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A B S T R A C T   

Essential mechanisms for the geochemical diversity observed in a silicic igneous rock association, which is of 
paramount importance for understanding the differentiation and growth of continental crust, remain highly 
controversial. Here the issues are explored by comparing the Late Cretaceous intrusions (minor-phase miarolitic 
alkali-feldspar granite and main-phase alkali-feldspar granite) and coeval volcanic rocks (rhyolite and rhyoda-
cite) within the Putuoshan (PTS) volcanic-plutonic complex in the coastal area of southeast (SE) China. Zircon 
U–Pb ages indicate that the rhyolite, rhyodacite, minor-phase granite and the previously studied main-phase 
granite are nearly contemporaneous (ca. 98–94 Ma), but the coexisting dacites are obviously earlier at ca. 
160 Ma. The dacites show adakitic geochemical characteristics and extremely enriched Nd–Hf isotopic com-
positions with Paleoproterozoic model ages, suggesting their derivation from remelting of Paleoproterozoic 
basement rocks in a thickened lower crust. In contrast, the coexisting Late Cretaceous volcanic and intrusive 
rocks have comparable and relatively depleted Nd–Hf isotopic compositions. Our data, combined with previous 
studies suggest that parental magmas of these Late Cretaceous magmatic rocks were derived from partial melting 
of juvenile crust with varying degrees of involvement of mantle-derived melts, and the observed compositional 
variation are mainly controlled by crystal-melt segregation and rejuvenation of crystal mush facilitated by 
recharge of hot mafic magmas in the shallow magma reservoir. The Jurassic and Late Cretaceous magmatic rocks 
within the PTS complex were generated in an advancing subduction compressive regime and a retreating sub-
duction extensional regime of the paleo-Pacific plate, respectively. The gradually increasing tectonic extension 
during the Cretaceous due to slab rollback and the induced underplating of depleted mantle-derived magmas not 
only gave rise to the continental rejuvenation of SE China but also are the main driving mechanism of this Late 
Cretaceous long-lived transcrustal magma system.   

1. Introduction 

The processes giving rise to silicic magma are fundamental to the 
differentiation and growth of continental crust and also closely related 
to the mineralization of rare earth elements (REE) and rare metals (Lee 
and Morton, 2015; Lundstrom and Glazner, 2016; Wu et al., 2020). 
Although extensive research has been done, the origin of silicic magma 
remains highly controversial (Curry et al., 2021; Frost and Frost, 2011). 
Some scholars proposed that parental magma of the silicic magma is 
produced by partial melting of various source materials ranging from 
crustal assemblages to oceanic slab, even metasomatized mantle wedge, 

and then retains a high proportion of melt with few crystals in magma 
chambers. Subsequently, continuous fractional crystallization combined 
with or without assimilation gives rise to the formation of silicic 
magmatic rocks (Foley et al., 2002; Frost and Frost, 2011; Macpherson 
et al., 2006). On the contrary, a consensus has been emerging that melt- 
rich magma chambers are short-lived (Bachmann and Bergantz, 2004; 
Deering et al., 2016), and increasing studies proposed that silicic 
magmas are dominantly derived from extensive, long-lived “mushy” 
reservoirs through slow extraction of interstitial melts trapped within 
mush zones (Bachmann and Bergantz, 2004; Deering et al., 2016; 
Walker et al., 2007). Accordingly, questions arise as to how the almost 
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contemporaneous erupted silicic volcanic rocks and intruded plutonic 
rocks relate to each other in a single magmatic system, and what con-
trols the compositional diversity observed in the volcanic-plutonic 
complex and composite granite pluton. The importance and potential 
impacts of understanding the origin of silicic magmatic rocks thus is not 
just a matter of discerning how Earth’s continental crust formed, but 
also of predicting polymetallic mineralization (Bachmann et al., 2007; 
Lundstrom and Glazner, 2016). 

The late Mesozoic geology of southeastern (SE) China is character-
ized by voluminous granite and their volcanic equivalents, as well as 
rare andesitic and mafic rocks (Fig. 1), which are commonly considered 
to be products of the subduction of the paleo-Pacific plate beneath SE 
China (Li and Li, 2007; Liu et al., 2020; Zhou et al., 2006). The Jurassic 
igneous rocks are mainly concentrated in the interior of SE China, 
whereas the Cretaceous ones mainly occur in the coastal region (Fig. 1). 

Moreover, recent studies recognize that there exist sporadically exposed 
Early-Middle Jurassic magmatic rocks within the coastal areas of SE 
China (Yuan et al., 2018; Zhao et al., 2021). The Cretaceous volcanic 
rocks in the coastal area of SE China erupted in multiple eruptive stages 
between 145 and 86 Ma and most of them are tightly temporal and 
spatial association with shallow intrusions in some calderas, constituting 
a voluminous volcanic–plutonic complex belt along the coastal area of 
SE China, such as Xiaoxiong and Daiyunshan complexes (Fig. 1, Li et al., 
2022; Xu et al., 2021; Yan et al., 2016, 2018). In particular, some of 
them are closely associated with Be–Mo mineralization, such as the 
Zhangji, Xiapu, and Minhou complexes in coastal Zhejiang and Fujian 
Provinces (Fig. 1, Rao et al., 2022). Previous studies of the Cretaceous 
silicic magmatism in the coastal area mainly focused on intrusive rocks 
and various mechanisms have been proposed to explain their formation 
and relatively depleted Nd–Hf isotopic characteristics, including 

