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ARTICLE INFO ABSTRACT

Anic{e history: The Mesozoic tectono-magmatism in SE China has widely been considered to relate to subduction of the Paleo-
Received 20 December 2018 Pacific Ocean. However, there lacks robust petrologic and geochemical evidence from subduction-related mafic
Accepted 9 March 2019

igneous rocks to reconstruct the architecture of the subduction zone. This paper presents a comprehensive geo-
chemical dataset (petrography, mineral chemistry, zircon U-Pb age, in-situ Sr and Pb isotope compositions of pla-
gioclase and whole-rock major, trace element and Sr-Nd-Pb-Hf isotope data) of three early Cretaceous (Pingtan,
Daigianshan and Quanzhou) mafic intrusions from the coastal region in SE China, with aims to understand their
petrogenetic link with subduction of the Paleo-Pacific Ocean. The mafic rocks comprise predominantly calcic
hornblende and Ca-rich plagioclase and show varying degrees of crystal accumulation. Petrological observations
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Gabbro and mass balance calculation indicate their parental magmas are hydrous and calc-alkaline with typical arc-type
Early cretaceous trace element features. These rocks are also characterized by “crust-like” isotopic signatures, i.e., moderately ra-
SE China

diogenic Sr, unradiogenic Nd and highly radiogenic Pb compositions. The narrow variations of in-situ plagioclase
Sr and Pb isotope ratios and the nearly identical isotope compositions between the plagioclase and bulk rock in
each intrusion indicate a minor role of crustal assimilation during magmatic evolution. Instead, such “crust-like”
isotopic signatures were largely resulted from source enrichment through an input of subducted sediment. Fur-
ther element-isotopic modeling results suggest that the parental magmas were likely produced by melting of a
depleted mantle source metasomatized via the subducted sediment-derived melt. Generation of the early Creta-
ceous mafic intrusions can thus be explained by subduction of a relatively hot oceanic slab, during which melt
derived from the subducted sediment acted as a predominant agent to enrich the mantle wedge. Our results pro-
vide powerful petrological and geochemical constraints on the early Cretaceous subduction of the Paleo-Pacific
Ocean beneath the SE China and suggest that addition of subducted sediment-derived melt may be an important
mechanism for mantle enrichment in relatively hot subduction zones.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Crustal recycling is an indispensable process to chemical evolution of
the Earth, with the subduction zone as a key conduit. The geochemical
imprints of subducted sediment have widely been identified in
subduction-related igneous rocks (e.g., Shimoda et al., 1998; White
and Dupré, 1986). Mass balance calculation suggests that ~ 20% of the
subducted sediment has been involved in the arc magmas during the
Earth's evolution (Nichols et al., 1994). Recycling of the subducted sed-
iment therefore plays an important role in subarc mantle enrichment
and geochemical evolution of lithospheric mantle (e.g., Davidson,
1987; Plank and Langmuir, 1998).

* Corresponding author.
E-mail address: guofengt@263.net (F. Guo).

https://doi.org/10.1016/j.lithos.2019.03.010
0024-4937/© 2019 Elsevier B.V. All rights reserved.

