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Zircon oxygen isotope compositions can provide potential constraints on the origin of granitic magmas. In this
work, we report new data of zircon U—Pb dating, trace elements and Hf—O isotopes for two types of mid-
Cretaceous high-silica granites from Zhoushan archipelago in Zhejiang Province, SE China. The in-situ zircon
data are carefully screened for radiation damage and post-magmatic alteration. The analyzed magmatic zircon
grains indicate that the Zhoushan calc-alkaline granites (ZCAG; 101-92 Ma) have mantle-like 5180 values of
5.29-5.88 %o, in contrast to the Zhoushan peralkaline granites (ZPAG; 91-89 Ma) with relatively low 5180 of
4.42-4.6 %o. The slight decreases in 5'0 and ey(t) from zircon center to periphery of both groups suggest that
they may have consistent oxygen isotopic compositions in their parental magma sources and have gone through
assimilations to hydrothermally altered wall rocks in the shallow crust. The mantle-like 5'80 values in zircon are
widespread in the Cretaceous felsic rocks in the present coastal area of SE China, which, in combination Hf
isotopes, indicates the possible existence of a buried unweathered Proterozoic basement in the eastern part of the
Cathaysia Block. This work highlights the role of deep crustal magma sources, assimilation and post-magmatic
radioactive damage on the formation of mantle-like to low 5'80 signals in zircons, and has fundamental im-
plications for understanding the formation of widespread mid-Cretaceous felsic rocks along the present coastal

area of SE China.

1. Introduction

Granite is the most widely distributed rock type on the Earth’s
continental crust, and is also unique among the known terrestrial planets
(e.g., Campbell and Taylor, 1983; Rudnick, 1995). Understanding the
origin of granite is crucial to studying the formation and evolution of
continental crust (e.g., Hawkesworth and Kemp, 2006a; Rudnick, 1995;
Wang, 2017), the genesis and exploration of endogenetic metallic de-
posits (e.g., Linnen and Cuney, 2005; Liu et al., 2020a; Wang, 2017), and
the formation of large felsic volcanic provinces (e.g., Bachmann and
Bergantz, 2008). Available studies of experimental petrology and
geochemical modeling have built a strong relationship between granite
formation and the reworking of pre-existing diverse crustal materials,
including mantle-derived juvenile crust, (meta)sedimentary rocks, or
their mixture. However, the nature of granitic magma sources remains
controversial from case to case because of the scarcity of direct links
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between granites and magma sources in the field and the complexity in
interpreting whole-rock geochemistry, which also hinders the under-
standing of the significance of granite in crustal formation and evolution
(e.g., Kemp et al., 2006; Wang et al., 2013).

Oxygen is the most abundant element in the Earth’s crust and its
isotopic composition can provide potential constraints on the origin of
granitic magmas (e.g., Taylor and Sheppard, 1986; Hawkesworth and
Kemp, 2006b; Bindeman, 2008). It is generally accepted that magma
differentiation has a slightly / limitedly positive effect on the 5'%0 value
of melts (e.g., Bindeman, 2008; Bindeman et al., 2004; Taylor and
Sheppard, 1986; Valley, 2003). In high-silica melts, this positive trend
flattens since the chemical compositions of the crystalline phases are as
same as the residual melts (Bindeman, 2008; Bindeman et al., 2004).
Zircon has been widely used as the premier tracer in terms of O isotopes
in felsic magmas (e.g., Valley, 2003) because of the physical and
chemical resistance of pristine crystalline zircon and slow oxygen
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diffusion rates (e.g., Cherniak and Watson, 2003; Page et al., 2007;
Valley et al., 1994). The mantle is a reservoir with remarkably homo-
geneous oxygen isotopes and crystalline zircon from mantle-derived
melts has a narrow range of 580 = 5.3 + 0.6 %o (2SD; Valley et al.,
2005). However, with magmatic differentiation from basaltic to rhyo-
litic in composition, the fractionation factor, A0 (zircon — whole rock),
may be as low as —2 %o (Valley et al., 1994, 2005). It means that felsic
melts evolved from mantle-derived magmas can potentially crystallize
zircon with §'80 of 4 %o. Therefore, the zircon crystallized from mantle-
derived melts and their differentiated products could have 5'%0 values
of 4-6.3 %o (mantle-derived zircon; e.g., Bindeman et al., 2004; Wang
et al., 2013; Blum et al., 2016) and thus zircon with 5'80 values below 4
%o is generally considered as low-5'80 zircon. These features imply that
O isotopes may provide important clues for the explanations of
lithosphere-hydrosphere interaction and granite petrogenesis.
Voluminous felsic granites and rhyolites are developed along the
present coastal area of SE China, with ages mainly of Early to Middle
Cretaceous. In recent years, more in-situ oxygen isotope data in zircon
were published and it is known some cala-alkaline (A/NK > 1; Al,O3
(molar)/(NazO + K20) (molar)) granites in the area have slightly higher
8180 values than that of their associated peralkaline granites (A/NK <
1), for example, the cala-alkaline granites of Fuzhou and Shadi (5'%0 of
5-5.8 %0) and peralkaline granite of Kuiqi (680 of 4.7 %o) (Chen et al.,
2019a). Previous studies mainly focused on the genesis of low-5'%0
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signals in individual peralkaline granites and interpreted them as the
result of extensional setting, radioactive damage and/or magmatic dif-
ferentiation (e.g., Fan et al., 2021; Gao et al., 2018; Li et al., 2015).
However, Early to Middle Cretaceous cala-alkaline and peralkaline
granites in SE China share many similarities, such as high silica and
similar mineral compositions. The difference in 5'%0 between the two
types of rocks thus remains controversial, and it is necessary to reeval-
uate the oxygen isotopes in high-silica granites and their implications on
petrogenesis.