Fig. 1. (a) The distribution of Late Mesozoic igneous rocks in SE China and the location of the studied area (modified from Zhou et al., 2006, Rao et al., 2022, Xu 
et al., 2021). The pentagrams with green fill color represent Jurassic adakitic rocks in SE China. The circles with purple fill color represent Late Jurassic A-type 
granite, and the ones with yellow and light green fill colors represent Early Cretaceous A-type rocks, and Late Cretaceous A-type rocks, respectively. The dotted ashen 
lines delineate the Late Jurassic A-type rock belt, Early Cretaceous A-type rock belt and the Late Cretaceous A-type granite belts. Names of the fault zones: ① 
Jiangshan–Shaoxing fault; ② Pingxiang–Yushan fault; ③ Zhenghe–Dapu & Lishui-Yuyao fault; ④ Changle–Nan’ao fault. The cited geochronological data are from 
Peng et al. (2021), Qiu et al. (2013), Zhao et al. (2015, 2016), Zhou et al. (2012), Zhou et al. (2015), Zhong et al. (2013). (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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mixing of crustal- and mantle-derived magmas, melting of juvenile 
crust, or a combination of both (Li et al., 2015; Liu et al., 2013, 2018; 
Zhao et al., 2015, 2016). Moreover, the timing of the juvenile crust 
formation is also controversial, ranging from Precambrian to late 
Mesozoic time (Gan et al., 2022; Jiang et al., 2015; Xu et al., 2007). 
Interestingly, the existing researches show that the Cretaceous silicic 
magmas in the coastal region range from metaluminous to strongly 
peraluminous and from calc-alkaline to peralkaline in compositions, and 
could be divided into I-type and A-type subtypes (Chen et al., 2019; Qiu 

et al., 2004; Wu et al., 2022; Xu et al., 2022; Yan et al., 2018; Yang et al., 
2018), but essential mechanisms for their geochemical and lithological 
diversity within a suite need to be further clarified. 

The Putuoshan (PTS) volcanic-plutonic complex in northeastern 
Zhejiang Provinces, SE China, mainly consists of I-type alkali-feldspar 
granite and peralkaline A-type granite with subordinate miarolitic 
alkali-feldspar granite and volcanic rocks (Fig. 2, Qiu et al., 2004; Zhao 
et al., 2016). More importantly, in addition to extensive Late Cretaceous 
magmatic rocks, our fieldwork newly discovered small-volume Middle- 

Fig. 2. (a) Simplified geological map of the Zhoushan archipelago, showing the location of Putuoshan Island. (b) Simplified geological map of the Putuoshan (PTS) 
volcanic-plutonic complex (modified after Zhang et al., 2005). 
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Late Jurassic volcanic-subvolcanic rocks derived from remelting of 
ancient crustal materials within the complex, which could place 
important constraints on the nature of the regional crystalline basement 
that generally remains unclear (Zhao et al., 2021 and this study). The 
PTS complex thus provides an excellent target to study the evolution and 
modification of continental crust and the linkage of these Late Creta-
ceous coexisting volcanic and plutonic rocks. Unfortunately, previous 
studies mainly focused on Late Cretaceous main-phase granite and 
peralkaline A-type granite, and paid less attention to the coeval volcanic 
rocks and minor-phase miarolitic granite because of minimal exposure, 
and the key factors for controlling chemical compositions of the various 
Late Cretaceous rock types within the PTS volcanic-plutonic complex are 
still not clear (Qiu et al., 2004; Zhang et al., 2005; Zhao et al., 2016, 
2021). 

In this study, comprehensive petrographical, geochronological and 
geochemical analyses were conducted for the volcanic rocks and minor- 
phase miarolitic alkali-feldspar granite from the PTS volcanic-plutonic 
complex. Our new data combined with previous studies aim to eluci-
date magma sources of the distinct rocks, especially the genetic rela-
tionship of the Late Cretaceous various rock types within the complex, 
place new constraints on the late Mesozoic crustal growth and geo-
dynamic evolution of SE China, and offer insights into the fundamental 
magmatic processes of the Earth’s crust. 

2. Geological setting and sample description 

The Cathaysia block, which is widely recognized that amalgamated 
with the Yangtze block along the Jiangshan–Shaoxing fault during early 
Neoproterozoic to form the South China block, is characterized by large 
volumes of late Mesozoic lavas and their intrusive counterparts (Fig. 1), 
with quite sparsely exposed Precambrian metamorphic basement (Xia 
et al., 2018; Yao et al., 2019). The late Mesozoic intrusive rocks are 
varied, comprising mainly high-K calc-alkaline I- and A-type granite and 
lesser amounts of syenite, quartz diorite, and gabbro (Liu et al., 2020; 
Zhou et al., 2006). These A-type granites are widely distributed in the 
Cathaysia block, and form three nearly parallel, NE-trending belts with 
Late Jurassic, Early Cretaceous and Late Cretaceous ages, respectively 
(Fig. 1), in addition to the ca. 200–170 Ma EW-striking belt in the 
Nanling region (He et al., 2010; Peng et al., 2021). Both the Late Jurassic 
and Early Cretaceous A-type granite belts are situated in the inland re-
gion, with ages of ca. 165–150 Ma and ca. 140–125 Ma (Chen et al., 
2016; Jiang et al., 2015; Peng et al., 2021; Zhou et al., 2012; Zhou et al., 
2015), respectively, whereas the Late Cretaceous A-type granite belt 
with ages from 101 to 86 Ma is developed in the coastal region (Fig. 1, 
Qiu et al., 2004; Zhao et al., 2015, 2016). Volcanic rocks are mainly 
erupted in the Cretaceous and generally crop out along the coastal area 
of SE China. They are generally grouped by the widespread unconfor-
mity into the lower and upper volcanic series and a volcanic hiatus at ca. 
120–110 Ma had been identified between them (He and Xu, 2012). 

The studied Putuoshan (PTS) volcanic-plutonic complex is a multi- 
staged volcanic-intrusive complex, predominantly made of granites 
with lesser amounts of dacitic-rhyolitic volcanic rocks and quartz diorite 
porphyry (Table 1). The ages of main-phase I-type alkali-feldspar 
granites and peralkaline A-type granites have been constrained by 
zircon U–Pb dating, and are in the range of 98–96 Ma and 89–86 Ma, 
respectively (Zhao et al., 2016). The quartz diorite porphyry exposed in 
the northeastern part of the PTS pluton is intruded by main-phase I-type 
alkali-feldspar granite, shows adakitic geochemical characteristics and 
is dated at ca. 170 Ma (Zhao et al., 2021). The minor-phase miarolitic 
alkali-feldspar granite within the southern part of the Putuoshan island 
(Fig. 2) is classified as an A-type aluminous subtype and has single zircon 
U–Pb age of 93 Ma (Qiu et al., 2004). They are subvolcanic, medium- 
grained (Fig. 3a), and consist of quartz (35–40 vol%), perthite (50–60 
vol%), plagioclase (15–10 vol%), and minor biotite (<3 vol%) (Fig. 3b 
and c), with accessory spessartine, zircon, apatite and titanite. Miarolitic 
cavities are fairly common and are often filled by aggregates of 

pegmatitic quartz and alkali-feldspar (Fig. 3a) and sometimes, by 
aluminous-rich minerals, such as spessartine, muscovite and even 
corundum (Qiu et al., 2004). Microgranular mafic enclaves (MMEs) are 
rare within this lithological unit (Fig. 3a) but are widely scattered 
throughout the main-phase granite (Fig. 3m, Xie et al., 2004; Zhao et al., 
2016). 