The mechanisms for subarc mantle enrichment through addition of
the subducted sediment include aqueous fluid- (e.g., Barry et al., 2006;
Grove et al., 2002) and melt-mediated types (e.g., Hermann and
Spandler, 2008; Mallik et al., 2016; Shimoda et al., 1998) and/or both
(e.g., Guoetal,, 2016; Labanieh et al., 2010; Mazzeo et al., 2014). The en-
richment style depends largely upon the thermal structure of a subduc-
tion zone (Plank et al., 2009; Watt et al., 2013), i.e., fluid-mediated
enrichment is predominant in relatively cold subduction zones such
as in Izu-Bonin-Mariana, Tonga, Central and Northern Scotia
(e.g., Barry et al., 2006; Clift et al., 2001; Hauff et al., 2003; Tamura
et al., 2007); whereas melting of the subducted sediment is more prev-
alent in relatively hot subduction zones like the SW Japan, Lesser Antil-
les, and Banda arcs (e.g., Labanieh et al., 2010; Nebel et al., 2011;
Shimoda et al., 1998; Vroon et al., 1993). Accordingly, many mafic
magmas formed in relatively hot subduction zones generally display
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“crust-like” isotopic signatures (e.g., Bezard et al., 2015; Shimoda et al.,
1998; Vroon et al., 1993); whereas those from the cold subduction
zones usually show “depleted mantle-like” isotopic features (e.g.,
Barry et al., 2006; Hauff et al., 2003; Ribeiro et al., 2013). Nevertheless,
it is not always straightforward to distinguish the mechanism of mantle
enrichment through the geochemistry of subduction-related magmas.
One of the reasons is the complexity of mantle metasomatism
(Labanieh et al., 2010; Walowski et al., 2015), e.g., the slab fluid can
be released from both the sediment and altered oceanic lithosphere,
and the slab melt may also originate from both the subducted oceanic
crust and its overlying sediment. Another is the open-system magmatic
evolution (e.g., Chiaradia et al., 2011; Humphreys et al., 2006), such as
crustal contamination and assimilation-fractional crystallization (AFC).
All these factors contribute to the ambiguous interpretation of the geo-
chemical features in subduction-related mafic magmas. It is thus essen-
tial to distinguish the role of “source contamination” from “crustal
assimilation” in such mafic magmas before we can further investigate
the thermal structure, crust-mantle interaction and crustal recycling
beneath the subduction zones.

The coastal region of SE China is an ideal site to study crustal
recycling in association with subduction of the Paleo-Pacific Ocean
(e.g., Wang et al., 2011; Zhou and Li, 2000). Although previous studies
have reported preliminary results from petrology, mineralogy and geo-
chemistry of the late Mesozoic mafic intrusions in this region (e.g., Dong
et al,, 1997; Li et al., 2012; Li et al., 2014; Wang, 2002; Xu et al., 1999;
Zhao et al., 2004), systematic and detailed studies on these rocks are
still lacking. First, the ages of the mafic intrusions have been dated by
different methods such as “°Ar/*°Ar, Sm-Nd isochrons and zircon U-Pb
isotope systems, which yield quite variable ages even for a single intru-
sion (e.g., Chen et al., 2007; Dong et al., 1997; Li et al., 2012; Wang and
Lu, 1999). Second, there lack geochemical data (e.g., mineral-scale iso-
topes and whole-rock Pb-Hf isotopes) that help to evaluate the effect
of open-system magmatic evolution. Third, regardless of variable

degrees of crystal accumulation in these mafic intrusions (Li et al.,
2012; Xu et al., 1999; Zhao et al., 2004), the previous studies have
been focused on their whole-rock geochemical data instead of the
parental magma compositions estimated from the equilibrium distribu-
tion of elements between the minerals and cumulate rocks (Bédard,
1994). Fourth, it remains debatable whether the “crust-like” isotopic
signatures of the mafic intrusions were inherited from the mantle
source or a result of open-system magmatic evolution (Dong et al.,
1997; Lietal,, 2012; Li et al., 2018; Wang, 2002). Finally, it is still poorly
constrained about the thermal structure of the late Mesozoic subduction
zone.

In this paper, we present a comprehensive study including petrol-
ogy, mineralogy (in-situ analyses on mineral-scale chemical and isoto-
pic compositions) and whole-rock geochemistry (major, trace element
and Sr-Nd-Pb-Hf isotopic compositions) on three early Cretaceous
mafic intrusions from the coastal region of SE China. This new dataset
enables us to estimate the compositions and nature of the parental
magmas and provide further insights into the predominant enrichment
processes operating in the mantle wedge. By integrating with the previ-
ous data, we can outline the architecture of the Paleo-Pacific subduction
zone beneath the SE China.