Here, we present a systematic and detailed zircon Hf—O isotopic
investigation on the middle Cretaceous calc-alkaline and peralkaline
granites in Zhoushan archipelago of northeastern Zhejiang Province, SE
China. The peralkaline granitic intrusions are spatially associated with
the calc-alkaline granitic intrusions, and they together constitute part of
the Cretaceous high-silica I-A type composite granite belt along the
coastal area of SE China (Gao et al., 2018; Jiang et al., 2022; Xu et al.,
2022; Zhao et al., 2016). We emphasize the role of deep crustal magma
sources, assimilation and post-magmatic radioactive damage on the
formation of mantle-like to low 5'80 signals in zircons. Magmatic zircon
data show that both the Zhoushan calc-alkaline and peralkaline granites
have the mantle-like 5'80 characteristic in their parental melts and are
originally inherited from the crust sources.
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Fig. 1. Simplified geological map. (a) The South China Block. (b) The distribution of Late Mesozoic igneous rocks in SE China and the location of the studied area
(Modified from Zhou et al., 2006). Fault zones: (I)- Changle-Nan’ao fault; (II)- Zhenghe-Dapu fault; (III)- Jiangshan-Shaoxing fault. (c~d) Geological maps of the
studied areas, northeastern coast of Zhejiang Province (modified after the 1:200, 000 geological maps of Shengsi and Dinghai sheets; BGMRZJ, 1980). The locations

of peralkaline rocks are shown.
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2. Geological background

The South China Block is commonly thought to have been amal-
gamated of the Yangtze Block to the northwest and the Cathaysia Block
to the southeast by the Jiangnan orogen at 860-820 Ma (Li and Zhao,
2020; Wang et al., 2007, 2014a). After strong crustal reworking by the
subsequent tectonic extension, multi-stage Phanerozoic igneous rocks
formed in SE China (Liu et al., 2020b; Zhou et al., 2006). Among them,
Jurassic felsic rocks are mainly located at inland sites of the Cathaysia
Block, while Cretaceous magmatic rocks are generally distributed along
the present coastal area of eastern Cathaysia (Fig. 1b; e.g., Liu et al.,
2020Db), as a response to the westward subduction of paleo-Pacific plate
(e.g., Li and Li, 2007). These Cretaceous rocks mainly include rhyolite-
dominating bimodal volcanic suites (rhyolite / basalt), I-type granites,
mafic dikes and a few peralkaline A-type granite plutons (Fig. 1b).
Mantle-derived basic melts are generally thought to have provided heat
and sometimes materials for the formation of these felsic rocks (e.g.,
Zhao et al., 2016; Gao et al., 2018; Chen et al., 2019a, 2019b).

The granite plutons in Zhoushan archipelago of Zhejiang Province
are located in the farthest of the Cretaceous granite/volcanic belt of
eastern Cathaysia. It is generally considered that their emplacements
were controlled by the Changle-Nan’ao fault (Fig. 1b; e.g., Xu et al.,
2022; Zhao et al., 2016). The rocks in the archipelago are predominantly
composed of mid-Cretaceous high-silica granites and less Jurassic vol-
canics, as well as a few volcanic and/or volcaniclastic rocks of the Early
Cretaceous Guantou Formation and less Late Cretaceous mafic dykes
(Fig. 1c—d). The granites intruded into the Jurassic volcanic rocks and/
or the Guantou Formation, and were in turn intruded by the mafic dykes.
These granites can be geochemically divided into two groups according
to available petrography, geochronology and geochemistry: (1) the
Zhoushan calc-alkaline granites (ZCAG), i.e., Gouqi, Shengsi, Dadon-
g’ao, Shengshan and Huaniao plutons (this study and Zhao et al., 2016;
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Xu et al., 2022; Fig. 1c—d); and (2) the Zhoushan peralkaline granites
(ZPAG), i.e., Dagingshan and Taohuadao plutons (Zhao et al., 2016;
Jiang et al., 2022; Fig. 1d).

3. Samples

Petrology and whole-rock geochemistry of both the ZCAG and ZPAG
have been described by Zhao et al. (2016), Jiang et al. (2022) and Xu
et al. (2022), and only a brief description is provided below.

The miarolitic cavities (Fig. 2a—b) are common in both ZCAG and
ZPAG, suggesting that they both intruded at shallow crustal levels. These
rocks can be classified as alkali feldspar granites due to the high amount
of K-feldspar (40-55%) relative to plagioclase and besides that, they are
composed mainly of quartz (35-50%), biotite (2-5%), and plagioclase
(2-8%), with accessory minerals, such as zircon and magnetite. In
contrast to the ZCAG, the ZPAG contains arfvedsonite and aegirine
(1-2%) and plagioclase is rarely observed. Micrographic intergrowths of
quartz and alkali feldspar (granophyric texture; Fig. 2d) are very com-
mon, especially in the ZPAG, which is also interpreted as the result of a
high-level emplacement (Mushkin et al., 2003). Geochemically, all the
rocks are high in silica (SiOy = 71.5-78.7 wt%), and the ZPAG even are
strongly siliceous (SiO3 = 76.2-78.7 wt%).

4. Results

Seven ZCAG and three ZPAG samples were collected in this study for
analyses of zircon O isotopes, U—Pb dating, trace elements, and Hf
isotopes. They are Gougqi (18GS-4), Shengsi (17SS-1 and 17SS-1 A),
Dadong’ao (19ZJJ-1 and 19ZJJ-10), Shengshan (18GS-2) and Huaniao
(18HN-8) granites for ZCAG, and Dagingshan (19ZJJ-6 and 19ZJJ-7a)
and Taohuadao (19THD-3) granites for ZPAG.

g ]

LZCAG:18HN-2 %

Fig. 2. Macroscopic (a-b) and thin section (c-d) photographs of representative samples from the Zhoushan granites. (a) and (b), miarolitic cavities in the ZPAG and
the ZCAG, respectively; (c¢) granophyric textures in the ZPAG. Mineral abbreviation: Qz— quartz; Pl- plagioclase; Afs— alkali-feldspar. (c—d) under cross-

polarized light.
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4.1. Zircons morphology, internal texture, trace elements and ages

4.1.1. ZCAG

Zircon grains from sample 18GS—4 from the Gougqi Pluton (ZCAG) are
generally colorless to light brown, short prismatic, euhedral to sub-
hedral, 100-250 pm long and have aspect ratios of 1:1 to 2.5:1. In CL
images, they show strong CL intensity and typical oscillatory/ sector
zoning (Fig. 3a). Most of them have Th/U ratios of 0.9-2.2 and (Th + U)
concentrations of 208-1048 ppm (except one high to 2.9 and 1906 ppm,
respectively). The chondrite-normalized REE patterns of zircon all show
the typical REE patterns of magmatic zircon, with strong enrichments of
heavy rare earth elements relative to light REEs, low La concentrations,
evident Eu negative anomalies and positive Ce anomalies (Fig. 4). The
combination of oscillatory zoning, higher Th/U ratio and REE patterns
indicates that those zircon grains are of magmatic origins. Thirteen spot
analyses yield a weighted mean of 2°°Pb/2%8U age of 100.9 + 1.3 Ma (n
= 13, MSWD = 1.09; Fig. 5a).

