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ABSTRACT

Processes taking place in subduction zones 
are highly debated. The Cretaceous volcanic 
rocks are voluminously distributed along the 
coastal area of southeastern (SE) China. To 
elucidate their petrogenesis and relationship 
with subduction, we use new zircon U-Pb 
ages and Hf-O isotopes for the representative 
Cretaceous volcanic sequences in Zhejiang 
Province, China. According to stratigraphic 
investigations, zircon U-Pb ages, and Hf-O 
isotopes, these volcanic rocks can be divided 
into different groups corresponding to three 
stages of volcanic activity: the early (Stage 1, 
136–129 Ma), middle (Stage 2, 125–115 Ma), 
and late (Stage 3, 110–94 Ma) stages. Diverse 
zircon populations (including antecrysts, 
autocrysts, and xenocrysts) are recognized. 
Hf-O isotopes of autocrysts suggest differ-
ent protoliths for the identified three stages 
of volcanic activity. Xenocrysts show obvious 
different compositions from autocrysts. Ante-
crysts share similar compositions with auto-
crysts, which favor similarities in the magmas 
from which they were generated. Our ob-
servations (very small age intervals between 
antecrysts and autocrysts, sources for vol-
canic rocks throughout the entire crust, and 
volcanic magmatism with long-term and dis-
continuous characteristics), were inconsistent 
with the traditional melt-dominated magma 
chamber model. Consequently, we propose 
that those volcanic rocks were derived from 
long-lived transcrustal magmatic systems 
(TCMS), dominated by crystal mush, instead 
of melt-dominated magma chambers, main-
tained and recharged by a discontinuous con-
tribution of contemporaneous underplated 
mantle-derived magmas, triggered by paleo-
Pacific plate subduction. We suggest the dif-

ferent stages of volcanic activity and corre-
sponding long-lived TCMS were produced by 
the change of Pacific plate motion beneath SE 
China during the Cretaceous period.

1. INTRODUCTION

Subduction zones serve as major places of 
mass and energy exchange between crust and 
mantle and generate voluminous magmas that 
record the formation and evolution of continen-
tal crust (Guo et al., 2021). Magmatism in sub-
duction zones is generally dominated by andes-
ites and mafic igneous rocks (Kelemen et  al., 
2013). These igneous rocks are generally char-
acterized by enrichments in large-ion lithophile 
elements (LILEs) and light rare earth elements 
(LREEs) relative to high field strength elements 
(e.g., Nb and Ta) (Plank et al., 2013), which are 
widely believed to be a result of the preferential 
mobilization of LILEs or LREEs in fluids from 
the slab to mantle wedge (Spandler and Pirard, 
2013). However, the late Mesozoic magmatism 
in southeastern (SE) China is characterized by 
the emplacement of voluminous felsic magmas 
with a few andesites and mafic magmas, which 
are considered to have been resulted from the 
subduction of the paleo-Pacific Ocean (Li et al., 
2019; Li and Li, 2007; Xu et al., 2021; Zhou 
et al., 2006). Although these igneous rocks have 
been studied in terms of petrogenesis, tectonic 
settings, and geodynamics, the key factors for 
controlling magma compositions, are still not 
clear (Chen et al., 2008, 2016). Recently, Guo 
et al. (2021) proposed that a tectonic transition 
in the Cretaceous from advanced subduction to 
rollback-tearing of the paleo-Pacific slab was a 
response to the emplacement of both the arc-type 
and ocean island basalt-like mafic magmatism in 
SE China. However, the possible factors, such 
as source compositions, fractional crystalliza-
tion, crustal contamination, magma mixing, or 
tectonic regime, may affect the chemical com-

positions of those felsic igneous rocks (Liu et al., 
2016; Wu et al., 2017), which need to be further 
evaluated and clarified.

Meanwhile, the relationship between mag-
matism and slab subduction also remains con-
troversial (He and Xu, 2012; Li and Li, 2007; 
Sun et al., 2007; Xu et al., 2021; Zhou et al., 
2006). Many tectonic models related to paleo-
Pacific plate subduction have been postulated 
to explain the late Mesozoic tectono-magmatic 
evolution of SE China (Chen et al., 2008; Gilder 
et al., 1991; Hsü et al., 1990; Li, 2000; Li and 
Li, 2007; Sun et al., 2007; Zhou et al., 2006). 
For example, Zhou and Li (2000) suggested that 
the dip angle of subducted paleo-Pacific slab 
increased progressively during the period from 
180 to 80 Ma. During this period, mantle wedge 
melting and basaltic underplating provided the 
necessary heat to trigger partial melting of the 
continental crust. Alternatively, Li and Li (2007) 
presented a flat-slab subduction and slab-foun-
dering model to account for the broad Mesozoic 
intracontinental deformation and magmatism 
within South China. In particular, many models 
have been paid much attention to the Cretaceous 
period. He and Xu (2012) raised that subduc-
tion of the paleo-Pacific plate beneath SE China 
evolved from slab advance to slab rollback at ca. 
110 Ma. While Li et al. (2014d) speculated the 
existence of break-off (at ca. 125–115 Ma) and 
rollback (at ca. 115–90 Ma) of the subducting 
Paleo-Pacific Plate during the Cretaceous. Based 
on geological, geochronological, and geochemi-
cal data of the Cretaceous volcanic sequences in 
the Zhejiang-Fujian provinces, Liu et al. (2016) 
proposed a not synchronized paleo-Pacific slab 
rollback model to account for the spatial-tem-
poral migration of late Mesozoic igneous rocks 
in SE China. Importantly, different directions of 
subduction motion for the paleo-Pacific plate in 
the Cretaceous were proposed. These include 
suggestions that the slab drifted northwestward 
(Li et al., 2014a, 2014b; Li and Li, 2007; Liu †Corresponding author: yangjiehua@vip​.gyig​.ac​.cn.
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et  al., 2016; Zhou and Li, 2000; Wang et  al., 
2017), northeastward followed by northwest-
ward (changed at ca. 140 Ma; Liu et al., 2012b), 
or southwestward followed by northwestward 
(changed at ca. 125 Ma; Liu et al., 2018; Sun 
et al., 2007; Wang et al., 2011a).

Cretaceous volcanisms are widespread along 
the coastal area of SE China (Fig.  1) (Chen 
et al., 2008; Chen et al., 2016; Liu et al., 2014b, 
2012a, 2016), which received less attention than 
the coeval granites (Guo et  al., 2012; Meng 
et al., 2012; Zhou et al., 2006). The Cretaceous 
volcanic rocks are dominated by rhyolites as 
both pyroclastic rocks and lava flows with a 

total thickness of more than 5 km, while andes-
itic and mafic rocks are less than 5 vol% (Xu 
et  al., 2021). The Cretaceous felsic volcanic 
successions in SE China are best developed in 
Zhejiang Province (Fig. 1) ranging from 140 to 
88 Ma (Liu et al., 2012a). Studies on these Cre-
taceous volcanic rocks are of great significance 
since they can provide important signatures for 
the dominant mechanism controlling chemical 
compositions of continental arc magmatism, 
and magma storage, accumulation, and chemi-
cal differentiation in the continental crust (Xu 
et al., 2021), and may help us to better under-
stand how long-lived magmatic systems relate to 

the periodicity of large volcanic eruptions (Liu 
and Lee, 2020).

Our study focuses on these Cretaceous volca-
nic rocks in SE Zhejiang Province. Zircon has 
long been recognized as the most resistant min-
eral and the key geochemical tracer in terms of 
U-Pb age and Hf-O isotopes in felsic magmas 
(Kemp et al., 2007; Miller et al., 2007). More 
importantly, O-isotopic systematics is sensitive 
to crust-mantle interaction in subduction zones, 
because different sources for the origin of arcs 
have distinctly different O-isotope compositions 
(Zhao et al., 2019). Detailed zircon U-Pb dat-
ing of the entire volcanic sequences defines the 

Figure 1. Simplified geological map of south China showing the distribution of Mesozoic granitoid and volcanic rocks. Modified after Zhou 
et al. (2006).
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geochronological framework of the Cretaceous 
magmatism, and related systematical zircon 
Hf-O isotope analysis elucidates the nature of 
the source region for magmas of subduction 
zone volcanic rocks. Our new data combined 
with previous studies could be useful not only 
for examining the fundamental magmatic pro-
cesses of the Earth’s crust but also for a better 
understanding of the relationship between mag-
matism and subduction.