2. Geologic backgrounds and petrography

The South China Block (SCB) consists of two Precambrian blocks: the
Yangtze Block in the northwest and the Cathaysia Block in the south-
east, both of which were amalgamated along the Jiangnan Orogen dur-
ing the Neoproterozoic (Fig. 1a, Zhang et al., 2013). A striking feature of
SCB is that the Mesozoic igneous rocks are widely distributed in
the Cathaysia Block. Felsic magmatism is volumetrically predominant
(>90%), with minor mafic-intermediate rocks (Zhou et al., 2006). Sev-
eral large-scale NNE-trending sinistral faults are developed in this
block. One of them is the Changle-Nan'ao fault that formed during the
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Fig. 1. A simplified tectonic map of South China (a, after Zhang et al., 2013), a sketch map of the coastal region in SE China (b, after Li et al., 2012) and the distribution of early Cretaceous

mafic intrusions in the study area (c, after Li et al., 2012).
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Cretaceous (Mao et al., 2014). Along this fault, the coastal region can be
further divided into two tectonic units: the Yanshanian magmatic belt
(predominant granite and rhyolite) in the west and the Pingtan-
Dongshan metamorphic belt (pre-Mesozoic migmatitic gneiss and
pelitic schist) in the east (Fig. 1b, Chen et al., 2002). A few Cretaceous
mafic intrusions are sporadically distributed along this fault.
From NE to SW, the Cretaceous mafic intrusions outcrop at Pingtan
Island, Daigianshan, Qinglanshan, Quanzhou, Huacuo and Zhangzhou
(Fig. 1c). Except for the Qinglanshan pluton that intrudes into the Meso-
zoic volcanic lavas, the rest of mafic intrusions show close association
with the late Mesozoic granitoids, forming bimodal intrusive complexes
along the coastal region of SE China (Li et al., 2012).

Here we select three mafic intrusions (Pingtan, Daiqianshan and
Quanzhou), which are linearly distributed within the eastern belt, to
conduct a comprehensive petrologic and geochemical study. All these
mafic intrusions are hornblende gabbros in lithology (Fig. 2). Their
petrographic features are described below:

The hornblende gabbro from Pingtan Island outcrops near the center
of the complex in form of stock, surrounded by the synplutonic dikes
and a few quenched enclaves within the granitoids (Xu et al., 1999).

(a) Pingtan

(c) Daigianshan

(e) Quanzhou

o

5
Quanzh@

It is black in colour and medium- to coarse-grained, consisting mainly
of plagioclase (50-65%), hornblende (25-40%), clinopyroxene (<10%)
and accessory minerals such as magnetite, apatite, titanite and zircon.
Plagioclase (0.2-2 mm) is generally euhedral to subhedral and display
twinning and zoning. Hornblende is usually subhedral to anhedral
(0.2-3 mm) with plagioclase inclusions in some crystals. Previous zir-
con U-Pb dating results yielded an emplacement age range from 115
+ 1Mato 117 + 3 Ma (Dong et al,, 1997; Li et al., 2018).

The hornblende gabbro from Daigianshan occurs as a layered mafic
intrusion. It is generally oval on the flat surface and occupies an area
of ~3.5 km?2. The rock is also black in colour and fine- to medium-
grained. Major minerals are plagioclase (45-60%) and hornblende
(30-50%), with very few clinopyroxene (<5%). And accessary minerals
are including magnetite, apatite, titanite and zircon. Plagioclase
(0.1-1 mm) is euhedral to subhedral in shape and some crystals display
twinning due to exsolution. Hornblende is subhedral to anhedral
(0.2-2 mm) with some plagioclase inclusions. Previous studies obtained
a whole-rock-mineral Sm-Nd isochron age of 95 4+ 2 Ma (Wang and Lu,
1999), whereas the hornblende yielded an “°Ar/>°Ar plateau age of
125.1 £+ 2.3 Ma (Chen et al., 2007).