Zircon grains from samples 17SS-1 A and 17SS-1 of the Shengsi
Pluton (ZCAG) have similar morphology, internal texture and trace
element characteristics as those in the sample 18GS—4 (Fig. 3a). Among
them, zircon grains from 17SS-1 A show Th/U ratios of 0.9-1.8, (Th +
U) concentrations of 227-912 ppm and yield a weighted mean age of
98.7 + 1.4 Ma (n = 12, MSWD = 0.82; Fig. 5b), and those from 17SS-1
have Th/U ratios of 0.3-1.6, (Th + U) concentrations of 418-748 ppm
and yield a weighted mean age of 98 + 1.4 Ma (n = 8, MSWD = 0.63;
Fig. 5¢).

Zircon grains from samples 19ZJJ-1 and 19ZJJ-10 from the
Dadong’ao Pluton (ZCAG) have two types. One is similar to the grains
from the Gouqi Pluton (Fig. 3a), with Th/U ratios and (Th + U) con-
centrations of 1-2.7 and 416-1060 ppm. The other is less in both sam-
ples and characterized by (1) euhedral to subhedral crystals, weak CL
intensity and typically clear hourglass texture in CL images (Fig. 3b);
and (2) high (Th + U) concentrations of 2456-3728 ppm. Their Th/U
ratios (1.1-1.3) and REE patterns are indistinguishable from the former
type (Fig. 4). Both types are consistent in U—Pb dates for each sample
and they yield weighted mean ages of 98.4 £ 1.5 Ma (n = 11, MSWD =
1.2; Fig. 5d) for 19Z2JJ-1 and 102.3 + 4.6 Ma (n = 6, MSWD = 6.6;
Fig. 5e) for 19Z2JJ-10. The latter mean age has a larger MSWD with spot
analyses, and we think the former result is more reliable.

Zircon grains from sample 18GS-2 of the Shengshan Pluton (ZCAG)
also show similar characteristics as those from the Gougi Pluton
(Fig. 3a). They have Th/U ratios of 1.1-2.1 and (Th + U) concentrations
of 375-1248 ppm. Nine analyses yield a weighted mean age of 96.7 +
1.4 Ma (n = 9, MSWD = 0.97; Fig. 5f).

Zircon grains from sample 18HN-8 of the Huaniao Pluton (ZCAG)
have two types which are similar to the zircon types from the Dadong’ao
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Pluton respectively. Zircon grains with weak CL intensity are dominant
and have high (Th + U) concentrations of 1911-9835 ppm relative to
zircon with strong CL intensity and low (Th + U) concentrations of
546-1186 ppm. Both types show similar ranges of Th/U ratios of 0.7-2.2
and 0.8-2.3, respectively. Twelve analyses give a weighted mean age of
92.3 + 1.3 Ma (n = 12, MSWD = 1.2; Fig. 5g).

4.1.2. ZPAG

Zircon grains from sample 19THD-3 of the Taohuadao Pluton
(ZPAG) show similar characteristics to zircons from the Gouqi Pluton
(Fig. 3a), but with typically clear hourglass texture in CL images. They
have Th/U ratios of 0.8-1.9 and (Th + U) concentrations of 295-1176
ppm. Twelve analyses yield a weighted mean age of 90.5 + 1.2 Ma (n =
12, MSWD = 0.72; Fig. 5h).

Zircon grains from samples 19ZJJ-6 and 19ZJJ-7a from the
Dagingshan Pluton (ZPAG) have three types. The first has similar
characteristics to zircon grains from the Taohuadao Pluton (Fig. 3a),
with Th/U ratios of 0.9-1.8 and (Th + U) concentrations of 246-1309
ppm. The second has weak CL intensity but is angular and xenomorphic,
and most of the internal domains seem disordered in CL images (Fig. 3c).
They have Th/U ratios of 1.4-6.5 and high (Th + U) concentrations of
1404-3964 ppm. The third is featured by the spongy-like CL images
(Fig. 3d), indicating that they have gone through significant metamic-
tization and recrystallization. Their chemical and isotopic compositions
are therefore no longer representative of pristine melts. Only the first
type grains were used for U—Pb dating and they give weighted mean
ages of 89.3 + 1.0 Ma (n = 14, MSWD = 1.08; Fig. 5i) for 192JJ-6 and
89.3 £ 1.6 Ma (n = 8, MSWD = 1.7; Fig. 5j) for 19ZJJ-7a.

To conclude, the detailed morphological and geochemical charac-
teristics divide the investigated zircon grains from the ZCAG and ZPAG
into four types. Type 1 zircon (Fig. 3a) has strong CL intensity and low
(Th + U) concentrations (208-1309 ppm; Fig. 4d). Type 2 zircon
(Fig. 3b) is featured by weak CL intensity and high (Th + U) concen-
trations (1911-9835 ppm; Fig. 4d). Both types are used for U—Pb dating
and age calculation. Type 3 zircon (Fig. 3c) shows weak CL intensity and
high (Th + U) concentrations (1404-3964 ppm; Fig. 4d), but differs
from Type 2 zircon by angular and xenomorphic crystal shapes. All three
types have similar Th/U ratios (Fig. 4c) and REE patterns (Fig. 4a and b).
Type 4 zircon (Fig. 3d) has spongy-like CL images because of the sig-
nificant metamictization and recrystallization and is not appropriate for
in situ isotopic and elemental analysis.

4.2. Zircon Hf and O isotopes

4.2.1. ZCAG
Type 1 zircon from sample 18GS-4 (Gougqi Pluton) has eys(t) values

Fig. 3. Representative cathodoluminescence (CL) images of selected zircon grains from the ZCAG and ZPAG.
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Fig. 4. SIMS zircon trace elements of the studied granites. Chondrite values used for normalization are from McDonough and Sun (1995).

that vary from —5.4 to —2 (Fig. 6a), Tpm2(Hf) values of 1500-1300 Ma.
Twenty-nine analyses give a weighted mean §'%0 values of 5.72 + 0.08
%o (n = 29, MSWD = 1.1; Fig. 7a).