The dacitic-rhyolitic volcanic rocks in this study, which are present 
in the upper part of the PTS granite intrusion, had been eroded, and are 
composed of dacite, rhyodacite, and rhyolite, as shown in Fig. 2. They 
exhibit porphyritic texture and massive (Fig. 3). The PTS dacites are in 
grey (Fig. 3d), and contain ~50 vol% phenocrysts of quartz, plagioclase 
and alkali-feldspar, and similar microcrystalline minerals in the 
groundmass (Fig. 3e and f). Quartz phenocrysts are generally rounded in 
shape, displaying resorption texture (Fig. 3e). The PTS rhyodacites are 
light grey (Fig. 3g), and contain ~35 vol% phenocrysts of alkali- 
feldspar, plagioclase and quartz, and ~ 65 vol% matrix of quartz, feld-
spar, and accessory zircon, and Fe–Ti oxides (Fig. 3h and i). The PTS 
rhyolites are off-white (Fig. 3j). The phenocrysts (~25 vol%), ranging in 
diameter from 1 to 4 mm, are dominated by quartz (~15 vol%), alkali- 
feldspar (~7 vol%) and plagioclase (~3 vol%). Subhedral quartz and 
plagioclase phenocrysts have resorbed cores and are commonly sur-
rounded by alkali feldspar (Fig. 3k and l). The groundmass shows 
microcrystalline and micrographic textures (Fig. 3l), and is composed 
mainly of quartz and K-feldspar and a few opaque oxides. MMEs are 
rarely observed in these PTS volcanic rocks. 

3. Geochronology 

Zircon grains from the PTS volcanic–subvolcanic rocks are prismatic, 
euhedral, transparent, and colorless to pale yellow. They range from 80 
to 200 μm in length, with length/width ratios of 1:1–3:1. In cath-
odoluminescence (CL) images (Fig. 4), all of the analyzed zircons exhibit 
oscillatory zoning or occasional typical zoning absorption, and most 
have relatively high Th/U ratios (0.54–4.85), indicating a magmatic 
origin (Corfu et al., 2003). The analytical results of zircon U–Pb dating 
are listed in Supplementary Table 1 and presented graphically in Fig. 4. 

Nineteen analyses from dacite sample 18PT–1 are concordant and 
yield 206Pb/238U ages between 156.0 ± 2 Ma and 160.5 ± 1, with a 
weighted mean 206Pb/238U age of 159.5 ± 2 Ma [mean square weighted 
deviation (MSWD) = 0.28, 2σ; Fig. 4a], representing the formation age 
of the PTS dacite. Sixteen analyses from sample 18PT–8 (PTS rhyoda-
cite) are all concordant or near-concordant, and yield a weighted mean 

Table 1 
Summary of the volcanic and intrusive rocks within the PTS pluton in coastal 
Zhejiang Province.  

Lithology Zircon 
U–Pb 
age 

SiO2 

(wt%) 
A/ 
CNK 

εNd(t) Zircon 
εHf(t) 

Reference 

Quartz 
diorite 
porphyry 

169.8 
± 1 Ma 

63.36 
to 
67.04 

0.92 
to 
0.97 

− 18.1 
to 
− 17.7 

-23.4 to 
− 17.9 

Zhao et al. 
(2021) 

Dacite 159.5 
± 2 Ma 

60.23 
to 
67.76 

0.99 
to 
1.04 

− 12.2 -18.6 to 
− 12.6 

this study 

Main-phase 
granite 

97.6 ±
0.9 Ma 

74.24 
to 
77.53 

0.95 
to 
1.11 

− 7.1 to 
− 7.0 

-7.9 to 
− 3.1 

Zhao et al. 
(2016) 

Minor-phase 
granite 

98.4 ±
1 Ma 

75.36 
to 
78.09 

0.98 
to 
1.06 

− 7.4 -7.8 to 
− 3.5 

this study 

Rhyodacite 97.4 ±
0.8 Ma 

72.10 
to 
72.98 

1.09 
to 
1.14 

− 6.3 to 
− 6.2 

-7.3 to 
− 5.9 

this study 

Rhyolite 94.4 ±
0.9 Ma 

74.74 
to 
77.18 

1.04 
to 
1.15 

− 6.9 to 
− 6.7 

-7.0 to 
− 4.3 

this study 

A/CNK: whole-rock molar Al2O3/(CaO + Na2O + K2O) values. 
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Fig. 3. Macroscopic photos and photomicrographs of the volcanic rocks and granites within the Putuoshan volcanic-plutonic complex. (a–c) PTS minor-phase 
miarolitic alkali-feldspar granite; (d–f) PTS dacite; (g–i) PTS rhyodacite; (j–l) PTS rhyolite; (m–o) PTS main-phase alkali-feldspar granite. Fig. 3o is from Zhang 
et al. (2005). All thin-section photos were taken under cross-polarized light. Mineral abbreviation: Per, perthite; Pl, plagioclase; Qtz, quartz. 
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206Pb/238U age of 97.4 ± 0.8 Ma (MSWD = 0.68, 2σ; Fig. 4b), which is 
considered the crystallization age of the PTS rhyodacite. Three grains 
record older 206Pb/238U ages of 133.3 ± 3 Ma, 136.3 ± 2 Ma and 108.7 
± 2 Ma, which may represent captured grains. Seventeen analyses on 
zircon crystals from sample 18PT–4 (PTS rhyolite) yield 206Pb/238U ages 
between 98.0 ± 1.3 Ma and 92.9 ± 1.0 Ma, with a weighted mean of 
94.4 ± 0.9 Ma (MSWD = 2.8, 2σ; Fig. 4c), representing the magma 
crystallization age of the PTS rhyolite. Fourteen zircons from the sample 
12PT–7 (PTS minor-phase miarolitic granite) yield a weighted-mean 
206Pb/238U age of 98.4 ± 1 Ma (MSWD = 0.42, 2σ; Fig. 4d), repre-
senting the magma crystallization age of the PTS minor-phase miarolitic 
granite. 