2. GEOLOGICAL SETTING

South China Block (SCB) is one of the major 
igneous provinces of the world, and its Mesozoic 
magmatism is an important part of the circum-
Pacific magmatic belt (Xu et al., 2021). It con-
sists of the Yangtze Block to the west and the 
Cathaysia Block to the east which were welted 
together along the Jiangnan Fold Belt during 
the Neoproterozoic (Fig. 1) (Zhao and Cawood, 
2012; Zhao et al., 2011). The Cathaysia Block 

has been considered as a composite unit com-
prising several discrete continental blocks (Xu 
et al., 2007; Yu et al., 2010), which mainly con-
sists of Neoproterozoic to Phanerozoic sedimen-
tary rocks and Paleozoic to Mesozoic igneous 
rocks with minor pre-Neoproterozoic basement 
rocks (Li et al., 2014c; Yu et al., 2010; Zheng 
et al., 2011). The Precambrian basement rocks 
are sparsely exposed in the Chencai, Badu, Wuy-
ishan, Nanling, Yunkai, and Hainan areas in a 
NE-trending belt delimited by the Chenzhou-
Linwu–Jiang-Shao Fault to the northwest and 
the Zhenghe-Dapu Fault to the southeast (Zhao 
and Cawood, 2012).

The Paleozoic and Mesozoic magmatism in 
SCB has been classified into the Caledonian 
(early–middle Paleozoic), Indosinian (Triassic), 
Early Yanshanian (Jurassic), and Late Yanshanian 
(Cretaceous) magmato-tectonic events (Li and 
Li, 2007; Xing et al., 2004; Zhou et al., 2006). 
An abundance of igneous rocks, especially gran-
ites, formed in response to these events, with the 

granites in the easter SCB commonly regarded as 
a large granite province (Wang and Zhou, 2005). 
Late Mesozoic magmatism was largely concen-
trated in the Cathaysia Block, and the intensity of 
magmatism increased toward the ocean (Fig. 1) 
(Zhou et al., 2006). Associated granitoids with 
Jurassic ages are concentrated in the inland 
region, whereas those with Cretaceous ages are 
mainly distributed in the coastal region. Volcanic 
rocks were erupted mainly in the Cretaceous and 
generally crop out along the coastal area of SE 
China (Zhou et al., 2006); they were traditionally 
divided into the lower and upper volcanic series 
that are separated by a ubiquitous regional uncon-
formity (He and Xu, 2012; Lapierre et al., 1997; 
Liu et  al., 2012a). The lower volcanic series 
(140–110 Ma) consists mainly of rhyolitic and 
dacitic rocks with sporadic andesite and basalt, 
whereas the upper volcanic series (110–85 Ma) 
comprises predominant rhyolite and minor basalt 
(Fig. 2) (Chen et al., 2008; He and Xu, 2012; 
Lapierre et al., 1997; Liu et al., 2012a).

Figure 2. Distribution of Cre-
taceous volcanic rocks in Zhe-
jiang Province, China, and 
sample locations. Modified af-
ter Liu et al. (2014b).
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3. VOLCANIC SEQUENCES AND 
SAMPLE DESCRIPTIONS

The Early Cretaceous volcanic rocks (the 
lower volcanic series) from the southeastern 
Zhejiang Province are named the Moshi
shan Group, which consist of the Dashuang, 
Gaowu, Xishantou, Chawan, Jiuliping for-

mations (Fig. 3A) (Liu et al., 2014b, 2012a). 
According to the Yucaotou stratigraphic section 
in Yiwu City, Jiuliping stratigraphic section in 
Tiantai City, and Xiaoxiong Section in Sanmen 
City (Figs. 3B–3D), the Dashuang Formation 
mainly contains rhyolitic ignimbrite and tuff 
with minor tuffaceous sandstone and mudstone; 
the Gaowu Formation consists of rhyolitic 

ignimbrite and tuff; the Xishantou Formation 
is composed of sandstone and rhyolitic tuff, 
vitro-crystalline tuff and ignimbrite, silicified 
sedimentary tuff, and rhyolitic ignimbrite and 
tuff; the Chawan Formation contains rhyolitic 
breccia-bearing vitric tuff and rhyolitic ignim-
brite; the Jiuliping Formation is composed of 
mudstone and sandstone, sedimentary tuff and 

A B

C

D

Sandstone

Figure 3. Columnar section and profiles of representative sections from where the studied samples were collected in Zhejiang Province, 
China. Modified from Liu et al. (2012a), Wong and Yu (1999), and Zhang et al. (2018).
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lithophysa-bearing rhyolite. Three samples 
(DS-01, DS-04, and DS-05) collected from 
the Dashuang Formation are breccia-bearing 
lithic tuff, crystal tuff, and litho-crystalline tuff, 
respectively (Fig. 4A). Four samples (GW-01, 
GW-02, GW-03, and GW-04) from the Gaowu 
Formation were all litho-crystalline ignimbrite 
(Fig.  4B). Three samples (XST-01, XST-02, 
and XST-03) from the Xishantou Formation 
are crystal-vitroclastic ignimbrite (Fig.  4C). 
One sample (CW-01) from Chawan Forma-
tion is sedimentary tuff (Fig. 4D). One sample 
(JLP-01) from Jiuliping Formation is rhyolite 
(Fig. 4E).

The Late Cretaceous volcanic rocks (the 
upper volcanic series) are only preserved in 

some small basins of southeastern Zhejiang 
Province, represented by the Yongkang Group, 
the Tiantai Group, and the Xiaoxiong Forma-
tion. The Yongkang Group comprises the Guan-
tou, Chaochuan, and Fangyan formations. The 
Tiantai Group includes the Tangshang, Liang-
toutang, and Chichengshan formations. The 
Guantou Formation consists of tuffaceous 
fine-grained sandstone, ignimbrite, and lava 
flow. The Chaochuan Formation comprises 
litho-crystalline tuff. The Xiaoxiong Formation 
could be divided into two segments (Fig. 3): 
the lower segment is made up of rhyolitic tuff, 
alkali-feldspar rhyolite, and sedimentary tuff, 
with sandstone and siltstone at the bottom; 
while the upper segment consists of rhyolitic 

tuff, alkali-feldspar rhyolite, and trachyte. 
Central intrusive porphyritic syenite exposes 
in the caldera (Liu et al., 2012a). One sample 
(GT-01) from the Guantou Formation is ignim-
brite (Fig. 4F). One sample (CC-01) from the 
Chaochuan Formation is litho-crystalline tuff 
(Fig. 4G). One sample (TS-01) from Tangshang 
Formation is litho-crystalline tuff (Fig.  4H). 
One sample (XX-01) from the Xiaoxiong For-
mation is tuff (Fig. 4I).

4. ANALYTICAL METHODS

Fifteen samples were selected for whole 
major and trace element analyses; the rep-
resentative zircon grains were selected for 

A B C

D E F

G H I

Figure 4. Photomicrographs of representative volcanic rocks from southeastern Zhejiang Province, China (crossed nicols). (A) Litho-crys-
talline tuff from the upper part of the Dashuang Formation; (B) lithic crystal ignimbrite from the upper part of the Gaowu Formation; (C) 
crystal ignimbrite from the lower part of the Xishantou Formation; (D) sedimentary tuff from the lower part of the Chawan Formation; (E) 
lithophysa rhyolite from the upper part of the Jiuliping Formation; (F) ignimbrite from the lower part of the Guantou Formation; (G) litho-
crystalline tuff from the lower part of the Chaochuan Formation; (H) litho-crystalline tuff from the upper part of the Tangshang Formation; 
(I) tuff from the upper part of the Xiaoxiong Formation. Mineral abbreviations: Qz—quartz; Kf—K-feldspar; Pl—plagioclase; Bi—biotite.
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cathodoluminescence (CL) imaging, U-Pb dat-
ing, trace element, and Hf-O isotopic studies.