Type 1 zircon from samples 17SS-1 A and 17SS-1 (Shengsi Pluton)
has eyf(t) values of —4.8 to —2 and — 6.9 to —3.2 (Fig. 6b and c),
Tpmz(Hf) of 1460-1290 Ma and 1600-1370 Ma, respectively. Thirteen
analyses of 17SS-1 A have a weighted mean 5'80 values of 5.46 + 0.14
%o (n = 13, MSWD = 0.23; Fig. 7b). Ten analyses of 17SS-1 show a
weighted mean 580 of 5.32 + 0.14 %o (n = 10, MSWD = 0.07; Fig. 7c).

Type 1 zircon from sample 19ZJJ-1 (Dadong’ao Pluton) shows ex(t)
values ranging from —11.9 to —4.6 (Fig. 6d), Tpme(Hf) values of
1920-1450 Ma, and a weighted mean 8'80 of 5.48 + 0.13 %o (n = 16,
MSWD = 0.53; Fig. 7d). Type 1 zircon from sample 19ZJJ-10 has eye(t)
values varying from —12 to —4.3 (Fig. 6e), Tpmz(Hf) values of
1900-1435 Ma, and a weighted mean 8'%0 of 5.29 + 0.19 %o (n = 11,
MSWD = 1.7; Fig. 7e). Type 2 zircons from sample 19ZJJ-10 have ey(t),
Tpme(Hf) and a weighted mean 5180 of —12 to —8.6 (Fig. 6e),
1930-1670 Ma, and 4.91 + 0.13 %o (n = 11, MSWD = 0.26; Fig. 7e),
respectively.

Type 1 zircon from sample 18GS-2 (Shengshan Pluton) has ey(t)
values varying from —5.1 to —1.6 (Fig. 6f), Tpma(Hf) values of
1480-1265 Ma. Twenty-eight analyses yield a weighted mean 5'80
values of 5.88 + 0.08 %o (n = 28, MSWD = 0.73; Fig. 7f).

Type 1 zircon from sample 18HN-8 (Huaniao Pluton) has eyg(t)
values of —5.4 — 0.1 (Fig. 6g), Tpm2(Hf) values of 1500-1160 Ma, and a
weighted mean 580 of 5.68 =+ 0.16 %o (n = 10, MSWD = 0.46; Fig. 7g).
Type 2 zircon from 18HN-8 has ey(t), Tpm2(Hf) and a weighted mean
5180 of —8.3 to +0.2 (Fig. 6g), 1680-1140 Ma, and 5.38 = 0.13 %o (n =
15, MSWD = 0.24; Fig. 6g), respectively.

4.2.2. ZPAG

Type 1 zircon from sample 19THD-3 (Taohuadao Pluton) has eyg(t)
values ranging from —8.1 to +0.1 (Fig. 6h), Tpm2(Hf) values of
16701150 Ma. Fifteen analyses have a weighted mean 5'%0 values of
4.60 £ 0.19 %o (n = 15, MSWD = 1.6; Fig. 7h).

Type 1 zircon from sample 19ZJJ-6 (Daqingshan Pluton) has eyg(t)
values that range from —6 to —2.3 (Fig. 6i), Tpy2(Hf) values of
1540-1300 Ma, and a weighted mean 5'%0 of 4.55 + 0.13 %o (n = 17,
MSWD = 0.76; Fig. 7i). Type 1 zircon from sample 19ZJJ-7a has ey(t)
values varying from —7.3 to —1.5 (Fig. 6j), Tpmz(Hf) values of
1615-1250 Ma, and a weighted mean 5'%0 of 4.42 + 0.16 %o (n = 12,
MSWD = 1.2; Fig. 7j). Type 3 zircon from 19ZJJ-7a has ey¢(t), Tpm2(Hf)
and a weighted mean 5180 of 10 to —4.1 (Fig. 6), 1800-1415 Ma, and
3.71 £ 0.14 %o (n = 9, MSWD = 0.17; Fig. 7j), respectively.

5. Discussion
5.1. The effect of radiation damage on zircon oxygen isotopes

Since the physical and chemical resistance of pristine crystalline
zircon and slow oxygen diffusion rates (e.g., Cherniak and Watson,
2003; Page et al., 2007; Valley et al., 1994), zircon oxygen isotopes are
generally regarded as the robust records of magmatic compositions (e.g.,
Valley, 2003; Wang et al., 2013). However, recent studies in peralkaline
granites have highlighted the possible effects of radioactive damage on
oxygen isotopes of zircon with high Th and U concentrations. For
example, Gao et al. (2018) suggested that the low-5'80 zircon (!0 of
3.08-4.12 %o) from the Taohuadao peralkaline granites (belong to
ZPAG) may have developed through massive recrystallization promoted
by the presence of magma-derived fluids, and they proposed that only
the zircon domains with 5!%0 of 4.81-5.32 %o maintain their primary
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magmatic characteristics. Fan et al. (2021) suggested that mantle-like to
low zircon §'80 values from the Fengning peralkaline granites in Hebei
Province, North China, resulted from the modification to various de-
grees by meteoric water after the accumulation of radiation damage, and
they inferred that only the zircon domains with slightly higher 5'20 than
normal mantle could represent their primary magmatic oxygen isotope
compositions. Therefore, it is necessary to first evaluate the effects of
radiation damage on zircon oxygen isotopes.

Type 1 and Type 2 zircon grains generally show mantle-like 5'%0
values, but the 5180 values of Type 2 are slightly lower than those of
Type 1 in the same sample (Fig. 7e and g). Significantly, Type 3 zircon
grains from the ZPAG (19ZJJ-7a) have 5180 values low to 3.71 %o
(Fig. 7j), which can be classified as low-8'80 zircons (6180 < 4 %o). Trace
element analyses indicate that the Th and U concentrations in Type 2
and 3 zircon grains are higher than those in Type 1 (Fig. 4 and Fig. 8),
which is also consistent with the strong CL intensity of Type 1 and weak
CL intensity of both Type 2 and Type 3. Therefore, although the three
types all have steep REE patterns like typical magmatic zircon, the weak
CL intensity and high (Th + U) concentrations of both Type 2 and Type 3
zircon indicate that they probably formed in the late-stage granitic melts

LITHOS 466-467 (2024) 107465

spectra results from Gao et al. (2018), in which Type 3 zircon has
characteristics of amorphous silica/glass. Therefore, the low-5'%0
values of Type 3 zircon are the result of post-magmatic modification and
cannot represent the primary magmatic oxygen isotope compositions.
Although Type 2 zircon retains internal structural characteristics of their
magmatic origin, it is also challenging for Type 2 zircon 580 to repre-
sent primary magmatic oxygen isotopic compositions because of their
undistinguishable high (Th + U) concentrations with Type 3 zircon
grains. On this basis, the oxygen isotopes of Type 1 zircon grains are

more representative of the nature of parental magmas.