4. Geochemistry and isotopic composition 

4.1. Whole-rock major and trace elements 

The results are listed in Supplementary Table 2. The volcanic rocks 
within the PTS volcanic-intrusive complex range from intermediate to 
felsic in composition, with SiO2 contents of 60.23–67.76 wt% for the 
dacite, 72.10–72.98 wt% for the rhyodacite, and 74.74–77.18 wt% for 

the rhyolite (Fig. 5a). The minor-phase miarolitic alkali-feldspar gran-
ites are highly evolved with restricted SiO2 contents of 75.36–78.09 wt% 
(Fig. 5a). All samples from the PTS volcanic-subvolcanic rocks are K2O- 
enriched, have high contents of Na2O + K2O varying from 6.95 to 8.78 
wt%, and plot within the high-K calc-alkaline series on a SiO2–K2O di-
agram (Fig. 5a). The PTS dacite and miarolitic alkali-feldspar granite 
samples are metaluminous to weakly peraluminous with A/CNK values 
(molar ratio Al2O3/(CaO + Na2O + K2O)) from 0.99 to 1.04 and 0.98 to 
1.06, respectively, while the PTS rhyolite and rhyodacite samples are 
peraluminous with A/CNK ratio values of 1.04–1.15 and 1.09–1.14, 
respectively (Fig. 5b). 

Except for the PTS rhyolite, all samples from the PTS volcanic–sub- 
volcanic rocks have high and variable concentrations of total rare earth 
elements (REE) varying from 87.3 ppm to 189 ppm. They are enriched in 
light REEs and large ion lithophile elements (LILE; e.g., Rb, Cs, and Pb), 
and depleted in high field strength elements (HFSE; e.g., Nb and Ta) 
(Fig. 6). In addition, the PTS dacites have lower Y and heavy REEs, and 
much higher Sr/Y and La/Yb ratios compared to the PTS Cretaceous 
volcanic-intrusive rocks, showing adakitic geochemical affinities 
(Figs. 5c and 6). Notably, the PTS rhyolites are characterized by pro-
nounced enrichments in Rb, Th, U, Pb and Nb, and depletions in Ba, Sr, P 

Fig. 4. Cathodoluminescence (CL) images of representative zircon grains and zircon U–Pb concordia diagrams for the PTS volcanic rocks and minor-phase miarolitic 
alkali-feldspar granite. (a) PTS dacite; (b) PTS rhyodacite; (c) PTS rhyolite; (d) PTS minor-phase miarolitic alkali-feldspar granite. Grey analyses (zircon grains spot 
no. 18PT8–01, 18PT8–14 and 18PT8–18) are not calculated for the 206Pb/238U weighted mean age of 18PT–8 sample. 
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and Ti, and show a continuous REE variation, which is characterized by 
a gradual depletion in REEs (Fig. 6). Furthermore, chondrite-normalized 
REE patterns for the PTS rhyolites show typical REE tetrad effect with 
TE1,3 (quantification factor of tetrad effect) of 0.96–1.23. 

4.2. Whole-rock Sr–Nd isotopes 

Measured whole-rock Sr–Nd isotopic data for the PTS volcanic–sub- 

volcanic rocks are listed in Supplemental Table 2 and plotted in Fig. 7a. 
The Late Jurassic dacite exhibits an initial 87Sr/86Sr ratio of 0.7123 and 
εNd(t) values of − 12.2 with two-stage Nd isotopic model ages of 1.94 Ga. 
In contrast, the Late Cretaceous samples from the PTS complex in this 
study give relatively homogeneous and more depleted Sr–Nd isotopic 
compositions, with initial 87Sr/86Sr ratios of 0.7124 to 0.7081 and εNd(t) 
values of − 7.4 to − 6.2, and their two-stage Nd model ages vary from 
1.51 to 1.40 Ga, similar to those of the main-phase granite (Fig. 7). 

4.3. Zircon Lu–Hf isotopes 

In-situ Lu–Hf isotopic analyses of zircons from the PTS volca-
nic–sub-volcanic rocks are listed in Supplemental Table 3 and plotted in 
Fig. 8. Zircon grains from the PTS dacite (18PT-1) yield εHf(t) values 
varying from − 18.6 to − 12.6, and the corresponding two-stage Hf 
model ages (TDM2) vary from 2.01 to 2.39 Ga. Zircon grains from the PTS 
rhyodacite (18PT-8) yield εHf(t) values from − 7.3 to − 5.9, with TDM2 
ages ranging from 1.54 to 1.63 Ga. Zircon grains from the PTS rhyolite 
(18PT-4) possess εHf(t) values ranging from − 7.0 to − 4.3, and the cor-
responding TDM2 varies from 1.60 to 1.43 Ga. Zircon grains from the PTS 
miarolitic granite (12PT-7) yield εHf(t) values ranging from − 7.8 to 
− 3.5, with TDM2 ages of 1.66–1.39 Ga. One inherited grain shows a more 
evolved εHf(t) value of − 14.7 with TDM2 age of 2.12 Ga. 

5. Discussion 

5.1. Petrogenesis of the PTS volcanic-plutonic complex 

The studied late Mesozoic PTS volcanic-plutonic rocks in north-
eastern Zhejiang Provinces are generated without coeval massive mafic 
rocks in this region, precluding their origin by extensive crystal frac-
tionation from coeval mafic magmas. Moreover, they are metaluminous 
to peraluminous, and have relatively high SiO2 and K2O concentrations 
and low MgO (Mg# mostly <45), Cr, and Ni contents, supporting their 
crustal origin (Jiang and Zhu, 2017). However, the Late Jurassic dacites 
in the PTS complex have different whole-rock Sr–Nd and zircon Hf 
isotopic compositions from the coexisting Cretaceous magmatic rocks 
(Figs. 7 and 8), further revealing different sources or different petroge-
netic processes. 