E

-

Fig. 2. Photos and corresponding micrographs of the Pingtan, Daigianshan and Quanzhou mafic intrusions. Mineral abbreviations: Hb-hornblende; Pl-plagioclase; Mt-magnetite.



B. Zhang et al. / Lithos 334-335 (2019) 8-24 11

The hornblende gabbro from Quanzhou is located at Dongyueshan
and Taohuashan. It outcrops in the form of stock. The samples are
dark in colour and medium- to coarse-grained. Rock-forming minerals
are dominated by plagioclase (50-60%) and hornblende (30-45%),
with a small amount of clinopyroxene (<10%). Accessory minerals con-
sist mainly of magnetite, apatite, titanite and zircon. Plagioclase
(0.2-2 mm) is euhedral to subhedral and shows a twinning texture.
Hornblende is subhedral to anhedral (0.5-5 mm) in shape with some
containing plagioclase inclusions. Previous studies yielded a zircon
U-Pb age range from 106.2 & 1.2 Ma to 109 £ 1 Ma (Li et al., 1995; Li
etal, 2012).

The petrographic observations indicate crystallization of plagioclase
prior to hornblende in these three mafic intrusions. A summary of
petrological and geochemical features of these mafic intrusions is
presented in Table 1.

3. Analytical techniques
3.1. Zircon U-Pb dating

Zircon from the samples was separated by a sequence of procedures
including crushing, sieving, magnetic/heavy liquid separation and was
further handpicked under the binocular microscopes. Then it was
mounted in the epoxy resin discs with the zircon standards (PleSovice
and Qinghu) and polished to make sure the flatness of exposed surface.
Transmitted/reflected light and cathodoluminescence (CL) images were
taken prior to the analysis in order to reveal the internal texture and
choose the suitable test position. The mount was vacuum-coated with
high-purity gold to reach <20 () resistance before SIMS analysis. U-Pb
ages of zircon were determined using a high-resolution secondary ion
mass spectrometer (HR-SIMS) Cameca IMS-1280 HR at the Institute of

Table 1
A summary of petrological and geochemical features of early Cretaceous mafic intrusions
in SE China.

Intrusion Pingtan Island Daigianshan Quanzhou

Lithology Hornblende gabbro  Hornblende gabbro  Hornblende gabbro

Mineral Cpx + P + Hb + Cpx + P14+ Hb + Cpx + Pl + Hb +
assemblage Mt. +Ap +Ttn + Mt. +Ap +Ttn + Mt + Ap + Ttn +

An component
in Pl
Tub (°C)
Pyp (MPa)
Hzome]t (Wt%)
Age (Ma)
Si0; (wt%)
MgO (wt%)
Mg#
(La/Yb)n
Eu/Eu*
Sr/Sr*
8751/565r )
ena (1)
enr(t)
206pp204p
2°8Pb/204l’b(i)
207Pb/204pb(i)
87Sr/%6Sr in Pl
208ppy206ph jn
Pl
2°7Pb/206Pb in
Pl

Zr

core:76-89,
rim:35-61
761-893
103-207
4.47-5.52
1158 + 1.2
46.96-52.07
5.17-7.17
48.4-57.4
3.89-10.6
0.91-1.19
1.89-3.10
0.70536-0.70560
—04~-16
+3.2~+39
18.131-18.248
38.193-38.363
15.579-15.597
0.70543-0.70564
2.109-2.119

0.858-0.864

Zr
82-95

846-924
217-353
5.85-7.57
113.0+ 2.0
38.09-44.80
5.06-8.24
38.6-56.2
1.73-6.06
0.90-1.18
3.17-8.17
0.70591-0.70608
—24~-31
+0.5~+14
18.427-18.507
38.631-38.675
15.629-15.637
0.70586-0.70602
2.094-2.111

0.844-0.851

Zr
75-92

775-922
139-357
5.09-7.25

1133 +12
42.23-47.03
6.08-7.70
41.5-60.8
3.62-8.32
0.82-1.15
2.42-6.64
0.70542-0.70601
—24~-29
+14~+21
18.526-18.553
38.678-38.722
15.637-15.641
0.70589-0.70609
2.086-2.097

0.842-0.846

Note: Mineral abbreviations are Cpx - clinopyroxene; Hb - hornblende; Pl - plagioclase;
Mt. - magnetite; Ap - apatite; Ttn - titanite; Zr - zircon; An - anorthosite.