5.2. Lower 680 signals in peralkaline granites

As mentioned above, mantle-derived melts can potentially crystallize
zircon with 8'80 of 4-6.3 %o in high-silica magmas (e.g., Bindeman
et al., 2004; Blum et al., 2016; Wang et al., 2013). Type 1 zircon grains
from the ZCAG have 5'80 values of 5.29-5.88 %o, in contrast to the lower
5'%0 of 4.42-4.6 %o from the ZPAG. Although these values are still
within the 5!80 range of mantle-derived zircon, the difference in oxygen

that are enriched in fluids and incompatible elements, and are therefore
at risk of radiation damage accumulation.

Th and U concentrations and internal textures of zircon are effective
measures of possible radiation damage. Fan et al. (2021) reported that
zircon grains suffered radiation damage generally show a negative
correlation between zircon 580 values and the U and Th concentrations.
However, the expected negative correlations between zircon 5'%0 and
U, Th or (Th + U) concentrations are not evident in Type 2 or Type 3
zircons (Fig. 8a—c). Nevertheless, all the Type 2 crystals are euhedral to
subhedral and show oscillatory zoning and clear hourglass texture in CL
images (Fig. 3b), in contrast to the angular and xenomorphic crystals
and disordered internal structure of Type 3 zircon. The combination of
high (Th + U) concentrations, angular and xenomorphic crystals and
disordered internal structure implies that Type 3 zircon grains may have
gone through massive recrystallization. This is also supported by Raman
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isotopic compositions between the two types of rocks is visible, what-
ever the similarity of zircon eyg(t) values (Fig. 8d) which indicates the
similarity of magma sources. Therefore, detailed studies are needed to
evaluate the oxygen isotopes.

In-situ oxygen isotope analyses from the center to the periphery of
Type 1 zircon reveal the variations of oxygen isotopes during the
magmatic evolution. For the same zircon grain from ZCAG, although O
isotope analyses for the center and periphery domains (29 pairs) show
statistically consistent results within errors, it is noted that the 5'%0
values in the center domains are generally higher than those in the pe-
riphery domains (23 of 29 pairs; Fig. 9a). Such slight decrease from
center to periphery is also evident for the ZPAG zircon grains (7 of 8
pairs; Fig. 9a). The tendency indicates that the general decrease of §'%0
values in ZCAG and ZPAG melts during zircon crystallizing. The possible
mechanisms can be categorized as: (1) reduction on magma 5'%0
derived by fractional crystallization; (2) infiltration and contamination
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Fig. 8. Diagrams of zircon 5'80 values vs. zircon Th, U and (Th + U) contents and ey (t) values.
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of surface water to the magma systems; (3) assimilation of hydrother-
mally altered wall rocks during magma cooling (e.g., Gao et al., 2018;
Hildreth et al., 1984; Taylor, 1977; Taylor and Sheppard, 1986; Valley,
2003).

The reduction of magma §'80 by fractional crystallization has been
used to explain the formation of the lower zircon 5'%0 from the Tao-
huadao peralkaline granites. Gao et al. (2018) suggested that the Tao-
huadao peralkaline granites (magmatic zircon 5180 of 4.81-5.23 %) are
produced by intensive fractionation of reduced and anhydrous basaltic
melts and the crystallization of minerals drives a slight depletion on 120
in later crystallized zircons. However, Lee and Morton (2015) proposed
that high-silica melts from crystal fractionation of basaltic magmas only
account for up to 5% of the original mass of parental magmas. Such a
low productivity of high-silica melt directly from basaltic magmas is
inconsistent with the absence of outcropped large-scale basalt or
accompanied intermediate rocks in Zhoushan archipelago. The negative
zircon eyf(t) values and Proterozoic Hf model ages of the ZCAG and
ZPAG also preclude a dominant mantle origin but suggest a crustal
source instead. Regarding to the decrease of !0 from zircon center to
the periphery in both the ZCAG and ZPAG, it is inconsistent with that
normal magmatic differentiation should shift the '80 to higher values
and this trend is limited in high-silica melts because of the similar
chemical compositions of the crystalline phase and the residual melts
(Bindeman et al., 2004). It follows that even considering the unique
geochemistry of peralkaline melts, the decrease of 5'%0 derived by
crystallization differentiation is unlikely to be a good explanation.

The mechanism of infiltration and contamination of surface water to
magma system is rarely mentioned to explain the decrease on magma
5180 values. It is generally accepted that the middle Cretaceous felsic
rocks in SE China were emplaced at depths of 7-3 km in an extensional
environment (e.g., Chen et al., 2021a; Lowenstern et al., 1997; Xu et al.,
2022; Zhao et al., 2016). This formation depth may be within the
effective meteoric hydrothermal circulation and/or alteration in the
upper crust (e.g., Blum et al., 2016; Ingebritsen and Manning, 2010).
However, it is highly challenging to allow massive water to enter the
cooling magma (e.g., Hildreth et al., 1984; Taylor, 1977). Oxygen ex-
changes between the cooling magma and massive surface water require
to sustain access and mixing of water with the magma, and significant
convection of the magma reservoir to avoid local water saturation
(Hildreth et al., 1984). Neither of these is likely to occur in ZCAG and
ZPAG because: (1) keeping access and mixing of water and magma re-
quires recurrent explosive activity (Hildreth et al., 1984); (2) magma
reservoir of high-silica granites has weak convection (e.g., Bachmann
and Bergantz, 2008; Xu et al., 2022); and (3) zircon eyg(t) values also
vary from center to periphery (Fig. 9b). Therefore, the decrease of 580
during zircon crystallizing is unlikely to be resulted by infiltration and
contamination of surface water to the magma systems.