4.1. Whole-Rock Major and Trace 
Elements

Rock samples were cut into small pieces and 
fresh parts were selected and ground into pow-
der for whole-rock geochemical analyses. Both 
the whole-rock major and trace elements were 
analyzed at the State Key Laboratory of Ore 
Deposit Geochemistry (SKLODG), Institute of 
Geochemistry, Chinese Academy of Sciences 
(IGCAS), Guiyang, China. Major elements 
were analyzed using a Thermo Fisher ARL 
Perform’X 4200 X-ray fluorescence spectrom-
eter. Loss-on-ignition values were measured by 
heating 1 g sample powder to 1000 °C for 1 h.

Trace-element analyses were conducted using 
a Plasma Quant-MS Elite inductively coupled 
plasma–mass spectrometer (ICP-MS). For each 
analysis, a 50 mg subsample of rock powder was 
dissolved at 190 °C in a mixture of HF (1 mL) 
and HNO3 (1 mL), and placed in a PTFE-lined 
(polytetra-fluoroethylene) stainless-steel bomb 
for 48 h. To monitor signal drift during counting, 
Rh was applied as an internal standard. Interna-
tional standards GBPG-1, AGV-2, and AMH-1 
were used to monitor analytical quality, with 
analytical accuracy generally better than ±10%. 
Details of the experimental procedures followed 
are given by Qi et al. (2000).

4.2. U-Pb Dating and Trace Element 
Analyses of Zircon by Laser Ablation (LA)-
ICP-MS

U-Pb dating and trace element analyses of 
zircon were conducted synchronously by LA-
ICP-MS at SKLODG, IGCAS. Laser sampling 
was performed using a GeoLas Pro 193 nm ArF 
excimer laser. An Agilent 7900 ICP-MS instru-
ment was used to acquire ion-signal intensities. 
Helium was applied as a carrier gas which was 
mixed with Argon via a T-connector before enter-
ing the ICP-MS. Each analysis incorporated a 
background acquisition of ∼18 s (gas blank) fol-
lowed by 50 s of data acquisition from the sam-
ple. During analysis, the laser beam diameter, 
repetition rate, and energy density were 32 μm, 
5 Hz, and 5.0 J/cm2, respectively. Off-line selec-
tion and integration of background and analyte 
signals, as well as time-drift correction and quan-
titative calibration for trace element analyses and 
U-Pb dating, were performed by ICPMSDataCal 
software (Liu et al., 2010). Zircon 91500 was 
used as an external standard for U-Pb dating and 
was analyzed twice every 6–8 analyses (i.e., 2 
zircon 91500 + 6–8 samples + 2 zircon 91500). 
Uncertainty of preferred values for the external 

standard 91500 was propagated to the ultimate 
results of the samples. Concordia diagrams and 
weighted mean calculations were made using 
Isoplot software (Ludwig, 2008). Trace element 
compositions of zircons were calibrated against 
multiple-reference materials (NIST 610, BHVO-
2G, BCR-2G, and BIR-1G) combined with Zr 
internal standardization. The preferred values of 
element concentrations for the U.S. Geological 
Survey reference glasses are from the GeoReM 
database (http://georem​.mpch-mainz​.gwdg​.de/).

4.3. Zircon LA-Multicollector (MC)-ICP-
MS Lu-Hf Isotope

Hafnium isotopic ratios of zircon were con-
ducted by LA-MC-ICP-MS at SKLODG, 
IGCAS. Australian Scientific Instruments RES-
Olution-LR laser ablation system and Nu Instru-
ments Nu Plasma III MC-ICP-MS (Wrexham, 
Wales, UK) were combined for the experiments. 
The 193 nm ArF excimer laser, homogenized by 
a set of beam delivery systems, was focused on 
the zircon surface with a fluence of 6.0 J/cm2. 
The ablation protocol employed a spot diam-
eter of 40 μm at a 6 Hz repetition rate for 40 s 
(equating to 240 pulses). Helium was applied as 
a carrier gas to efficiently transport aerosol to 
MC-ICP-MS. Five standard zircons (including 
GJ-1, 91500, Plešovice, Mud Tank, and Peng-
lai) were applied for quality control. Mass bias 
effects on Hf were corrected using an exponen-
tial law and a reliable value for 179Hf/177Hf of 
0.7325. In this study, measurements of zircon 
standard 91500, GJ-1, Penglai, Plešovice, Mud 
Tank gave 176Hf/177Hf of 0.282302 ± 0.000008 
(n = 23; 2σ), 0.282011 ± 0.000008 (n = 23; 
2σ), 0.282907 ± 0.000003 (n = 106; 
2σ), 0.282471 ± 0.000005 (n = 25; 2σ), 
0.282506 ± 0.000007 (n = 23; 2σ), respectively, 
all of which are consistent with recommended 
values within 2σ errors (Griffin et al., 2007).

4.4. Zircon Oxygen Isotope Analyses

Zircon oxygen isotope compositions were 
measured before zircon U-Pb dating, using a 
Cameca IMS 1280-HR secondary ion mass spec-
trometer at the secondary ion mass spectrometry 
(SIMS) laboratory in the Guangzhou Institute of 
Geochemistry, Chinese Academy of Sciences 
(GIGCAS), Guangzhou, China. The detailed 
analytical procedures have been reported by Li 
et al. (2010a) and Yang et al. (2018). The Cs+ 
primary ion beam was accelerated at 10 kV, with 
an intensity of ∼2 nA (Gaussian mode with a 
primary beam aperture of 200 μm to reduce 
aberrations) and rastered over a 10 μm area. 
The spot is ∼20 μm in diameter. The entrance 
slit width is ∼120 μm and the exit slit width for 

multicollector Faraday cups (FCs) for 16O and 
18O is 500 μm (MRP = 2500). The intensity of 
16O was typically 1 × 109 cps. Oxygen isotopes 
were measured in multicollector mode using 
two off-axis Faraday cups. One analysis takes 
∼4 min consisting of pre-sputtering (∼120 s), 
automatic beam centering (∼60 s), and integra-
tion of oxygen isotopes (10 cycles × 4 s, total 
40 s). Uncertainties in individual analyses are 
reported at a 2σ level. With low noise on the two 
FC amplifiers, the internal precision of a single 
analysis is generally better than 0.3‰ (2σ) for 
the 18O/16O ratio. Values of δ18O are standardized 
to Vienna Standard mean ocean water compo-
sitions (VSMOW) and reported in standard per 
mil notation. The instrumental mass fraction-
ation factor is corrected using zircon standard 
91500 with (δ18O) VSMOW = 9.94 ± 0.10‰ 
(Wiedenbeck et al., 2004). The Penglai reference 
zircon was used as the external standard and 
Qinghu reference zircon was used as unknowns 
for calibration. Sixty-eight measurements of 
the Penglai zircons during this study yield a 
weighted mean of δ18O = 5.25 ± 0.05‰, which 
is identical within errors to the reported value 
of 5.31 ± 0.10‰ (Li et al., 2010b). Thirty-three 
measurements of the Qinghu zircons yield a 
weighted mean of δ18O = 5.56 ± 0.07‰, which 
is also identical within errors to the reported 
value of 5.39 ± 0.22‰ (Li et al., 2013).

5. RESULTS

5.1. Zircon U-Pb Dating and Trace Element 
Compositions

A total of 15 samples from the volcanic rocks 
were selected for zircon U-Pb dating and trace 
element analysis. CL images of representative 
zircon grains are shown in Figure  5. Zircon 
U-Pb dating and trace element results are listed 
in Tables S1–S21 and are presented graphically 
in Figure 6. Uncertainties are quoted at 2σ for 
the weighted mean ages.

