area exceeding 25 km2, representing the 
first-stage intrusions emplaced during the Early 
Yanshanian. Two-mica granite, corresponding to Late 
Yanshanian intrusions, shows structural evolution with the 
porphyritic biotite granite. The garnet muscovite granite 
(GMG), characterized by small late-stage rock bodies, is 
closely associated with Li mineralization. This granite 
predominantly occurs in the central and southern parts of 
the study area, occupying an exposed area of less than 
2 kmĮ and intruding the earlier porphyritic biotite granite 
(Fig. 4h). Additionally, numerous pegmatite veins have 
developed within porphyritic biotite granite, revealing the 
presence of rare metal minerals including beryl and 
columbiteïtantalite. 
Lithofacies zoning is developed within GMG, although 
the field outcrop is poorly exposed. The contact zone with 
porphyritic biotite granite features fine-grained GMG, 
which gradually transitions into medium-coarse-grained 
GMG. The rock mass progressively lightens in color, 
accompanied by a significant increase in the grain size of 
mica and albite. Meanwhile, the content of mica and 
quartz decreases, whereas albite abundance and Li content 
increases. Fine-grained GMG is characterized by a grayish-
white and composed of K-feldspar (20ï25 vol%), albite 
(25ï28 vol%), quartz (22ï25 vol%), biotite (~2 vol%), 
and muscovite (18 vol%). Mica grains are typically 
<1 mm in size (max <2 mm), displaying scattered 
euhedral flakes (Fig. 4i). Accessory minerals include 
garnet and zircon (Fig. 4i). In contrast, medium-coarse-
grained GMG is light-white, consisting of K-feldspar (18ï
22 vol%), albite (35ï40 vol%), quartz (15ï20 vol%), and 
muscovite (15 vol%). Mica occurs as euhedral flakes (2ï
5 mm), with accessory minerals such as garnet, apatite, 
and zircon (Fig. 4jïl). 

 
4 Samples and Analytical Methods 
Samples of TMG and GMG were collected from surface 
outcrops in the Shiniuchong area (Tongcheng County) and 
Huanglongxiang area (Xiushui County), respectively. 
Fresh and unaltered samples were selected for whole-rock 
major- and trace-element  analysis, which was conducted at 
the National Geological Experimental Testing Center. 
Representative samples were further processed into thin 
sections for petrographic and mineralogical observations, 
 with subsequent  in situ major- and trace- element  analysis 
of mica through electron probe microanalysis (EPMA) and 
laser ablation inductively coupled plasma mass 
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spectrometry (LA-ICP-MS), respectively. Furthermore, 
the U-Pb dating of columbite-tantalite and zircon was 
performed on both types of muscovite granite using LA-
ICP-MS. For TMG, columbite-tantaliteðan ideal mineral 
for U-Pb dating due to its high closure temperature, 
moderate U and low common Pb (Romer and Wright, 

1992; Romer and Smeds, 1994)ðwas chosen instead of 
zircon. 

 
4.1 Zircon U-Pb dating 
Zircon LA-ICP-MS U-Pb dating was conducted at 
Nanjing Hongchuang Geological Exploration Technology 

    
 

Fig. 2. Geological map of the Shiniuchong area, Mufushan (modified after Hubei Geological Survey, 2013). 

Fig. 3. Regional geological map of the Huanglongxiang area, Xiushui (modified after No. 701 Force of 

Geology Department, 1965). 
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Service Co., Ltd., utilizing Agilent 8900 inductively 
coupled plasma-mass spectrometer in conjunction with a 
Resolution SE 193 nm deep ultraviolet laser ablation 
sampling system. The beam spot diameter was set at 
40 ɛm, and the ablation frequency was maintained at 8 Hz. 
Laser ablation sampling was carried out by single point 
ablation, and the contents of U, Pb, and Th were calibrated 
with zircon NIST SRM 610 and 612 as external standards. 
One NIST 610 and one NIST 612 standard sample were 
analyzed for every 10 sample points. A gas blank of 20 s 
was collected, and the signal interval of 35ï40 s was 
employed for data processing. Isotopic age calculation and 

concordia plot generation were performed using Isoplot 
4.0 (Liu et al., 2015). 

 
4.2 Columbite-tantalite U-Pb dating 
The LA-ICP-MS U-Pb dating of columbiteïtantalum 
was conducted at the Institute of Mineral Resources, 
Chinese Academy of Geological Sciences. The analysis 
utilized a Finnigan-Neptune multi-collector, inductively 
coupled plasma-mass spectrometer in conjunction with a 
New Wave UP 213 laser ablation sampling system. The 
beam spot diameter was set to 30 ɛm, with an ablation 
frequency of 5 Hz. Laser ablation sampling was conducted 

    
 

Fig. 4. Hand specimens, field observations, and mica photomicrographs and representative BSE images from the Shiniuchong 

TMG and Huanglongxiang GMG. 
(a) Hand specimen of TMG; (b) intrusive contact between early medium-fine-grained muscovite granite and TMG; (cïe) subhedral flake mica inter-

grown with albite and zircon; (f) BSE image of bright-dark mica in TMG; (g) hand specimen of GMG; (h) intrusive contact between early biotite 

granite and GMG; (iïk) typical euhedral flake mica and albite of magmatic origin; (l) BSE image of euhedral mica with homogeneous composition in 

GMG. Ms: Muscovite; Qtz: Quartz; Ab: Albite; Kfs: K-feldspar; Grt: Garnet; Zrn: Zircon; Ap: Apatite; Tur: Tourmaline. 