The zircon Hf isotopes corresponding to the oxygen isotope analyses
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on zircon “center and periphery” provide a breakthrough for the ques-
tion. For the same zircon grain, although most Hf isotopes from center to
periphery show consistent results within errors, it is worth noting that
the eye(t) values of zircon centers are generally higher than those of its
peripheries (18 of 23 pairs for the ZCAG and 5 of 6 for the ZPAG;
Fig. 9b), suggesting that other components with lower 520 and eyg(t)
may have entered the cooling magma systems. Rocks with low-5'%0
values are produced by high-temperature hydrothermal alteration near
the Earth’s surface, and there are no low-5'0 igneous rocks found in SE
China to suggest any low-5'80 magma source in deep crust (e.g., Yan
etal., 2016; Chen et al., 2017, 2019a, 2019b, 2021a, 2021b; Jiang et al.,
2018; Gao et al., 2018; Zhang et al., 2018; Fig. 10 and Fig. 11a).
Therefore, such small variations in zircon Hf—O isotopes is more likely
to occur in shallower magma reservoir rather than inherited from deep
magma source. Assimilation with hydrothermally altered wall rocks can
well explain the slight decrease of 580 and epf(t) from zircon center to
periphery domains. Southeastern China is characterized by extensive
and intense magmatic activities during the Cretaceous, which is
conducive to high-temperature water-rock reactions near the surface to
form low 580 rocks as wall rocks of following felsic magmas. Alterna-
tively, the wall rocks are located within the effective meteoric hydro-
thermal circulation and/or alteration in the upper crust (e.g., Blum
et al., 2016; Ingebritsen and Manning, 2010) and thus may contain a
small amount of permeated surface water. Assimilation with hydro-
thermally altered and/or water-bearing wall rocks can decrease the §!%0
and ey(t) values of magmas together.

Assimilation with hydrothermally altered wall rocks can also explain
the slightly lower §!80 in the ZPAG than that in the ZCAG. Based on the
data of Gao et al. (2018) and this study, the zircon 5'80 values from
ZPAG vary from 4.42 %o to 5.23 %o and its initial melts have similar 5'%0
to that of the ZCAG melts (this study and Gao et al., 2018). We suggest
that assimilation reduces the oxygen isotopes of ZPAG to 4.42 %.. Pre-
vious studies and our observations indicate that both ZPAG and ZCAG
have shallow emplacement depths, and ZPAG was emplaced at a shal-
lower crustal level than that of ZCAG (e.g., Xu et al., 2022; Zhao et al.,
2016). This is consistent with the viewpoint that the formation of ZPAG
is the response to further lithospheric extension (e.g., Zhao et al., 2016).
Due to the influence of permeability / porosity of the crust, the shal-
lower wall rocks are more capable of oxygen exchange during hydro-
thermally altered and thus generate lower oxygen isotopes of magmas.
On this basis, we suggest that the ZPAG initial melts could have origi-
nally the indistinguishable mantle-like5'20 values as the ZCAG melts.

5.3. Source nature of mantle-like to low-5'%0 felsic rocks in SE China

Both the ZCAG and the ZPAG, as discussed above, are from the crust
materials with mantle-like and indistinguishable 5!80, and formed in an
extensional environment due to the subduction rollback of the paleo-
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Pacific plate (e.g., Liu et al., 2020b; He and Xu, 2012). Such oxygen
isotopic compositions and background are consistent with those of other
Cretaceous (particularly mid-Cretaceous) volcanic—plutonic rocks along
the present coastal area of SE China (580 of 4.7-5.67 %s; e.g., Yanetal.,
2016; Chen et al., 2017, 2019a, 2019b, 2021a, 2021b; Jiang et al., 2018;
Gao et al., 2018; Zhang et al., 2018; Fig. 10 and Fig. 11a). However, the
neighboring Jurassic granites located at the inland sites of the Cathaysia
Block generally have higher 5'80 values (6.6-9.9 %o), which indicates
that a larger proportion of supracrustal crust has been incorporated into
the magma sources (e.g., Chen et al., 2017; Guo et al., 2012; Liu et al.,
2020c; Wang et al., 2014b; Wang et al., 2022; Zhang et al., 2015, 2017;
Zhang et al., 2018; Zhao et al., 2017). The origin of widespread felsic
magmatism with mantle-like §'80 values and Proterozoic Hf model ages
needs to be extensively studied with two possible mechanisms.

The first possible mechanism is “two-stage modifications” on oxygen
isotopes in magma sources. In the first stage, like Jurassic granites,
sedimentary materials were added into the magma sources to elevate
580 values; and in the second stage, the magma sources suffered high-
temperature hydrothermal alteration to decrease their 5'%0 to mantle-
like values. However, this is highly unlikely because any change in
5180 associated with meteoric hydrothermal systems is notoriously
heterogeneous and spatially complex, which is contrary to the consistent
zircon 5'%0 values with mantle-like and relative narrow variation of
5.29-5.88 %o of the Cretaceous felsic rocks (Fig. 10 and Fig. 11a).

The second mechanism seeks the existence of voluminous un-
weathered juvenile crust or its reworking magmatic products since they
are expected to retain the mantle oxygen isotope signatures and could be
further melted to form felsic rocks with mantle-like 5'80 values. In this
regard, the enriched Hf isotope compositions (epf(t) < 0) in zircon
(Fig. 7a; this study and Yan et al., 2016; Chen et al., 2017, 2019a, 2019b,
2021a, 2021b; Zhao et al., 2016; Jiang et al., 2018; Gao et al., 2018;
Zhang et al., 2018; Xu et al., 2022) could be used to trace crust-mantle
differentiation ages of sources. Overall normal distribution of Hf isotope
model ages precludes a crust-mantle mixed source but supports an
origin of Proterozoic crust (Fig. 11b). The slightly variable eyd(t) and
Tpmz(Hf) values could be resulted from disequilibrium melting (Tang
etal., 2014; Wang et al., 2021) or inherited from the crustal source since
continental arc magmas could have elevated Hf model ages but keep
mantle-like oxygen isotopes. Anyhow, the oxygen isotope inheritance
implies the existence of widespread unweathered Proterozoic juvenile
crust or its intracrustal reworking magmatic rocks with mantle-like 50
in the present coastal area of SE China. The reworking of such un-
weathered basements could take place at different stages and locations
in Cretaceous so that the observed felsic rocks all show consistent
mantle-like 5'%0 values over time and space (Fig. 10 and Fig. 11a).