1Supplemental Material. Table S1: Zircon LA-
ICP-MS U-Pb dating results of the volcanic rocks 
in SE Zhejiang Province. Table S2: Trace elements 
(ppm) in zircon from the volcanic rocks in SE 
Zhejiang Province acquired by LA-ICP-MS. Table 
S3: Major element contents (wt%) of volcanic rocks 
in SE Zhejiang Province. Table S4: Trace and rare 
earth element (ppm) analyses of volcanic rocks in 
SE Zhejiang Province. Table S5: Zircon in-situ Hf 
isotopic compositions from the volcanic rocks in 
SE Zhejiang Province. Table S6: Zircon in-situ O 
isotopic compositions from the volcanic rocks in 
SE Zhejiang Province. Please visit https://doi​.org​/10​
.1130​/GSAB​.S.20134178 to access the supplemental 
material, and contact editing@geosociety.org with 
any questions.
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The zircon grains from the volcanic rocks are 
euhedral to subhedral, prismatic to elongate, 
and colorless to pale yellow. These grains are 

70–200 μm long with length/width ratios of 1:1–
2:1. They show clear oscillatory growth zonings 
and locally display typical zoning absorptions 

(Fig. 5). They have high Th/U ratios of 0.25–
3.96 (Table S1), and their chondrite-normalized 
rare earth element (REE) patterns show signifi-

Figure 5. Representative cathodoluminescence images of selected zircons from the volcanic rocks in SE Zhejiang Province, China. The 
morphology of zircon grains, 206Pb/238U ages, εHf(t) values, and δ18O are shown. The red circles (with dashed lines) indicate the U-Pb dating 
positions, large blue circles (with dashed lines) indicate the sites of Hf isotope analyses, and small green circles (with solid lines) indicate the 
sites of O isotope analyses. Circle diameters show the approximate laser spot sizes.
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cant heavy REEs enrichment, positive Ce and 
negative Eu anomalies, consistent with an igne-
ous origin (Fig. 6P).

If all zircon crystals crystallized from a sin-
gle magma system, then the quality of geochro-
nological data can be evaluated. However, in a 

multi-cyclic magmatic system, various crystal 
populations might be expected (Zhou et  al., 
2020), including xenocrysts, antecrysts, auto-
crysts, and inherited crystals (the terminology 
recommended by Miller et  al., 2007). Xeno-
crysts correspond to those zircons incorporated 
from the surrounding host rocks during magma 
transit and emplacement. Autocrysts are zircons 
that grow within the youngest magma pulse, 
whose ages generally predate the eruption age 
by thousands to tens of thousands years, and 
could approximately represent the eruption age 
in view of the analytical uncertainty. Antecrysts 
grown within the same magma plumbing sys-
tem can well share similar chemical charac-
teristics with autocrysts as distinguished from 
inherited grains. In this contribution, except 
for those older zircons, most analyses for each 
formation are all concordant or nearly concor-
dant, interpreted as autocrysts here, and plot as 
a cluster on the concordia curve, respectively 
(Fig. 6).

Except for four zircon grains that recorded 
older 206Pb/238U ages of 144 ± 2–116 ± 2 Ma, 
the other analyses from the Xiaoxiong Forma-
tion yield a weighted mean 206Pb/238Pb age of 
94.3 ± 0.4 Ma (mean square weighted devia-
tion [MSWD] = 2.0; Fig. 6A), which suggests 
that the eruption ended after ca. 94 Ma. Zircons 
from the Tangshang and Chaochuan forma-
tions give similar weighted mean 206Pb/238Pb 
ages of 109.1 ± 0.4 Ma (MSWD = 1.9; 
Fig. 6B) and 110.8 ± 1.1 Ma (MSWD = 1.0; 
Fig. 6C), respectively. They also record older 
206Pb/238Pb ages from 131 ± 2–125 ± 4 Ma 
and 156 ± 2–133 ± 2 Ma, respectively.

Sixteen zircons from the Guantou Forma-
tion yield a weighted-mean 206Pb/238U age of 
115.8 ± 0.6 Ma (MSWD = 0.4; Fig.  6D). 
One crystal from this formation records older 
age of 147 ± 5 Ma. Zircons from the Jiulip-
ing and Chawan formations yield weighted 
mean 206Pb/238Pb ages of 119.3 ± 1.2 Ma 
(MSWD = 0.4; Fig. 6E) and 125.4 ± 1.0 Ma 
(MSWD = 0.3; Fig. 6F), respectively. Several 
zircons retain older ages from 200 ± 3 Ma to 
127 ± 1 and 153 ± 3 Ma for both of the respec-
tive formations.

The weighted mean 206Pb/238Pb ages of 
129.9 ± 0.6 Ma (MSWD = 0.2; Fig.  6G), 
130.6 ± 0.6 Ma (MSWD = 0.8; Fig.  6H), 
and 130.8 ± 0.6 Ma (MSWD = 0.6; Fig.  6I) 
are obtained from the upper, middle, and 
lower layers of the Xishantou Formation, 
respectively. Three samples from the upper, 
middle, and lower layers of the Gaowu For-
mation yield weighted mean 206Pb/238Pb ages 
of 132.4 ± 1.2 Ma (MSWD = 0.4; Fig.  6J), 
131.9 ± 0.8 Ma (MSWD = 1.0; Fig.  6K), 
and 132.4 ± 0.6 Ma (MSWD = 2.3; Fig. 6L), 
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Figure 6. Laser ablation–inductively coupled plasma–mass spectrometry zircon U-Pb con-
cordia diagrams, weighted mean 206Pb/238U ages (A–O), and chondrite-normalized rare 
earth element patterns (P) from the volcanic rocks in SE Zhejiang Province, China.
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respectively. Zircon grains from the upper, 
middle, and lower layers of the Dashuang For-
mation give weighted mean 206Pb/238Pb ages 
of 134.6 ± 0.5 Ma (MSWD = 0.7; Fig. 6M), 
134.6 ± 0.5 Ma (MSWD = 0.7; Fig.  6N), 
and 135.6 ± 1.3 Ma (MSWD = 0.1; Fig. 6O), 

respectively. These ages define the forma-
tion age of 136–129 Ma for these formations. 
Old zircons also record ages from 155 ± 4 
to 152 ± 4 Ma, 147 ± 2 to 139 ± 8 Ma, and 
171 ± 5 to 142 ± 2 Ma for the three forma-
tions, respectively.

5.2. Whole-Rock Major and Trace Element 
Characterization

Representative samples were analyzed for 
whole-rock major and trace element composi-
tions that are given in Tables S3 and S4 (see 
footnote 1). Most samples have high SiO2 con-
tents varying from 72 to 81 wt% except sample 
XST-02 which has SiO2 = 65 wt%. They have 
moderate alkali contents (K2O + Na2O = 4.9–
8.9 wt%), and thus fall into the field of rhyolite 
and subalkaline series on the total alkali ver-
sus silica diagram (Fig. 7). They also have low 
MgO (0.09–0.94 wt%), CaO (0.06–2.50 wt%), 
Fe2O3

T (0.75–3.47 wt%), and TiO2 (0.07–
0.56 wt%). Whole-rock aluminum saturation 
indices were calculated from A/CNK = Al2O3/
(CaO + Na2O + K2O) (in molar quanti-
ties). All the volcanic rock samples have high 
Al2O3 (10.20–16.37 wt%) and A/CNK values 
(0.97–1.35).

The samples show similar chondrite-normal-
ized REE patterns with fractionated LREE and 
flat HREE (Fig. 8A) and variable negative Eu 
anomalies (Eu/Eu* = 0.04–0.86). They are gen-
erally enriched in Rb, Th, and Pb, and depleted 
in Ba, Ta, Nb, Sr, P, and Ti in the spidergrams 
(Fig. 8B), similar to the typical characteristics of 
the continental crust (Rudnick and Gao, 2003).

5.3. Zircon Hf-O Isotopic Compositions

In situ Zircon Hf-O isotopic data are listed in 
Tables S5 and S6 (see footnote 1), and shown 
in Figures 9 and 10. The εHf(t) values and two-
stage Hf model ages [TDM2(Hf)] are calculated 
using in situ zircon U-Pb ages. For calculating 
the TDM2(Hf) values, we assume the parental 
magma to have been derived from an average 
continental crust, with 176Lu/177Hf = 0.015, 
that originated from the depleted mantle source 
(Griffin et  al., 2002). Previous studies reveal 
that the Cretaceous volcanism in SE China took 
place at multiple stages (Liu et al., 2016). These 
Cretaceous volcanic rocks were also tradition-
ally divided into the lower and upper volcanic 
series that are separated by a ubiquitous regional 
unconformity at ca. 110 Ma (He and Xu, 2012; 
Lapierre et al., 1997). Combined with our new 
zircon U-Pb age and Hf-O isotopic data, the Cre-
taceous volcanic rocks in this study can further 
subdivide the corresponding volcanic activity 
into three major stages: Stage 1 (136–129 Ma; 
Dashuang, Gaowu, and Xishantou formations), 
Stage 2 (125–115 Ma; Chawan, Jiuliping, and 
Guantou formations), and Stage 3 (110–94 Ma; 
Chaochuan, Tangshang, and Xiaoxiong forma-
tions) from the upper volcanic series.

