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1 Introduction 
 
High-pressure (HP) granulites are characterized by the 
mineral assemblage of Gt + Cpx + Pl + Qz in basic rocks 
and Ky + Kfs in pelitic rocks (Green and Ringwood, 1967; 
Carswell and O'Brien, 1993), indicating P-T conditions 
typically exceeding 1.0 GPa and 800ÜC. They commonly 
coexist with retrograde eclogites and form in collisional 
orogens with crustal thickening or subduction. HP 
granulites in China are exposed mainly within the North 
China Craton, particularly distributed in the Trans-North 
China Orogen, JiaoïLiaoïJi belt and Khondalite belt with 
metamorphic ages of 1.95ï1.85 Ga (Zhao et al., 2012; Wei 
et al., 2023). In contrast, the exposures of HP granulites in 
the South China Plate are extremely limited. 
The South China Plate includes the Yangtze Block in 
the northwest and the Cathaysia Block in the southeast 
(Fig. 1), and their Precambrian basements record distinct 
evolutionary histories (Zhang et al., 2013; Zhao et al., 
2016). The Cathaysia Block is generally defined as the 
vast landmass south of the Jiangshao fault (Fig. 1) and is 

characterized by an early Precambrian metamorphic 
basement mainly exposed in the Wuyi and Yunkai regions. 
During the Phanerozoic, the block was variably influenced 
by a series of tectonothermal events, particularly during 
the Caledonian and Indosinian periods (Yu et al., 2007; 
Wang et al., 2012; Zhang et al., 2013). Two metamorphic 
belts are recognized within the Cathaysia Block (Fig. 1b): 
one in the northwest, comprising the Neoproterozoic 
Chencai, Zhoutan and Mayuan groups that record the 
Caledonian event; and one in the southeast, represented by 
the Paleoproterozoic Badu group that records the 
Indosinian event (Zhao et al., 2015a; Cao et al., 2024; 
Liang et al., 2024). Consequently, Lin et al. (2018), Wang 
et al. (2023) and Zhao et al. (2015a) proposed that the 
Cathaysia Block can be further subdivided into the Eastern 
and Western blocks, which were successively 
amalgamated to the South China continent, implying an 
intercontinental orogeny.  
On the other hand, some workers attribute the 

Caledonian and Indosinian events to intracontinental 
processes characterized by large-scale deformation, 
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granitic magmatism and high-grade metamorphism (Yu et 
al., 2007; Shu, 2012; Zhang et al., 2013; Xia et al., 2022). 
At present, Indosinian metamorphism is recognized 
mainly within the Paleoproterozoic basement of the Wuyi 
area, where it is represented by HP granulites and 
retrograde eclogites (Zhao and Zhou, 2012; Zhao et al., 
2017, 2018); however, additional studies are required to 
elucidate its tectonic attributes. In particular, whether 
Indosinian metamorphism is recorded in other regions 
remains unclear. As is well known, Mesozoic granites in 
the Yunkai area host Indosinian granulite enclaves (Fig. 1; 
Zhao et al., 2012). Nevertheless, the Precambrian 
metamorphic basement (Gaozhou Complex) of the Yunkai 
region predominantly records the Caledonian 
tectonothermal event, with only local Indosinian 
overprinting (Wang et al., 2020; Wang et al., 2022). 
Recently, researchers have identified the presence of 
PermianïTriassic metamorphic rocks on Qushan Islands, 
located in the northeastern part of the Cathaysia Block 
(Jiang et al., 2016; Cao et al., 2023; Zhao et al., 2023).  
Metamorphic rocks from the Qushan Islands in the 
Zhoushan Islands, northeastern Cathaysia Block, were 
previously regarded as the eastern extension of the 
Chencai group, which experienced amphibolite-facies 
metamorphism under peak P-T conditions of 600ï700  
and 0.6ï0.8 GPa (Lan et al., 1995) and yielded Rb-Sr and 
Sm-Nd isochron ages of 1920ï1695 Ma (Lu, 1986). 
However, recent studies show that rocks on Qushan 
Islands contain detrital zircons dated at 963ï339 Ma and 
metamorphic zircons dated at ~260 Ma (Jiang et al., 2016; 
Zhao et al., 2023). Cao et al. (2023) reported for the first 
time mafic HP granulites with a metamorphic age of 248 Ñ 
1.5 Ma from Qushan Islands, demonstrating that 
Indosinian high-grade metamorphism reached the 

easternmost part of the Cathaysia Block. However, other 
lithologies remain poorly investigated, and the regional 
metamorphic evolution is not yet well documented.  
In this study, we present integrated petrography, mineral 

chemistry, phase-equilibria modeling and SHRIMP zircon 
U-Pb dating of metamorphic rocks from Qushan Islands 
and document the occurrence of pelitic HP granulites. 
These results provide new constraints on the metamorphic 
evolution and tectonic implications of the region. 