Mg* = 100 x Mg/(Mg + Y_Fe) in atomic ratio.
The subscript “N” denotes chondrite normalization.
Eu/Eu* = Euy/(Smy x Gdy)%.
Sr/Sr* = Srpm/(Cepm x Ndpy)®2, the subscript “PM” denotes primitive mantle

normalization.

The initial isotope ratios are recalculated using the zircon U-Pb ages obtained in this study.

Geology and Geophysics (IGG), CAS. Analytical point is about 10 x 15
um in size. Analyses of zircon standards were interspersed with un-
known samples. U-Th-Pb isotope ratios of unknown samples were cali-
brated relative to the standard zircon Pl&sovice (2°°Pb/?33U = 0.05369,
~337.1 Ma, Slama et al., 2008). Repeated analyses of the Qinghu zircon
standard yielded a weighted mean 2°°Pb/228U age of 159.6 + 1.8 Ma
(MSWD = 0.16, 20, n = 11), which is consistent with its reported
value (159.5 4+ 0.2 Ma, Li et al., 2013). More detailed instrument de-
scription and analytical procedure were reported by Li et al. (2009).
Data reduction was carried out using the Isoplot/Ex v. 3.00 program
(Ludwig, 2003). Uncertainties on individual analyses are reported at a
1o level, and the calculated Concordia ages are quoted with 95% confi-
dence interval.

3.2. Mineral compositions

Major element analysis of minerals and back-scattered electron
(BSE) images were carried out using a JEOL LIXA-8100 Electron Micro-
probe at the Guangzhou Institute of Geochemistry (GIG), CAS. The
main operating conditions of instrumental analysis include accelerating
voltage of 15 kV, beam current of 10 nA, and 1-2 pm spot diameter. The
analytical errors were <2%. The data reduction was performed via the
atomic number absorption-fluorescence (ZAF) correction procedure.

3.3. In-situ Sr-Pb isotope analyses on plagioclase

The thin sections were washed in an ultrasonic bath with dilute
HNO; (<1%) and ultrapure water for 15 min before analysis, then
dried with a nitrogen gas gun. In-situ Sr-Pb isotope analyses were car-
ried out on a Neptune Plus Multi-Collector Inductively Coupled Plasma
Mass Spectrometry (MC-ICP-MS, Thermo Scientific) equipped with a
193 nm laser ablation system (Resonetics) at the GIG-CAS. Before anal-
ysis, basaltic glass standards NKT-1G and BHVO-2G were measured to
evaluate the accuracy of the instrument.

For in-situ Sr isotope analysis on plagioclase, the isotope signals
were detected using Faraday cups under a static mode. Helium was cho-
sen as the carrier gas (800 mL/min) and the main parameters of laser
were set as follows: the diameter of laser beam ranges between 112
and 155 pm, the repetition rate is 6 Hz, and the energy density is
~ 4 J/cm?. During the first 30s, the gas blank of the system was moni-
tored under the circumstance with the laser beam off. In the following
30s, the signals of laser ablation on plagioclase were collected in the
condition of laser beam on. The voltages of gas blank of 83Kr and 88sr
were <2.5 mV and 0.5 mV, respectively. Gas blank was subtracted
from the raw time-resolved signal intensities in order to correct the in-
terferences of ®4Kr and ®Kr on 4Sr and 86Sr. Mass bias of 87Sr/6Sr was
normalized to 86Sr/88Sr = 0.1194 using an exponential law. The detailed
data reduction procedure was described by Zhang et al. (2015).
Repeated analyses of the external standard NKT-1G yielded a weighted
87Sr/85Sr value of 0.70351 =+ 0.00007 (2SD, n = 22), which is consistent
with the reference value (0.70351 + 0.00002, Elburg et al., 2005).