Zircons (ca. 136–129 Ma) from Stage 1 volca-
nic rocks have large variations in Hf-O isotopic 
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Figure 6. (Continued)
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compositions, with relatively low εHf(t) (–15.6 
to –1.7), high δ18O values (5.1–7.5‰), and high 
TDM2(Hf) (2.17–1.29 Ga) (Figs. 9A–9F). Several 
older zircons (ca. 171–139 Ma) from this stage 
have similar εHf(t) (–15.6 to –9.2), δ18O values 
(5.6–7.4‰), and TDM2(Hf) (2.17–1.78 Ga), 
which could be inherited zircons (Figs. 9A–9F).

Compared to Stage 1, zircons (ca. 125–
115 Ma) from Stage 2 volcanic rocks also have 
a wide range of Hf-O isotopic compositions, but 
with much higher εHf(t) (–12.4 to +2.6), lower 
δ18O values (4.3–6.6‰), and lower TDM2(Hf) 

(1.96–1.01 Ga) (Figs. 9G–9L). Several older zir-
cons (153–127 Ma) from this stage record simi-
lar εHf(t) (–9.2 to –3.6), δ18O values (4.6–6.0‰), 
and higher TDM2(Hf) (1.78–1.41 Ga), which 
could be also inherited zircons (Figs. 9G–9L). 
In addition, two older zircons (200 and 145 Ma) 
from this stage have much lower εHf(t) (–11.9 
to –11.0), δ18O values (5.1–6.3‰), and higher 
TDM2(Hf) (1.99–1.89 Ga) (Figs.  9I and 9J), 
which could be xenocrysts.

The Stage 3 (ca. 110–94 Ma) zircons show 
almost uniform Hf-O isotopic compositions, 

with high εHf(t) (–6.3 to –2.0), low δ18O values 
(4.5‰–5.7‰), and low TDM2(Hf) (1.56–1.29 Ga) 
(Figs. 9M–9R). Two older zircons (129–125 Ma) 
have similar Hf-O isotopic compositions with 
εHf(t), δ18O values, and TDM2(Hf) of –4.1 to –3.2, 
4.8–5.1‰, and 1.38–1.44 Ga, respectively, 
which could be inherited zircons (Figs.  9M–
9R). Some older zircons (116–156 Ma) from 
this stage have obvious lower εHf(t) (–13.3 to 
–8.1), variable δ18O values (1.7–6.0‰), and 
older TDM2(Hf) (2.03–1.69 Ga), which could be 
xenocrysts (Figs. 9M–9R).

6. DISCUSSION

6.1. Origins of the Cretaceous Volcanic 
Rocks

Most samples from the Cretaceous vol-
canic rocks are rhyolitic rocks that have 
high SiO2 (72–81 wt%) and low Mg# values 
(15.9–42.9) (Table S3), suggesting that they 
were unlikely directly formed by fractional 
crystallization of basaltic magma. In addi-
tion, the samples have relatively low Nb/U 
(3.4–9.1) and Ce/Pb (1.5–6.7) ratios which 
are similar to those of the average continen-
tal crust (Nb/U = 6.2, Ce/Pb = 3.9; Rudnick 
and Fountain, 1995), but significantly lower 
than those of mid-ocean ridge and ocean 
island basalts (Nb/U = 47 ± 10 and Ce/
Pb = 25 ± 5; Hofmann et al., 1986), support-
ing their crustal origin.

Zircon Hf isotopic data can place robust 
qualitative constraints on the origins of mag-
matic rocks (Belousova et al., 2006). Significant 
Hf-isotope variations could be generated either 
by the decoupled release of zircon Hf and non-
zircon Hf from a single crust-derived magma 

Figure 7. Total alkali versus silica diagram (after Le Maitre et al., 1989; with the dashed line 
from Irvine and Baragar, 1971). MSWD—mean square weighted deviation.

A B

Figure 8. Chondrite-normalized rare earth element (A; normalization values from Boynton, 1984) and primitive mantle-normalized multi-
element patterns (B; normalization values from McDonough and Sun, 1995) for the volcanic rocks in SE Zhejiang Province, China.
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Figure 9. Histograms of (A, C, 
E, G, I, K, M, O, and Q) εHf(t) 
and (B, D, F, H, J, L, N, P, and 
R) δ18O values of zircons from 
the representative volcanic 
rocks in SE Zhejiang Province, 
China.
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source (Tang et al., 2014) or by mixing of mag-
mas from different sources (Griffin et al., 2002; 
Kemp et  al., 2007). Zircons are highly reten-
tive of the magmatic O isotopic compositions 
(Kemp et al., 2007; Li et al., 2009), and those in 
equilibrium with mantle-derived magmas have 
very consistent δ18O values of (5.3 ± 0.6‰, 2σ) 
(Valley et al., 2005). The zircon O isotopes are 
insensitive to magmatic differentiation (Li et al., 
2009), and uncertainty by SIMS in situ zircon 
O-isotope analysis is limited (1σ = 0.1–0.2‰) 
(Tang et al., 2015). Therefore, high δ18O igneous 
rocks (>6‰) are indicative of the incorporation 
of recycled supracrustal components, whereas 
low δ18O igneous rocks (δ18O < 5‰) require 
high-temperature altered rocks by seawater 
(δ18O = 0‰) or meteoric water (δ18O < 0‰) in 
their petrogenesis (Bindeman and Serebryakov, 
2011; Bindeman and Valley, 2001). In this study, 
only zircons with concordant ages are used to 
constrain the origins and evolutions of volcanic 
rocks, to rule out the influence of hydrothermal 
alteration of metamict zircons (Zhao et al., 2013).

6.1.1. Stage 1 Volcanic Rocks Produced by 
Reworking of Continental Crust

The Stage 1 volcanic rocks (136–129 Ma) 
show large variable zircon Hf and O isotopic 
compositions with multi-peak distributions 
(Figs. 9A–9F), implying that different sources 
were probably involved in their formation. Most 
zircons have high δ18O (6.0–7.5‰) and variable 
negative εHf(t) (–12.2 to –1.7) values (Fig. 10), 

with bimodal distribution in two-stage Hf model 
ages (1.3–2.0 Ga), indicating that their parental 
magma was most probably produced by partial 
melting of both ancient and juvenile continental 
supracrustal rocks, including (meta)sedimentary 
and altered (meta)volcanic rocks (Valley et al., 
2005). Some zircons have mantle-like δ18O 
(5.1–6.0‰) but also show strong negative εHf(t) 
values (–15.0 to –5.1), implying that ancient 
(1.5–2.1 Ga) igneous rocks from the continental 
lower crust were involved in their petrogenesis. 
The Stage 1 volcanic rocks display wide varia-
tions of rare-earth elemental and trace elemental 
concentrations (Fig.  8), which are overlapped 
with those either from the continental lower or 
middle-upper crust (Rudnick and Gao, 2003), 
supporting the above interpretation. Conse-
quently, the Stage 1 volcanic rocks in this study 
were derived from the Meso- to Paleo-Protero-
zoic (1.3–2.1 Ga) continental crustal materials.