The mechanism of “unweathered juvenile crust” can also explain the
difference in oxygen isotopes for the Cretaceous and Jurassic felsic
rocks. Xu et al. (2007) proposed that the Cathaysia Block in SE China can
be subdivided into the eastern and western parts by the boundary of
Zhenghe-Dapu fault (Fig. 1a and b), based on the U—Pb dating and Hf
isotopes from detrital zircons. Eastern and western Cathaysia have
distinct patterns of crustal evolution and may represent two micro-
continents that were separated before Cambrian time. It is noted that the
main body of Cretaceous felsic rocks with mantle-like 820 is located in
eastern Cathaysia (e.g., Liu et al., 2020b), in contrast to massive Jurassic
felsic rocks with higher §'%0 in the western Cathaysia (e.g., Zhou et al.,
2006; Guo et al., 2012; Wang et al., 2014b; Zhang et al., 2015, 2017; Yan
et al., 2016; Chen et al., 2017, 2019a, 2019b, 2021a, 2021b; Zhao et al.,
2017; Jiang et al., 2018; Zhang et al., 2018; Liu et al., 2020b; Wang
et al., 2022). Therefore, the difference of O isotopes also implies that the
eastern and western Cathaysia have different crustal basements.
Considering the common incorporation of crustal materials in the
mantle-derived magmas in continental arcs, the Hf model ages may be
elevated by several hundreds of million years than the crystallizing ages
of the source rocks, which is very significant for the Neoproterozoic
granitic rocks in the Jiangnan orogen (Wang et al., 2014a). The
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Mesoproterozoic (Fig. 11b) model ages may indicate the existence of
Neoproterozoic unweathered juvenile crust terrane in the present
coastal area of SE China, which may be originally formed by continental
arc magmatism.

5.4. Tectonic implications of the mantle-like to low-5'80 rocks in SE
China

The formation of regional mantle-like §'80 felsic rocks has profound
tectonic implications. The widespread Late Mesozoic felsic rocks in SE
China can be investigated in terms of oxygen isotopes. According to
available data, the oxygen isotopes of the Late Mesozoic felsic rocks
show obvious variations in space and time, i.e., the Jurassic rocks
located in the inland area generally have higher §'%0 values (6.6-9.9 %o;
e.g., Guo et al., 2012; Wang et al., 2014b; Zhang et al., 2015, 2017; Chen
etal., 2017; Zhao et al., 2017; Zhang et al., 2018; Liu et al., 2020c; Wang
etal., 2022), in contrast to the Cretaceous (particularly mid-Cretaceous)
volcanic—plutonic rocks along the present coastal area of SE China that
have mantle-like §'80 for their magma source (this study and Yan et al.,
2016; Chen et al., 2017, 2019a, 2019b, 2021a, 2021b; Jiang et al., 2018;
Gao et al., 2018; Zhang et al., 2018; Fig. 10). The difference in oxygen
isotopes of those magmatic rocks may result from the difference of their
magma sources. For Cretaceous felsic rocks in the eastern Cathaysia, the
oxygen isotope compositions of the rocks with depleted Hf isotopes
(euf(t) > 0) in zircon are still more likely to be inherited from the ju-
venile crust source, such as Zaoshan and Fuzhou granites (e.g., Chen
etal., 2014, 2019a), Tatan and Baishishan granites (Chen et al., 2021b).
However, voluminous felsic rocks are characterized by enriched Hf
isotopes (egf(t) < 0) in zircon and point to the Proterozoic unweathered
(juvenile) crustal sources. We suggest that both the calc-alkaline and
peralkaline rocks in the eastern Cathaysia have magma sources with
mantle-like 5'%0 values.

Here, we propose a simplified petrogenetic model for the formation
of zircon oxygen isotope differences in the calc-alkaline and peralkaline
granites from Zhoushan archipelago of northeastern Zhejiang Province,
SE China. During the middle Cretaceous, a rapid high-angle of sub-
ducting Paleo-Pacific plate led to the retreat of the trench toward the
ocean and consequently formed the back-arc extensional environment.
Underplating of mantle-derived magma led to partial melting of preex-
isting unweathered Neoproterozoic basement or its reworking magmatic
products, to form calc-alkaline and peralkaline felsic melts in turn
(Fig. 12a). Oxygen isotopic characteristics were inherited in those melts
and then the melts ascended and emplaced in the shallow crust. In this
process, assimilation to hydrothermally altered and/or water-bearing
wall rocks results in a slight decrease in zircon O and Hf isotopes from
zircon center to periphery (Fig. 12b and c). In particular, further
extension of the crust facilitated the shallower emplacement of the ZPAG
melts, helping them decrease oxygen isotopes more quickly to lower
than those of the ZCAG (Fig. 12b and c). Nevertheless, the effect of
assimilation on oxygen isotopes is slight, so the 5'0 values of those
rocks are within the range of mantle-derived zircon (4-6.3 %o). As for the
zircon grains crystallized in the late magma stage, they are enriched in
incompatible elements and therefore at risk of potential post-magmatic
radioactive damage and modification on oxygen isotopes (Fig. 12b and
c). This petrogenetic process is not restricted to Zhoushan mantle-like
5180 calc-alkaline granites and lower 8'%0 peralkaline granites, and
can be applied to other similar Cretaceous felsic igneous suites in SE
China and other places worldwide.

6. Conclusions

This study presents new dataset of zircon U—Pb dating, trace ele-
ments and in situ Hf—O isotopes for the calc-alkaline rocks (ZCAG;
101-92 Ma) and peralkaline rocks (ZPAG; 91-89 Ma) from the
Zhoushan archipelago in Zhejiang Province, SE China. Low zircon §'%0
signals in both ZCAG and ZPAG may be caused by post-magmatic
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Fig. 12. A schematic illustration shows the genetic model for the formations of
oxygen isotope signals in calc-alkaline granites and peralkaline granites during
the Cretaceous, SE China. Colour code for 5'%0 in the bottom only applies to
panels b and c.