 
2 Geological Background and Sampling 

 
The Precambrian basement of the Cathaysia Block 

extends from the Wuyi Mountains in the northeast to the 
Yunkai region and Hainan Island in the southwest (Fig. 1). 
Its formation age is predominantly Neoproterozoic, with 
minor Paleoproterozoic and Mesoproterozoic components 
(Zhao and Cawood, 2012). The Cathaysia Block 
underwent multiple tectonothermal events, particularly 
during the Caledonian and Indosinian periods, producing 
high-grade amphibolite- to granulite-facies metamorphic 
rocks and coeval granitoids (Wan et al., 2010; Shu et al., 
2012; Zhang et al., 2013); localized eclogite-facies 
assemblages also occur (Xiang et al., 2008; Zeng et al., 
2008; Liu et al., 2009; Zhao, 2012; Chen et al., 2015; 
Zhao et al., 2015b, 2016, 2017, 2018; Liang et al., 2024). 
In addition, Hercynian tectonothermal activity was limited 
to 280ï260 Ma and is sparsely recorded by metamorphic 
rocks in the Nanling region and southwestern Fujian (Yu 
et al., 2007; Jiang et al., 2016). Granitic rocks from this 
period are predominantly exposed in the Fujian Province, 
western Guangdong Province, and Hainan Province. These 
rocks include some peraluminous or alkaline rocks, 
potentially formed in an extensional tectonic setting (Xie 

    
 

Fig. 1. (a) Tectonic framework map of South China; (b) Simplified geological map of the Cathaysia Block (modified after 

Zhao et al., 2023). 
Abbreviations: NC: North China Craton; YZ: Yangtze Block; CA: Cathaysia Block; CLF: ChenzhouïLinwu fault; JSF: JiangïShao fault; ZDF: 

ZhengheïDapu fault. 
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et al., 2006; Li et al., 2007; Xie, 2007). However, recent 
discoveries of Hercynian eclogite in northern Hainan 
Island suggest that these rocks may also be related to 
orogenic processes, prompting a re-evaluation of the 
impact of Hercynian tectonic events on the Cathaysia 
Block (Xia et al., 2019; Liu et al., 2021). 
The Zhoushan Islands are situated at the junction of the 
eastern margin of the Cathaysia Block and the East China 
Sea shelf. In these islands, especially the Qushan Islands, 
Shuangzi Island and Huangze Island (Collectively known 
as the Qushan Islands; Fig. 2), expose metamorphic rocks 
that consist of pelitic schist-gneiss/granulites, with minor 
interlayers of mafic granulite, amphibolite, and marble. All 
these rocks exhibit strong deformation with the 
development of leucosomes and felsic veins, suggesting 
extensive migmatitization (Fig. 3aïg). The pelitic rocks 
include biotite plagioclase gneiss, garnet-biotite gneiss, 
and sillimanite-garnet gneiss with interlayers of biotite 
schist and graphite schist. Garnet in these rocks is mostly 
changed into the pseudomorphs consisting of biotite and 
cordierite (Fig. 3e), but pristine grains are found in the 
host gneiss and leucosomes or felsic veins (Fig. 3f). 
These metamorphic rocks were regarded to be formed 
during the Jinning period (Lu, 1986; Zhang et al., 1994), 
or during the Caledonian period equivalent to the Chencai 
group (Lan et al., 1995). However, recent zircon U-Pb 
dating yielded a metamorphic age of 270ï248 Ma for 
pelitic and basic rocks and marbles from the Qushan 
Islands (Jiang et al., 2016; Cao et al., 2023), suggesting a 

late Paleozoic to early Mesozoic metamorphic event.  
Eight samples were investigated in this paper, including 

three mafic granulites (ZJ22-1, ZJ21-1, ZD11-1), three 
pelitic granulites (ZJ14-4, ZJ04-1, ZD03-1), one marble 
(ZD09-4) and one felsic pegmatitice vein (ZD03-2). 
Sample locations are shown in Fig. 1b and GPS 
coordinates are 30Á29.53ǋN and 122Á18.23ǋE in 
Shuangzishan Island for samples ZJ22-1, ZJ21-1 and 
ZD11-1, 30Á30.86ǋN, 122Á19.48ǋE in Huangze Island for 
sample ZD09-4, 30Á27.33ǋN, 122Á23.85ǋE from the Daoze 
area northeast of Qushan Islands for samples ZD03-1 and 
ZD03-2, and 30Á27.36ǋN, 122Á23.80ǋE from the coast of 
Ma'anshanzui for samples ZJ14-4 and ZJ04-1. 