6.1.2. Stage 2 and 3 Volcanic Rocks Formed 
by Reworking of Juvenile Continental Crust

The Stage 2 volcanic rocks (125–115 Ma) 
also have large variable εHf(t) (–12.4 to +2.6) 
and δ18O values (4.3‰ to 6.6‰), reflecting dif-
ferent sources. Compared with the Stage 1 volca-
nic rocks, the majority of magmatic zircons from 
the Stage 2 volcanic rocks have preserved man-
tle-like δ18O values, and relatively higher εHf(t) 
values (>–9, with the peak of about –4) (Fig. 9). 
Generally, igneous rocks that are differentiated 
from mantle-derived magmas or produced by 

melting of juvenile mafic crust tend to crystal-
lize zircons with mantle-like δ18O values (Valley 
et al., 1998; Zhao et al., 2013). Considering their 
crustal origin discussed above, we suggest these 
volcanic rocks were mainly derived from partial 
melting of juvenile lower crust materials. Some 
magmatic zircons show high δ18O (up to 6.6‰) 
with low εHf(t) values (lower to –12.4), similar 
to those of Stage 1 volcanic rocks, indicating 
some supracrustal materials were also assimi-
lated to their magmas. Overall, we consider that 
the sources of Stage 2 volcanic rocks are mainly 
juvenile lower crust with some of the supra-
crustal materials.

As shown in Figure 10A, a high proportion of 
zircon grains in Stage 2 volcanic rocks with low 
δ18O values plot significantly below the range of 
mantle-like values. Low-δ18O zircons probably 
crystallized from melts that were assimilated sig-
nificant amounts of high-temperature hydrother-
mally altered crustal material either at shallow 
crustal levels or deep in the crust, or differen-
tiation from a low-δ18O mantle source (Monani 
and Valley, 2001; Troch et  al., 2019). High-
temperature water-rock interaction depletes 18O 
of the rocks (Bindeman and Serebryakov, 2011), 
which are generally found in continental rifts or 
calderas environments with high magma and 
heat fluxes (Bindeman et al., 2014; Wang et al., 
2011b). SE China was an active continental mar-
gin during the Mesozoic period due to the sub-
duction of the paleo-Pacific plate (Zhou et al., 
2006). In addition, low-δ18O wall rocks have not 

A B

Figure 10. Diagram of (A) δ18O versus εHf(t) (modified after Li et al., 2009) and (B) εHf(t) versus U-Pb ages (modified after Liu et al., 2016) 
for zircons from the representative volcanic rocks in SE Zhejiang Province, China. Dotted lines denote the two-component mixing trends 
between mantle- and crust-derived magmas. Hfpm/Hfc is the ratio of Hf concentration in parental mantle magma over crustal melt. The 
shaded area shows isotopic compositions of ancient crust-derived melts with negligible juvenile input (Liu et al., 2014b; Xu et al., 2007). 
CHUR—chondritic uniform reservoir. XX—the Xiaoxiong Formation; TS—the Tangshan Formation; CC—the Chaochuan Formation; 
GT—the Guantou Formation; JLP—the Jiuliping Formation; CW—the Chawan Formation; XST—the Xishantou Formaiton; GW—the 
Gaowu Formation; DS—the Dashuang Formation.
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been identified in this region (Gao et al., 2018; 
Zou et al., 2021). Thus, the low-δ18O zircons in 
this study were unlikely to have resulted from 
the assimilation of low-δ18O wall rocks. Par-
tial melting of hydrothermally altered oceanic 
crust is an alternative way to generate low-δ18O 
magmas (Wei et  al., 2002). Low-δ18O zircons 
from the Stage 2 volcanic rocks have variable 
and negative εHf(t) values (–8.8 to 0), which are 
inconsistent with the origin entirely derived from 
a hydrothermally altered oceanic crust with uni-
form and positive εHf(t) values (Xue et al., 2018). 
However, the involvement of some altered oce-
anic crust-derived melts for their origin could be 
possible, while the signature exhibiting variable 
and negative εHf(t) values can be explained by 
the mixing of continental crust-derived melts. 
These zircon grains do not contain any con-
spicuous fractures, inclusions, or alteration, 
with “normal” U concentrations (between 130 
and 956 ppm; Table S2), and thus could not be 
resulted from metamictization and recrystalli-
zation promoted by the presence of water-sat-
urated, volatile-rich magmas in the final stage 
of magmatic differentiation (Gao et al., 2018). 
There are several likely causes to generate low-
δ18O zircons in the current situation as below: (1) 
the supracrustal materials with low-δ18O values 
were produced from hydrothermal systems initi-
ated by the older magmatic pulses, subsequently, 
the newly magmas triggered partial remelting of 
the hydrothermally altered differentiates leading 
to the formation of low-δ18O melts (Wotzlaw 
et al., 2012); (2) involvement of some altered 
oceanic crust derived melts to produce low-δ18O 
magmas (Hart et al., 1999); and (3) remelting 
of the juvenile crustal materials with low-δ18O 
values, which were generated by underplating 
of the sub-arc mantle into the lower crust (Liu 
et al., 2014a).

Stage 3 (110–94 Ma) volcanic rocks have 
homogenous Hf-O isotopic compositions, with 
identical zircon εHf(t) values (–6.3 to –2.0) and 
low-δ18O or mantle like δ18O values (4.5‰ to 
5.7‰), indicating a single magma source region. 
If the low-δ18O zircons from the Stage 3 volcanic 
rocks were generated from the hydrothermally 
altered differentiates triggered by the hydro-
thermal system, high-δ18O zircon derived from 
supracrustal rocks should also be observed, 
however, that is not the case. Therefore, we sug-
gest that the low-δ18O zircons from both Stage 
2 and 3 volcanic rocks could be derived from 
melts of the altered oceanic crust or the juvenile 
crustal materials. Melts from partial melting of 
hydrothermally altered oceanic crust seem to 
have high Sr contents and Sr/Y values (Rich-
ards et al., 2012). However, the relatively low 
Sr contents (37–223 ppm), and low Sr/Y ratios 
(2.4–9.1) of Stage 3 volcanic samples still could 

be explained as the products of partial melting 
of hydrothermally altered ancient oceanic crust 
buried beneath the lower continental crust (e.g., 
Gazel et al., 2015).

The Stage 3 volcanic rocks show much lower 
contents of Cs, Pb, and U (Fig. 8), similar to the 
typical characteristics dominated by continen-
tal lower crust (Rudnick and Gao, 2003). All 
zircons from Stage 3 have similar Hf-O isoto-
pic compositions to those mantle-like zircons 
of Stage 2, we thus consider that the sources 
of Stage 3 volcanic rocks are most likely the 
juvenile lower crustal materials, and lack supra-
crustal materials for their origin. Meanwhile, it is 
still possible that the involvement of melts from 
partial remelting of pre-existing hydrothermally 
altered oceanic crust for the formation of these 
volcanic rocks of Stages 2 and 3.

6.2. Evidence for the Model of Transcrustal 
Magmatic System

The formation, storage, and differentiation of 
magma in the crust are of fundamental impor-
tance in igneous geology (Jackson et al., 2018). 
A classic concept for igneous processes is a melt-
dominated magma chamber with high-melt frac-
tion commonly in a shallow depth and eventually 
solidifying (Cooper and Kent, 2014). However, 
some geophysical, geochemical, and petrologi-
cal observations are inconsistent with the classic 
magma chamber model (Cashman et al., 2017). 
On the one hand, new conceptual models of tran-
scrustal magmatic systems (TCMS) have been 
increasingly raised (Cashman et al., 2017; Liu 
and Lee, 2020). The model of TCMS suggests 
that the magmatic processes are probably associ-
ated with a low-melt-fraction “mush reservoir” 
as a reactive melt flow (Cashman et al., 2017; 
Liu and Lee, 2020), which evolved through the 
whole crust during their emplacement (Hep-
worth et al., 2020; Jackson et al., 2018; Zhang 
et  al., 2018). The emerging consensus is that 
TCMS are dominated by crystal mush. Mushes 
are multiphase (crystal-melt-volatile) systems, in 
which crystals form a continuous framework and 
melts are distributed. Mushes are at or above the 
solidus and are synonymous with partially mol-
ten rock. Mushes in their entirety are not erupt-
ible because their rheology is controlled by the 
deformation of the crystalline framework. Mush 
fragments, however, can be erupted as crystal 
clots (glomerocrysts), cumulate nodules, or res-
tite. Eruptible magma, by contrast, is defined as 
a suspension of crystals in the melt (with or with-
out exsolved volatiles).