The Late Jurassic PTS dacites show extremely enriched whole-rock 
Sr–Nd and zircon Hf isotope compositions with Paleoproterozoic 
model ages (2.01–2.39 Ga), reflecting their derivation predominantly 
from partial melting of the ancient continental crust. Moreover, in an 
εNd(t) versus age diagram (Fig. 7a), the PTS dacite falls within the field 
of the crustal basement of the Cathaysia block. It is suggested that the 
PTS dacites were derived solely from the partial melting of basement 
Paleoproterozoic crustal rocks of the Cathaysia block. In contrast, the 
studied Late Cretaceous magmatic rocks have higher whole-rock εNd(t) 
(− 7.4 to − 6.2) and εHf(t) (− 7.8 to − 3.5) values with younger TDM2 ages 
(1.50–1.40 Ga) than the coexisting PTS dacite and crustal basement of 
the Cathaysia block, and plot above the isotope evolution field for the 
basement rocks (Figs. 7 and 8), suggesting significant involvement of 
mantle materials in their origin, either directly by magma mixing or by 
remelting of juvenile mantle-derived materials (Qiu et al., 2012; Wong 
et al., 2009). 

Existing petrographic, mineralogical and geochemical studies for the 
PTS main-phase granite and Cretaceous granitoids and related mela-
nocratic microgranular enclaves in eastern Zhejiang Province clearly 
revealed that mixing between magmas derived from mantle and crustal 
rocks did have played a role in their generation (Liu et al., 2013; Xie 
et al., 2004; Yan and He, 2022; Zhang et al., 2005). However, major 
oxide and trace element signatures (e.g., low MgO, Cr and high SiO2 
contents) of the PTS main-phase granite and the studied PTS Late 
Cretaceous magmatic rocks could not be perfectly explained by the 
magma mixing model although their Sr–Nd isotopic feature can be well 
matched by the mixing of asthenosphere-derived melts with 45–55% 

Fig. 5. Chemical classification of rocks from the Putuoshan volcanic-plutonic 
complex. (a) K2O vs. SiO2 diagram (Peccerillo and Taylor, 1976); (b) A/NK 
vs. A/CNK diagram (Maniar and Piccoli, 1989); (c) Sr/Y vs. Y diagram (Defant 
and Drummond, 1990). 
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Fig. 6. Chondrite-normalized REE patterns (a and c) and primitive mantle (PM)-normalized trace element (b and d) diagrams for the Putuoshan volcanic-plutonic 
complex. Chondrite values are from Boynton (1984), and primitive mantle values are from McDonough and Sun (1995). 

Fig. 7. (a) Whole-rock εNd(t) vs. age values of the Mesozoic granitoids and their equivalents from SE China. The area of the Cathaysia basement is modified from 
Chen and Jahn (1998). (b) Whole-rock εNd(t) vs. (87Sr/86Sr)i diagram for the Putuoshan volcanic-plutonic complex. The black line is a calculated binary mixing curve 
between possible mafic and felsic magma end-members. The depleted mantle is represented by the Ningyuan basalt in Hunan Province (Li et al., 2004). The crustal 
end-member is represented by the Putuoshan quartz diorite porphyry (Zhao et al., 2021). Tick marks represent 10% mixing increments. The data for the Mesozoic 
granitoids and their equivalents are from Liu et al. (2018, 2022), Chen et al. (2021), and Zhao et al. (2021) and references therein. The data for the Cretaceous mafic 
rocks are from Dong et al. (2008, 2010) and Li et al. (2014). 
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crust-derived melts (Fig. 7b). Moreover, the studied PTS Late Cretaceous 
highly evolved volcanic rocks and minor-phase miarolitic granite have 
relatively restricted variations in Sr–Nd isotopic composition, and both 
are roughly similar to those of the Cretaceous basalts and basic dykes 
from SE China (Fig. 7b, Dong et al., 2008, 2010; Li et al., 2014). 
Significantly, Cretaceous felsic magmatic rocks in the coastal region of 
SE China display comparable Nd–Hf isotopic compositions, which are 
more depleted than those of the Triassic and Jurassic magmatic rocks 
(Figs. 7 and 8). These provide first-order constraints on the petrogenesis 
of the studied Cretaceous magmatic rocks, namely that they are derived 
from a common source or its derivatives, and partial melting of juvenile 
crust exerts a crucial role in their generation. Therefore, it is suggested 
that their relatively depleted Sr-Nd-Hf isotopic characteristics are pre-
dominantly inherited from crustal magma sources with subordinate 
involvement of mantle-derived melt via magma mixing. 

Collectively, the Late Jurassic PTS dacites were derived by partial 
melting of ancient basement rock in the Cathaysia block, while the 
studied PTS Late Cretaceous volcanic-plutonic rocks may be generated 
by partial melting of juvenile crust with variable involvement of mantle- 
derived melt. 

5.2. Genetic relationship of the various Late Cretaceous rock types within 
the PTS complex 

The studied PTS Late Cretaceous rhyolite, rhyodacite and minor- 
phase granite as well as the main-phase granite and peralkaline A-type 
granite spatially occur together (Fig. 2), constituting a typical volca-
nic–subvolcanic–intrusion association. Meanwhile, they have nearly 
indistinguishable zircon U–Pb ages, similar Sr–Nd and zircon Hf iso-
topic compositions and mineral assemblages, apart from the PTS per-
alkaline A-type granite that contains Na-rich mafic minerals (e.g., 
arfvedsonite and aegirine) and is considered to be the product of partial 
melting of the residual granulitic source after extraction of granitic melts 
(Jiang et al., 2022; Zhao et al., 2016). These characteristics not only 
support their derivation from a common magma source but also suggest 
a close genetic relationship among them. However, among the studied 
Late Cretaceous high-silica volcanic and intrusive rocks, the PTS rhyo-
dacites are least evolved with strongly peraluminous geochemical 
characteristics and others are metaluminous to slightly peraluminous in 

composition (Fig. 5b). The mechanism responsible for the compositional 
diversity of these Late Cretaceous rocks remains poorly constrained. 