radioactive damage. Screened data show that the magmatic zircon
grains have mantle-like 5'80 values of 5.29 %o ~ 5.88 %o for ZCAG and
lower 8'80 values of 4.42 %o ~ 4.6 %o for ZPAG. The overall decreases of
880 and ey(t) values from zircon center to periphery suggest that the
two types of felsic magmas may have consistent oxygen isotopes in their
magma sources and have gone through different extents of assimilation
with hydrothermally altered wall rocks in shallow crust to result in such
5180 difference. We suggest the source materials of both could have
mantle-like §'%0 values and speculate the existence of a widespread
unweathered Neoproterozoic juvenile crust in the present coastal area of
SE China. This juvenile terrane may represent the buried main part of
the eastern Cathaysia Block and has significant tectonic implications for
understanding the Neoproterozoic continent assembly and Mesozoic
orogenesis and subduction. We suggest that the model is applied to
widespread Cretaceous felsic rocks with mantle-like to low §'%0 and
enriched Hf isotopes in zircon, SE China.
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Appendix A. Analytical methods

All analyses, including zircon O isotopes, U—Pb dating and trace
elements, and Hf isotope analyses, were conducted at the State Key
Laboratory for Mineral Deposits Research, Nanjing University. Prior to
analysis, transmitted and reflected light photomicrographs and cath-
odoluminescence (CL) images were taken to characterize zircon internal
structures. Methods of Hf isotope analyses are in Supplementary files.

A.1. Oxygen isotopes

In situ zircon oxygen isotope analyses for seven ZCAG and three
ZPAG samples were undertaken using a CAMECA IMS-1300 HR? ion
microprobe in the multi-collection mode. A primary '*3Cs* ion beam
(2.8-3 nA current and 20 keV total impact energy) was focused on the
sample surface, with a beam diameter of ~20 pm. A 5 pm x 5 pm raster
was used in this study, and a normal-incidence electron gun was used for
charge compensation. An NMR field sensor was applied to stabilize the
magnetic field. The signals of 1°0 and 180 were collected simultaneously
using two Faraday cups at positions 1’2 and H'2 with resistor circuits of
10'° Q and 10'! Q, respectively. The mass resolving power (MRP, M/
AM), measured at 50% peak height, was set at ~2500 to minimize
isobaric interferences. The total analytical time was about 5 min per pit:
100 s pre-sputtering to remove the Au coating, ~ 60 s automatic
centering of the secondary ions in the field aperture, and a total of 80 s
integration of secondary ions (twenty cycles x 4 s). The counting rate of
160 was approximately 2.9 x 10°-3.2 x 10° cps. Measured '0/1°0
values were normalized to the Vienna Standard Mean Ocean Water
compositions (VSMOW, 180/1%0 = 0.0020052; Baertschi, 1976). The
well characterized zircon standards 91500 (5'80 = 9.9 & 0.3 %s; Wie-
denbeck et al., 2004) and TEMORA 2 (6'%0 = 8.20 + 0.13 %o; Black
et al., 2004) were also analyzed. TEMORA 2 zircon standard was used to
correct the instrumental mass fractionation factor (IMF) and 91500
zircon standard was analyzed as unknown samples to ascertain the ve-
racity of the IMF. Forty-four analyses on TEMORA 2 yielded a mean
8'80 = 8.22 + 0.07 %o (2SD, n = 44, MSWD = 0.24), indicating the
homogeneity of TEMORA 2 on a split scale or different splits. Twenty-
three analyses on 91500 yielded a mean 580 = 10.16 + 0.09 %o (2o,
n = 23, MSWD = 0.29), which is consistent within errors with the re-
ported value. Oxygen isotope analyses are shown in Supplementary files
with standard deviations of 0.22 %o or 0.27 %o, standard errors (2SE) of
0.10-0.27 %o (average of 0.16 %o).

A.2. SIMS Zircon U—Pb geochronology and trace elements

After oxygen-isotope analyses, sample mount was re-polished and
coated. Zircon U—Pb dating and trace elements were generally con-
ducted on the same spots used for O isotope analyses using the same
CAMECA IMS-1300 HR® ion microprobe. A primary 02~ ion beam (6 nA
current and 13 keV total impact energy) was focused on the sample
surface. A beam diameter was set of ~20 pm and the MRP was ~7000
(50% peak height). Zircon standards 91500 (1062.4 + 0.4 Ma; Wie-
denbeck et al., 1995) and TEMORA 2 (418.3 + 1.3 Ma; Black et al.,
2004) were also analyzed for U—Pb age determinations. Trace element
concentrations for zircon were standardized against standard 91500 and
the intensities were normalized to 28Si3°03. Detailed analyzing pro-
cedures can be referred to Liu et al. (2020c). Repeated measurements of
the standards yielded weighted means of 2°Pb/?38U ages of 1065.9 +
7.1 Ma (20, n = 29, MSWD = 0.95) for 91500 and 418.8 + 4.2 Ma (20, n
= 33, MSWD = 1.6) for TEMORA 2, which are consistent with the rec-
ommended values. Zircon U—Pb dating and trace element results are
shown in Supplementary files.
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A.3. Zircon Hf isotopes

In situ zircon Hf isotope analyses were conducted on the same spots
used for O isotope analyses but with a larger beam diameter of ~44 pm.
Hf isotopic compositions were determined using a GeoLas 193 nm ArF3
laser ablation system attached to a Neptune Plus MC-ICP-MS. Zircons
were ablated with a repetition rate of 10 Hz and a pulse energy density
of 10.5 J/cm? Zircon standards Mud Tank (Y7°Hf/!7”Hf = 0.282507 +
6; Woodhead and Hergt, 2005) and 91500 (*”®Hf/'77Hf = 0.282306 = 8;
Wiedenbeck et al., 1995) were analyzed for quality control. Repeated
measurements of the standards yielded weighted means of '7®Hf/'77Hf
of 0.282506 4 0.000007 (n = 34, MSWD = 1.14) for Mud Tank and
0.282304 + 0.000009 (n = 34, MSWD = 0.4) for 91500, which are
consistent with the recommended values. The 76Hf/!7’Hf ratios of
chondrite (0.282772; Blichert-Toft and Albarede, 1997) and depleted
mantle (0.28325; Nowell et al., 1998), 1761 u/Y77Hf ratios of chondrite
(0.0332; Blichert-Toft and Albarede, 1997), depleted mantle (0.0384;
Griffin et al., 2002) and average continental crust (0.015; Griffin et al.,
2002), 17%Lu decay constant (1.867 x 10~ !!/year; Soderlund et al.,
2004) and mean zircon U—Pb ages of each granite were used to calcu-
late eye(t), Tpm1(Hf) and Tpyo(Hf) values. Results are shown in Sup-
plementary files.
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