 
3 Analytical Methods 

 
Chemical analyses of minerals were conducted in the 

Institute of geology, Chinese Academy of Geological 
Sciences. The experimental analysis was carried out using 
JXA-8100 electron probe analyzer, with an acceleration 
voltage was 15 kV, a beam current of 2Ĭ10ī8 A, a spectral 
time of 10 seconds, and a beam spot of 5 ɛm. ZAF 
correction, SPI combined standard sample correction. 
Single mineral X-ray composition surface scanning was 
completed in the probe room of the Institute of Mineral 
Resources, Chinese Academy of Geological Sciences. The 
testing of major composition in the whole rock was 
completed in the National Geological Experiment Testing 
Center. The composition of major elements was analyzed 

    
 

Fig. 2. Geological sketch map of the Qushan Islands in the East China Sea. 
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by conventional XRF method, and the composition of 
trace and rare earth elements was analyzed by inductively 
coupled plasma mass spectrometry (ICP-MS). For specific 
analysis and testing conditions, instrument models and 
analysis steps, please refer to Jin and Zhu (2000). Zircon 
target, CL image and SHRIMP zircon U-Pb in situ dating 
were completed at Beijing ion probe center. The principle 
and method of dating can be found in Williams (1998). A 
single ion current intensity of 4 nA and a beam spot of 25 
ɛm. Standard zircon SL13 (U = 238 ppm) and TEM (age = 
417 Ma) were used for U, Th content and age correction of 
unknown zircon samples, respectively. SQUID and 
ISOPLOT procedures (Ludwig, 2003) were used for data 
processing, and ordinary lead was corrected according to 
the measured 204Pb. The zircon age uses 207Pb/206Pb age. 
Single data error is 1ů, and the weighted mean age error is 
95% confidence. 

 
4 Petrography and Mineral Chemistry 

 
Sample ZJ22-1 is a mafic granulite that comprises 
garnet (12%), clinopyroxene (12%), amphibole (33%), 
plagioclase (35%), quartz (6%), and minor rutile, ilmenite 
and zircon. Garnet occurs as anhedral grains that are 0.5ï
1.0 mm in diameter (Fig. 4a, b). It has XAlm = 0.56ï0.62, 
XPy = 0.17ï0.19, XGrs = 0.24ï0.25, XSps = 0.00ï0.03 (Supp. 
Table S1), which are almost constant from core to mantle/
rim with a slight decrease of XPy and XSps but increase of 
XAlm in the rim (Fig. 5a, b, c). Clinopyroxene occurs as 
anhedral grains that are 0.3ï3.0 mm across in matrix (Fig. 
4a, b). Clinopyroxenes are diopside (Supp. Table S1, Fig. 
6a), and has decreasing Al2O3 from core (2.38%ï2.45%) 
to rim (1.69%ï1.77%). Despite this variation, their XMg 

values (defined as Mg/(Mg + Fe)) remain relatively 
uniform, ranging from 0.63 to 0.66 across both core and 
rim, suggesting limited compositional zoning in terms of 
Mg-Fe exchange. Plagioclase is divided into two types 
(Pl1 and Pl2). Pl1 is subhedral grains that are 1ï3 mm in 
diameter (Fig. 4a, b, c), and has XAn of 0.39ï0.41 (Fig. 6b; 
Supp. Table S1). Pl2 occurs as coronae around garnet with 
slightly higher XAn = 0.42ï0.45 (Fig. 4b, c; Supp. Table 
S1). Amphibole is classified into two types (Amp1 and 
Amp2). Amp1 occurs as euhedral grains with cuspate 
boundaries commonly embayed garnet and clinopyroxene 
(Fig. 4a, b, c). It is brown in color, exhibits ferropargasite 
compositions (Fig. 6c), and has decreasing Ti from core 
(0.19ï0.22 p.f.u) to rim (0.13ï0.17 p.f.u). Amp2 is fibrous 
and laurel-green in color. It commonly grows at the rims 
of clinopyroxene or garnet (Fig. 4a, b). Amp2 has Fe-
edenite compositions with lower Ti of 0.01ï0.12 p.f.u 
(Fig. 6d; Supp. Table S1). Amp1 is plotted in the high-
amphibolite to granulite facies, whereas Amp2 is within 
the greenschist to low-amphibolite facies in Fig. 6d. 
Rutile is commonly mantled by ilmenite although the 
latter mostly occurs as individual grains (Fig. 4b). 
According to the above observation, three stages of 

mineral assemblage can be recognized. The peak stage 
(M1) assemblage may include Gt + Cpx (core) + Pl1 + 
Amp1 (core) + Qz + Rt, the second stage (M2) assemblage 
contains Cpx (rim) + Amp1 (rim) + Pl2 + Qz + Ilm and the 
late stage (M3) assemblage contains Amp2 + Pl2 + Qz. A 
decompression evolution can be inferred from M1 to M2 
as indicated by the textural relations involving Pl2 coronae 
around garnet, and the transition from rutile to ilmenite. 
Sample ZJ14-4 is a pelitic granulite that comprises 

garnet (6%), biotite (16%), altered cordierite (16%), 

    
 

Fig. 3. Field occurrence of all samples. 
(a) Mafic granulites (ZJ22-1, ZJ21-1, ZD11-1); (b) pelitic granulites (ZJ14-4, ZJ04-1, ZD03-1); (c) felsic pegmatite vein (ZD03-2); (d) marble 

(ZD09-4); (e) pseudomorphic garnet in pelitic granulite; (f) garnet in the felsic veins; (g) migmatite. 