Herein, special relationships between older 
zircons and magmatic zircons from each stage 
of volcanic rocks in this research were hard to 
explain by the classic magma chamber para-

digm. Significantly, two types of older zircons 
for each of the three volcanic stages could be 
identified. Type 1 older zircons from each stage 
show obvious different Hf-O isotopic composi-
tions from those zircons of rock-forming age, 
which could be xenocrysts assimilated from the 
country rocks. However, Type 2 older zircons 
share similar Hf-O isotopic and trace elemental 
compositions to those magmatic zircons of rock-
forming age (autocrysts) within single stages. 
These similarities may imply a genetic relation-
ship between autocrysts and Type 2 older zircons 
and suggest that these Type 2 older zircons are 
likely to be inherited zircons (Zhao et al., 2013). 
As a whole, volcanic magmatisms from differ-
ent stages have different Hf-O isotopic and trace 
elemental compositions. If Type 2 older zircons 
are all inherited zircons, it is hard to explain the 
very small intervals (5–15 m.y.) between Type 
2 older zircons and zircon autocrysts for each 
stage of volcanic rock by using the traditional 
melt-dominated magma chamber model. For 
example, the Type 2 older zircons (171–139 Ma) 
from Stage 1 show low εHf(t) values (–15.6 to 
–9.2, peak at –11) with two groups of δ18O values 
(crust-like or mantle-like), which share similar 
Hf-O isotope compositions with most of Stage 
1 (136–129 Ma) zircons (Figs. 9 and 10), and 
imply that the reworking of ancient continental 
crustal materials also happened at 171–139 Ma. 
Consequently, the 171–139 Ma zircons must 
represent the inherited zircons owing to similar 
isotopic compositions. However, considering the 
wide range of Hf-O isotopic compositions, the 
Stage 1 (136–129 Ma) volcanic rocks could not 
be directly produced by the reworking of those 
171–139 Ma rocks during such a short interval 
of time. They are in contradiction with the con-
ventional melt-dominated model. Same observa-
tions were also recorded from Stage 2 volcanic 
rocks. Type 2 older zircons (140–127 Ma) from 
Stage 2 show relatively high εHf(t) values (–4.8 
to –3.6) with low-δ18O or mantle-like δ18O val-
ues (4.6‰ to 5.5‰), and also overlapped with 
the majority of Stage 2 (125–115 Ma) zircons 
(Figs. 9 and 10), indicating they are of affinity 
between the 140–127 Ma melts and the Stage 
2 (125–115 Ma) volcanic magmas. We sug-
gest that the Type 2 older zircons could be well 
explained as antecrysts, which thus have slightly 
older ages (intervals of 5–15 m.y.) than those of 
autocrysts within the same volcanic stage, and 
share similar chemical characteristics.

From the mush-dominated perspective, the 
Type 2 older zircons in the volcanic rocks could 
be recycled from an older solidified or partially 
solidified magma chamber and/or magma mush, 
representing antecrysts (Davidson et al., 2007; 
Miller et al., 2007). Because eruption of magma 
requires low to moderate crystal fraction and 
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high temperatures (relative to stored crystal 
mushes), most zircon crystals are more likely 
to be eradicated during thermal rejuvenation 
preceding major eruptions (Miller et al., 2007). 
Therefore, the youngest zircons crystallized in 
the volcanic rocks (autocrysts) represent the time 
of the eruption. This model could well explain 
the zircons of different ages with similar ranges 
of Hf-O isotopes in our study. Moreover, the 
compositions of magma mush could also be 
changed by the changing of magma sources 
(comparing between Stages 1 and 2) or assimila-
tion of wall rocks during their ascent (comparing 
between Stages 2 and 3). Type 1 older zircons 
(156–116 Ma) from Stage 3 show obvious dif-
ferent Hf-O isotope compositions to these auto-
crysts (110–94 Ma), representing contamination 
of wall rocks during the migration and ascent of 
the magma.

Systematically zircon U-Pb geochronological 
studies of the volcanic sequences from south-
eastern Zhejiang Province suggest that the late 
Mesozoic volcanism in this area is long-term and 
discontinuous (Liu et al., 2014b, 2012a, 2016). 
The eruption of a large volume of volcanic rocks 
needs massive magma chambers in the lower 
crust, which are surprisingly difficult to form 
and maintain, by use of classic physical models 
based on thermal, mechanical, and dynamical 
principles (Cashman et al., 2017). Meanwhile, 
high rates of melt transfer are required to main-
tain melt-dominated magma bodies at shallower 
levels in the crust, which are also hard to satisfy. 
By contrast, the long-lived cooler non-eruptible 
mushes can easily develop throughout the crust 
(Cashman et al., 2017). The protoliths (magma 
mushes) of the volcanic rocks were still rela-
tively hot and partially solidified, which could 
be easily reactivated by any exotic source of heat 
(such as an influx of magma, heat, fluid, and/or 
volatiles).

As discussed above, either continental lower 
or middle-upper crustal materials were involved 
as magmatic sources for a single main volcanic 
eruption in Zhejiang Province, such as Stages 1 
and 2 volcanic rocks. We thus suggest that such 
a mush-dominated model requires connect-
ing their processes throughout the transcrustal 
magma systems (TCMS) (Fig. 11), which is in 
agreement with recent studies in this area (Xu 
et al., 2021; Zhang et al., 2018). The long-lived 
magmatic systems may extend beneath lower 
crustal magma reservoirs (Fig. 11), maintained 
and recharged by a discontinuous contribution 
of synchronous underplated mantle-derived 
magmas (Xu et al., 2021), which could also pro-
vide a reasonable explanation for the changing 
of magma sources for different stages of volca-
nic activity. In addition, previous studies based 
on geophysics and petrology suggest that there 

may be a high velocity and density mafic layer 
underneath SE China, which is considered as an 
intrusive result of mafic underplated at the base 
of the continental crust (Xu et al., 1996, 1999). 
Numerous layered reflectors beneath the coastal 
terrane (interpreted as Cretaceous mafic sills), 
also support large volumes of mantle-derived 
material into the crust due to the magmatic 
underplating (Dong et al., 2020).

From a TCMS viewpoint (Fig. 11), magma 
mushes originated from partial melting of the 
lower crust by mafic underplating, were trans-
ferred to the middle-upper crust, then developed 
by mixed with melts and/or crystals from the 
middle-upper crust, and finally erupted to form 
Stage 1 volcanic rocks. After the eruption, resid-
ual and new mushes were gradually accumu-
lated in shallow chambers by the replenishment 
of magma mushes from lower-crustal reservoirs 
(juvenile lower crust), involving some supra-
crustal materials, and ultimately formed Stage 
2 volcanic rocks. By sweeping crustal materi-
als both in the shallow and deeper chambers, 
the magma mushes for Stage 3 volcanic rocks 
were dominantly coming from the juvenile con-
tinental crust. Similar principles can apply to the 
origin of Stage 2 volcanic rocks by sweeping the 
most ancient lower-crustal materials from the 
deeper reservoirs.

6.3. Relationship with the Paleo-Pacific 
Plate Subduction

It is generally accepted that the Cretaceous 
volcanic series in SE China were related to the 
subduction of the paleo-Pacific oceanic plate 
(Guo et  al., 2021; Li et  al., 2014a; Liu et  al., 
2014b, 2012a; Xu et  al., 2021). Wang et  al. 
(2011a) showed that the igneous rocks with 
intrusion ages between 180 and 125 Ma gener-
ally become progressively younger toward the 
northeast in SE China, which was interpreted by 
southwestward oblique subduction of the paleo-
Pacific plate. From the zircon U-Pb ages of lower 

volcanic series in Zhejiang Province, a similar 
trend of younging toward the northeast has been 
also recognized during 145–127 Ma (Fig. 2) (Liu 
et al., 2020, 2016). These observations allow us 
to speculate that southwestward subduction 
was followed by a northeastward rollback of 
the paleo-Pacific plate during 145–127 Ma (Liu 
et al., 2018). As suggested by most previous stud-
ies, the paleo-Pacific plate was moving toward 
the northwest during 110–83 Ma, with evidence 
of the abundance of contemporary extension-
related rocks (He and Xu, 2012; Jiang et  al., 
2015; Li et al., 2014b, 2014d, 2016). Remark-
ably, the entire upper volcanic series in SE China 
was generated at 110–88 Ma and mainly con-
centrated in the coastal area (Fig. 2) (Liu et al., 
2016), consistent with this view. Thus, the direc-
tion of motion of the paleo-Pacific plate has been 
suggested to have changed during the period 
127–110 Ma (Liu et al., 2018; Sun et al., 2007).