The PTS miarolitic granites are more evolved than the main-phase 
granite, yielding compositional arrays that are consistent with frac-
tional crystallization, as shown by their more significant depletions in 
Eu, Ba, Sr, P and Ti concentrations, and lower Zr content and Zr/Hf and 
CaO/Al2O3 ratios (Figs. 6 and 9). This suggests that fractional crystal-
lization of plagioclase, alkali feldspar and minor zircon occurred and 
stayed as a residual phase in the shallow magma chamber during the 
generation of the PTS miarolitic granites. Especially, the PTS minor- 
phase miarolitic granites also show more elevated Nb, Ta, Y, Yb, and 
Lu contents than the main-phase granite (Fig. 6), indicating delayed 
crystallization of HFSE- and HREE-bearing accessory minerals in the 
high-silica magma in which the PTS minor-phase miarolitic granite 
crystallized. The main-phase granite and the minor-phase miarolitic 
granite are likely complementary components of fractional crystalliza-
tion (Fig. 10). Namely, compatible elements (e.g., Sr, Ba, Zr, and Eu) are 
enriched in early crystallized minerals (in the main-phase granite), 
whereas incompatible elements (e.g., Rb and Th) are enriched in the 
residual melt (from which the minor-phase miarolitic granite crystal-
lized). Therefore, we suggest that the former represents the cumulate 
residue while the latter largely (or entirely) represents the melt extrac-
ted from an upper crustal crystal mush, coinciding with the crystal mush 
model (Bachmann and Bergantz, 2004; Deering et al., 2011). 

This inference is further supported by petrographic observations. 
Both types of granite within the PTS complex have identical mineral 
assemblage. There are abundant euhedral plagioclases in the PTS main- 
phase granite, and some of them are interconnected to form crystal 
aggregates, and are often encircled by interstitial alkali feldspar and 
quartz minerals (see Fig. 3b from Zhao et al., 2016), which represents 
frozen trapped pore melt (Holness, 2018). Moreover, coarse-grained, 
euhedral to subhedral alkali feldspar and quartz grains occur with 
interstitial residual felsic minerals (Fig. 3m and n). All of these obser-
vations indicate that plagioclase and early-stage alkali feldspar and 
quartz tend to construct the crystal framework of the main-phase alkali- 
feldspar granite, displaying a cumulate character (Vernon and Collins, 
2011; Walker et al., 2007). These cumulate minerals are completely 
identical to those inferred from the above geochemical characteristics. 
In contrast, the PTS minor-phase miarolitic granites have 

Fig. 8. Hf-isotope compositions of representative zircons from the Putuoshan volcanic-plutonic complex. The area of Eastern Cathaysia basement is after Xu et al. 
(2007). The data for the Badu complexes, and Paleoproterozoic A-type, I-type and S-type granites are the same as in Zhao et al. (2021). Data sources for Mesozoic 
granitoids and their equivalents in southeast China as in Fig. 7. 
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petrographically less plagioclase, but more alkali feldspar (Fig. 3). Their 
mineral assemblages are dominated by simultaneously crystallized al-
kali feldspar and quartz, supporting that they crystallize from the 
extracted melt from a crystal mush at the top of the system. Therefore, a 
crystal mush model is invoked to explain the genetic relationship be-
tween the PTS minor-phase miarolitic granite and main-phase granite. 

Compared with both the intrusive main- and minor-phase granites, 

the PTS erupted rhyodacites and two less evolved rhyolite samples 
(18PT–4 and 18PT–6) are strongly peraluminous in composition and 
have higher Fe2O3

T, MgO, Al2O3 and CaO contents and slightly negative 
Eu, Sr and Ba anomalies (Fig. 9), as well as somewhat more radiogenic 
Nd and Hf isotope compositions, which probably result from a shift in 
composition by addition of a hotter mafic recharge and explicitly assert 
the re-mobilization and/or partial melting of the pre-existed crystal 

Fig. 9. Diagrams show the selected element or elemental ratio versus Rb/Sr for the Putuoshan volcanic-plutonic complex. (a) SiO2, (b) Al2O3, (c) CaO, (d) MgO, (e) 
Zr/Hf, and (f) Rb/Ba. 
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mush (Du et al., 2022). This is further endorsed by three lines of 
petrographic and mineralogical evidences: (1) MMEs with the presence 
of euhedral acicular apatite and euhedral plagioclase showing reverse 
compositional zoning are scattered throughout the PTS main-phase al-
kali-feldspar granite (Xie et al., 2004); (2) Some ovoid alkali feldspar 
grains within the main-phase granite are mantled by plagioclase 
(Fig. 3o, Zhang et al., 2005), indicating a rapakivi texture, which is 
commonly associated with the rejuvenation of near-solidus crystal mush 

(Yin et al., 2021); (3) The quartz and feldspar crystals of the PTS erupted 
rhyodacites and rhyolite are typically resorbed and embayed, and some 
of the quartz grains are enclosed by alkali feldspar (Fig. 3k and l, Yan 
et al., 2022; Curry et al., 2021). That is, the addition of heat and/or 
volatile contents, both obtainable by recharge, triggered a limited 
remelting of a feldspar cumulate with minor small zircon crystal to 
produce a geochemically peraluminous, Zr-rich melt (Barnes et al., 
2019; Curry et al., 2021; Yan et al., 2022), as these phases strongly 
partition Ba, Sr, Eu and Zr. The additions of these new liquids to the pre- 
existed interstitial melt subsequently form a new mixture of crystals and 
melt, from which the studied rhyodacites and rhyolites crystallized with 
the involvement of minor mafic recharge. 

Petrographic observations suggest that the PTS rhyodacites show 
higher phenocryst contents than the coexisting rhyolites. Geochemi-
cally, the rhyodacites have less evolved geochemical compositions than 
those of the rhyolites (Figs. 6 and 9). These obviously reveal a vertical 
chemical and petrographical stratification in the magma chamber. 
Moreover, the rhyodacites appear to have more radiogenic Nd isotope 
compositions (εNd(t) = − 6.3 ~ − 6.2) than the rhyolite (εNd(t) = − 6.9 ~ 
− 6.7). It is therefore suggested that inadequate separation of mineral 
crystals from the newly formed viscous mixture of crystals and melt, 
would give rise to the variable extent of entrainment of suspended 
crystals in the melt from bottom to top, together with the contribution of 
mafic recharge magma, thus forming a relative crystal-poor cap (rhyo-
lite) underlain by a crystal-rich zone (rhyodacite) with slightly more 
voluminous mantle-derived mafic magmas. 

It should be noted that three samples from the PTS rhyolites show a 
spectacular tetrad effect in their REE distribution patterns. Zr and Hf are 
two geochemically very similar HFSEs and retain highly constant ratios 
in most terrestrial and extraterrestrial rocks (about 38 ± 2, Jahn et al., 
2001). A highly fractionated Zr/Hf ratio (< 26) is a characteristic feature 
of aqueous systems rather than silicate systems (Bau, 1996; Irber, 1999). 
The PTS rhyolites with notable lanthanide tetrad effect show unusually 
low Zr/Hf ratios (22.4–21.4), strongly suggesting their origin is related 
to an aqueous system. Similarly, La/Nb and La/Ta ratios for these PTS 
rhyolite samples are lower than the common values of magmatic rocks, 
suggesting that the REE tetrad effect observed in the rhyolite was 
resulted from fluid–melt interactions at a late stage of magma evolution 
(Jahn et al., 2001). It is further supported by co-variations in Zr/Hf and 
TE1,3 values from the rhyolite samples with no tetrad effect to highly 
evolved samples with the tetrad effect (Supplemental Table 2). 

In summary, it is suggested that melts segregated from granitic 
crystal mush developed into the PTS minor-phase miarolitic granite, 
while the crystal-rich residues (mineral cumulates + interstitial residual 
melt) may be solidified to form the main-phase granites. Rejuvenation of 
the crystal mush due to repeated, hot, mafic magma replenishment 
resulted in the generation of strongly peraluminous felsic magma from 
which the PTS rhyodacite and the least evolved rhyolite crystallized. At 
the same time, the intense fluid-melt interaction resulted in the 
remarkable lanthanide tetrad effect of the three evolved samples from 
the PTS rhyolite. 

5.3. Geodynamic mechanism responsible for the generation of the late 
Mesozoic PTS volcanic-plutonic complex 

The newly discovered ca. 160 Ma dacites show adakite-like 
geochemical affinities, similar to those of the coexisting ca. 170 Ma 
quartz diorite porphyries, ca. 174 Ma granodiorites in the East China Sea 
Basin (Yuan et al., 2018; Zhao et al., 2021). It is suggested that these 
Middle-Late Jurassic magmatic rocks in the coastal area of SE China 
were formed by partial melting of the thickened lower continental crust 
with garnet and little or no plagioclase stable within the residual 
assemblage. In addition, Zhao et al. (2021) and Yuan et al. (2018) 
proposed that there exists a NE-trending, Jurassic, arc-related magmatic 
rock belt along the southeast coast of China. These suggest that the 
generation of the ca. 170–159 Ma PTS adakitic magmatic rocks was 

Fig. 10. Co-variations of element concentrations and elemental ratios of the 
Putuoshan volcanic-plutonic complex. (a) Ba vs. Sr; (b) Eu vs. Sr; (c) Zr/Hf vs. 
Zr. Symbols are the same as in Fig. 9. 
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presumably related to an advancing subduction process during which 
compression gave rise to lithospheric thickening. Moreover, the identi-
fication of the ca. 176–158 Ma subducted slab (mainly the overlying 
sediments)-derived adakitic rocks in the interior of SE China, such as the 
Dexing volcanic-intrusive complex, Tongcun porphyry, and the Yuanz-
huding granitoid porphyry (Fig. 1) suggests that subduction of the paleo- 
Pacific plate at least has reached eastern Jiangxi, and western Guang-
dong by ca. 160 Ma (Qiu et al., 2013; Zhong et al., 2013; Zhou et al., 
2012). The formation of Late Jurassic A-type granite belt (ca. 165–150 
Ma) following these ca. 176–158 Ma adakitic rocks in the interior of SE 
China (Fig. 1), further suggests that the extensional tectonic occurred 
only within a local area in the continental interior, and the coastal area 
of SE China during Jurassic remains a compressive tectonic setting with 
sparse magmatic activity, unequivocally corresponding to low-angle 
forward subduction of the paleo-Pacific plate (Fig. 11a). On the other 
hand, gradual episodic slab rollback of the paleo-Pacific plate migrated 
from inland to the coastal area during the Cretaceous was widely 
invoked to account for the generation of the Early Cretaceous A-type 
granite belt (ca. 140–125 Ma) and the Late Cretaceous A-type granite 
belt in SE China (ca. 101–86 Ma, Fig. 1; Li et al., 2022; Peng et al., 2021; 
Zhao et al., 2016), revealing an extensional tectonic regime during 
Cretaceous in the coastal area of SE China (Fig. 11b). Therefore, we 
conclude that subduction of the paleo-Pacific plate beneath the coastal 
area of SE China evolved from slab advance to slab rollback at ca. 145 
Ma, resulting in a transition from a compressional (200–145 Ma) to an 
overall extensional (145–86 Ma) tectonic regime in the coastal belt of SE 
China (Fig. 11a and b). 

Geochemically, the Middle-Late Jurassic PTS dacites and coexisting 
quartz diorite porphyries have extremely evolved Nd–Hf isotopic 
compositions with Neoarchean to Paleoproterozoic Nd–Hf model ages 
(ca. 2.75–1.94 Ga, Zhao et al., 2021 and this study), similar to those of 
the contemporary sporadical granitoids and their extrusive counterparts 
in the coastal area of SE China and the East China Sea Shelf (Figs. 7a and 
8, Yuan et al., 2018; Zhao et al., 2021), suggesting their derivation from 
remelting of ancient basement rocks without significant involvement of 
mantle materials and ancient basement rocks similar to the Badu com-
plex did are present in the eastern Cathaysia block (Zhao et al., 2021). 