Consequently, the Stages 1–3 volcanic rocks 
(136–129 Ma, 125–115 Ma, 110–94 Ma) were 
produced at different tectonic settings, respec-
tively, in response to the changing of the motion 
direction of the subducting paleo-Pacific plate. 
The northeastward younging trend of Stage 
1 (136–129 Ma) volcanic rocks together with 
other Early Cretaceous volcanic rocks of SE 
China, evidently indicates the roll-back of the 
paleo-Pacific southwest-directed subduction. 
Stage 1 volcanic rocks were generated by the 
eruption of magma mushes (derived from the 
reworking of continental lower and middle-
upper crust), caused by the reduced pressure 
in response to the rollback of the paleo-Pacific 
plate, and heat sources provided by underplating 
and intraplating (Zhou and Li, 2000). Stage 2 
volcanic rocks were produced by the subsequent 
eruption of magma mushes (originate from the 
juvenile lower crust and ancient upper crustal 
materials). During this “golden transformation” 
period (Sun et al., 2007), the zircon εHf(t) val-
ues of volcanic rocks increase gradually, while 
zircon δ18O values decrease gradually following 

Figure 11. Diagrammatical 
volcanic genetic model show-
ing the Cretaceous trans-
crustal magmatic system in SE 
China (adapted from Xu et al., 
2021). Lower-crust-derived 
melt induced by underplat-
ing of mantle-derived mafic 
magma ascended to form deep 
silicic magma reservoirs in the 
middle- to upper-crust, which 
feeds and recharges the shallow 
crustal magma reservoirs. See 
text for a detailed discussion.
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the younging of the crystallization age. It is plau-
sible that Stage 2 magmatism was related to the 
continued rollback of the paleo-Pacific plate and 
the outboard retreat of its subduction zone (Liu 
et al., 2014b, 2012a; Wang et al., 2017). Stage 
3 volcanic rocks could be the final products of 
magma mushes (juvenile lower crustal materi-
als), triggered by the roll-back of the paleo-
Pacific northwest-directed subduction, showing 
even higher εHf(t) values and lower δ18O values 
of zircon. It is worth noting that the low-δ18O 
signatures have been just observed from Stages 
2 and 3 magmatisms, corresponding to the roll-
back-tearing of the paleo-Pacific Ocean (Guo 
et al., 2021). Such zircon Hf-O isotopic varia-
tion trends reflect that the chemical and isotopic 
compositions of the melting sources for the Cre-
taceous volcanic rocks became similar (mainly 
the juvenile lower crust materials). Our new 
results indicate that the pre-existing deep crustal 
materials were gradually modified and replaced 
by the newly accreted arc crust as a result of the 
paleo-Pacific plate subduction.

Two basic categories of magma types, i.e., 
cold-wet-oxidized in subduction zones or hot-
dry-reduced in areas of mantle-upwelling set-
tings were proposed by Bachmann and Bergantz 
(2008). The former types show pronounced 
U-shaped REE patterns with slightly negative Eu 
anomalies, whereas the latter types are character-
ized by seagull-like REE patterns and significant 
negative Eu anomalies (Yan et al., 2018). A con-
tinuum of magmatic compositions between the 
cold-wet-oxidized and hot-dry-reduced magma 
types can be observed for Stages 1–3 volcanic 
rocks (Fig. 8), which are also consistent with a 

previously proposed geodynamic model from 
a subduction-compressional to an extensional 
regime as a response to rollback subduction of 
the paleo-Pacific plate (He and Xu, 2012; Liu 
et al., 2014b). Rollback of the subducting plate 
can generate long-term crustal extension with 
the development of high heat flow in back-arcs 
(Yan et al., 2018).

More importantly, the oxygen fugacities 
(logfO2) of Stages 1–3 volcanic rocks change 
systematically, also providing the direct rela-
tionship between volcanic and subduction. We 
used a calibration method of Smythe and Bre-
nan (2016) to estimate oxygen fugacity (logfO2) 
based on zircon, which depends on the tempera-
ture, Ce3+/Ce4+ ratio of the melt and water con-
tent. In this method, the temperature of the melt 
was obtained using the Ti-in-zircon thermometer 
(Ferry and Watson, 2007). The Ce3+/Ce4+ ratios 
of the melts were calculated using a lattice strain 
model (Ballard et al., 2002). The H2O concentra-
tion of 4 wt% was assumed by considering the 
mean water contents of arc magmas (Plank et al., 
2013). The Stage 1 volcanic rocks show signifi-
cant variations of oxygen fugacities (logfO2), 
reflecting the involvement of different sources 
in their formation (Fig. 12A). By contrast, the 
oxygen fugacities (logfO2) from Stages 2 and 3 
volcanic rocks gradually increase, which likely 
requires an increase in the amounts of dehydra-
tion-released fluids, and favor the increase of the 
intensity of retreating subduction (Gerya et al., 
2008). Moreover, vanadium is more incompat-
ible with ferromagnesian minerals under high-
oxygen-fugacity conditions, so V content rela-
tive to those of other transition metals (e.g., Sc) 

can be also used as a qualitative proxy for fugac-
ity (Zhu et  al., 2016). The lowest V/Sc ratios 
recorded by Stage 2 volcanic rocks (0.4–0.5) 
relative to those from Stage 3 volcanic rocks 
(1.0–1.5), also support this speculation. Zircon 
Th/U ratios have been applied to track varying 
tectonic stress regimes, with lower values (<1.0) 
representing compression and higher values for 
extension (McKay et al., 2018). The zircon Th/U 
values from Stages 1 and 2–3 volcanic rocks reg-
ularly increase (Fig. 12B), which also reflect a 
transition from compressional to the extensional 
environment, and favor our above interpretation. 
Overall, we think the predominant driving forces 
for those volcanic activities and long-lived tran-
scrustal magmatic systems are responding to the 
change of Pacific plate motion beneath South-
east China. Of course, the intrusive counterparts 
are indispensable parts of the TCMS, which have 
been referred to recently (Cashman et al., 2017; 
Chen et al., 2021; Wu et al., 2017), and need to 
be further studied in the future.

7. CONCLUSIONS

The Cretaceous volcanic rocks in southeast-
ern Zhejiang Province were produced mainly at 
three episodes: 136–129 Ma, 125–115 Ma, and 
110–94 Ma. The zircon Hf-O isotopic results 
indicate that the pre-existing ancient crustal 
materials were gradually replaced by the juve-
nile lower crustal materials as the main melting 
sources for the Cretaceous volcanic rocks. The 
sources of Stage 1 (136–129 Ma) volcanic mag-
mas are mainly ancient continental lower and 
middle-upper crustal materials. The sources of 

A B

Figure 12. Diagrams showing zircon (A) logfO2 and (B) Th/U versus U-Pb age from the representative volcanic rocks in SE Zhejiang 
Province, China. XX—the Xiaoxiong Formation; TS—the Tangshan Formation; CC—the Chaochuan Formation; GT—the Guantou For-
mation; JLP—the Jiuliping Formation; CW—the Chawan Formation; XST—the Xishantou Formaiton; GW—the Gaowu Formation; 
DS—the Dashuang Formation.
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Stage 2 volcanic magmas are mainly juvenile 
lower crust with some supracrustal materials. 
The sources of Stage 3 volcanic magmas are 
most likely the juvenile lower crustal materi-
als and lack of supracrustal materials for their 
origin. The Cretaceous volcanic rocks in south-
eastern Zhejiang Province were derived from 
the long-lived transcrustal magmatic systems, 
dominated by crystal mush, maintained and 
recharged by a discontinuous contribution of 
contemporaneous underplated mantle-derived 
magmas, instead of melt-dominated magma 
chambers. Systematical changes such as oxygen 
fugacity and tectonic regime were recorded from 
those volcanic rocks, providing the direct rela-
tionship between volcanic and subduction. The 
most possible driving forces for those volcanic 
activities and long-lived transcrustal magmatic 
systems originated from the change of Pacific 
plate motion beneath Southeast China.
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