Noticeably, based on a compilation of this work and previous studies, 
zircon εHf(t) and whole-rock εNd(t) values for the magmatic rocks in the 
coastal area of SE China show a more depleted trend from the Middle 
Jurassic to the Late Cretaceous (Figs. 7 and 8), indicating that the 
contribution from a depleted asthenospheric mantle in their generation 
was gradually increasing. It is widely accepted that the gradual increase 
in the dip angle of the retreating paleo-Pacific plate during the Creta-
ceous, caused an increase in tectonic extension in the coastal area of SE 
China, as endorsed by the presence of numerous ca. 101–86 Ma 
extension-related rocks in coastal Fujian and Zhejiang Provinces (Zhao 
et al., 2015, 2016). This process induced more intensive underplating of 
mantle-derived magmas and increasing intensity of crust-mantle inter-
action in the coastal area of SE China. The underplating of mantle- 
derived magmas modified the components of continental crust and 
gave rise to the significant lithospheric rejuvenation during the Creta-
ceous in the coastal area of SE China, also as revealed by geophysical and 
petrological observations (Dong et al., 2020; Xu et al., 1996). 

The continental crust in the coastal Cathaysia block was therefore 
mainly reworked during the Jurassic, but significantly modified and 
replaced by underplated mantle-derived depleted magma during the 
Cretaceous, which gave rise to continental crust growth and lays a 
foundation for the Cretaceous volcanic rocks having depleted Nd–Hf 
isotopic compositions. 

5.4. A model of the magmatic system for the Late Cretaceous PTS 
volcanic-plutonic complex 

Based on the above observations, we envision the following 
magmatic scenarios, and our model for the storage and evolution of the 

Late Cretaceous PTS magma system is schematically illustrated in 
Fig. 11. In the coastal Cathaysia Plate, the roll-back and steepening of 
the paleo-Pacific slab occurred during the Cretaceous and resulted in 
lithospheric extension and the underplating of mantle-derived basaltic 
melts (Fig. 11b). This process transitioned the lower continental crust 
from ancient basement rocks to newly-formed, mafic juvenile crust. The 
induced large-scale partial melting of the juvenile lower crust by mafic 
magma underplating gave rise to the formation of a deep massive acid 
magma reservoir in the mid-to-upper crust, leaving granulite residue in 
the lower crust (Zhao et al., 2016). Continued fractional crystallization 
and crystal accumulation in the shallow magma chamber formed the 
crystal mushes and the evolved, interstitial silicic melts (Bachmann 
et al., 2007). Evolved melt expulsion by compaction and repacking of 
the crystals in the mush generated the PTS minor-phase miarolitic 
granite, which simultaneously left the complementary crystal residue 
solidified as the main-phase granite (Fig. 11c, Bachman and Bachman, 
2004; Bachmann and Huber, 2019; Solano et al., 2014). Subsequently, 
rejuvenation of the near-solidified crystal mush induced by hot mafic 
magma replenishment in the shallow magma reservoir led to the gen-
eration of the PTS strongly peraluminous rhyodacite and rhyolite 
(Fig. 11d). The recharge events of mafic magmas mainly are trapped at 
the base of the magma reservoir and do not propagate much higher 
because the silicic cumulate residues could act as mechanical barriers to 
the rising of recharge magmas (Du et al., 2022; Wark et al., 2007). This is 
evidenced by the fact that abundant microgranular mafic enclaves occur 
in the main-phase granite, but are scarce in the minor-phase miarolitic 
granite and erupted volcanic rocks. Meanwhile, crystallization and 
decompression drove fluid exsolution, and then possible fluid-melt 
interaction formed some of the terminal PTS rhyolites with significant 
REE tetrad effect, and potential Mo–Be mineralization (Rao et al., 
2022). 

Collectively, a complex long-lived, trans-crustal magmatic system in 
a back-arc extensional regime, which is dominated by crystal mush and 
periodically reactivated by new input of hot, mafic magma, is respon-
sible for the generation of the PTS Cretaceous volcanic-plutonic complex 
as well as the contemporary ones in coastal Fujian and Zhejiang Prov-
inces. It should be noted that the limited distribution and crustal origin 
of the Middle-Late Jurassic PTS dacite and quartz diorite porphyry imply 
a quick magma solidification after erupting and a relatively simple 
magma chamber process due to a less intense thermal regime in a 
compressive tectonic setting. Their rounded and embayed quartz and 
feldspar crystals without overgrowth of felsic minerals were products of 
rapid decompression during the eruption (Curry et al., 2021; Yan et al., 
2022). 

6. Conclusions 

We report the newly discovered dacite, rhyodacite, rhyolite and 
subvolcanic miarolitic alkali-feldspar granite within the PTS volcanic- 
plutonic complex, which is predominantly composed of I-type alkali- 
feldspar granite (ca. 96–98 Ma), peralkaline A-type granites (ca. 
86–88 Ma) and subordinate quartz diorite porphyry (ca. 170 Ma).  

(1) New zircon U–Pb dating revealed that the dacites were produced 
at ca. 160 Ma, while the volcanic rocks and subvolcanic in-
trusions were crystallized practically identically within analytical 
errors at ca. 94–98 Ma.  

(2) New results and compiled data indicate that the Paleoproterozoic 
crustal basement did widely occur in the eastern Cathaysia block, 
and were mainly reworked before the Cretaceous but signifi-
cantly modified and replaced by the newly underplated mantle- 
derived depleted magma predominantly during the Cretaceous.  

(3) The Jurassic and Late Cretaceous magmatic rocks within the PTS 
complex were generated in an advancing subduction compressive 
regime and a retreating subduction extensional regime of the 
paleo-Pacific plate, respectively. The Late Cretaceous PTS 
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Fig. 11. Schematic cartoon for the tectonic processes (a and b) in the coastal regions of SE China during the late Mesozoic and the genesis of the Late Cretaceous PTS 
high-silica volcanic and plutonic rocks (c and d). Abbreviations: ZDF, Zhenghe–Dapu Fault. 
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volcanic-plutonic association is resulted from the long-lived 
transcrustal magmatic system, and the observed compositional 
diversity is probably attributed to crystal–melt segregation and 
rejuvenation of crystal mush facilitated by periodic recharge of 
hot mafic magmas as well as varying degrees of magma mixing in 
the shallow magma chamber. 
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