For in-situ Pb isotope analysis, an X skimmer cone and an additional
nitrogen gas with a flow rate of 2 mL/min were used to improve
the instrumental sensitivity. Isotope signals were detected with ion
counters in the static mode. Helium was chosen as the carrier gas
(800 mL/min) and the main parameters of the laser were set as follows:
the beam diameter ranges between 45 and 80 pm, the repetition rate is
6 Hz, and the energy density is ~4 J/cm2. During the first 28s, the gas
blank of the system was monitored under the circumstance with the
laser beam off. In the following 30s, the signals of laser ablation on pla-
gioclase were collected in the condition of laser beam on. Gas blank of
202Hg and 2%8pb was subtracted from the raw time-resolved signal in-
tensities during each cycle. The standard-sample-bracketing method
(SSB) was used to correct the mass bias and instrumental drift. The de-
tailed analytical method was reported in Zhang et al. (2014 ). Repeated
analyses of the international basaltic glass BHVO-2G yielded mean
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values of 28Pb/2%Pb = 2.053 + 0.006 (2SD, n = 22) and 2°’Pb/?%5Pb =
0.833 £ 0.003 (2SD, n = 22), which are consistent with the reported
values (2.048 and 0.832, respectively) in Elburg et al. (2005).

3.4. Whole-rock major and trace element analyses

The samples for whole-rock geochemical analyses were firstly
crushed to sort the fresh chips, which were then leached in 0.5 N HCI
for 1 h and cleaned in purified water. After the weathered surfaces
were removed, the chips were then powdered to <200 mesh for chem-
ical analysis.

Major oxide contents were analyzed by wavelength X-ray fluores-
cence spectrometry (XRF) at Australian Laboratory Service (ALS)
Group. In the beginning, ~0.5 g sample powder was mixed with 3.6 g
Li,B40, 0.4 g LiF, 0.3 g NH4NOs, and minor LiBr in a platinum crucible.
Then it was melted in a furnace to form a glass disk for major element
analysis. The analytical errors were <1%. Trace element concentrations
of the samples were determined by a Perkin-Elmer ELAN 6000 induc-
tively coupled plasma mass spectrometry (ICP-MS) after acid digestion
in high-pressure Teflon bombs at the GIG-CAS. During the course,
~ 50 mg sample powder was mixed with 1 mL of HF and 0.5 mL of
HNOs in a Teflon cup. Then the Teflon cup was sealed in a stainless
steel bomb and heated at 190 °C for 48 h. More detailed analytical pro-
cedure was reported by Liu et al. (1996). The analytical errors were <5%
for rare earth element (REE) and high field strength element (HFSE),
and 5-10% for the other elements, based on repetitive analyses of
USGS standards GSR-1 (granite), GSR-2 (andesite) and GSR-3 (basalt).

3.5. Whole-rock Sr-Nd-Pb-Hf isotope analyses

Whole-rock Sr-Nd-Pb-Hf isotope compositions of the samples were
measured on a Neptune Plus MC-ICP-MS at the GIG-CAS.

Detailed analytical procedures of Sr and Nd isotope were described
by Li et al. (2006). Sr and REE were separated via cation columns, and
Nd fractions were further separated by HDEHP-coated Kef columns.
The procedural blanks were <200 pg for Sr and about 30 pg for Nd.
The measured values of 8Sr/%6Sr and '#*Nd/!**Nd were separately nor-
malized to 85Sr/38Sr = 0.1194 and '°Nd/"**Nd = 0.7219. 3”Sr/%Sr and
143Nd/*“Nd ratios of the samples were corrected to the NBS SRM 987
standard (87Sr/25Sr = 0.710247 + 8, 20) and the Shin Etsu JNdi-1 stan-
dard ("Nd/"*Nd = 0.512115 + 4, 20), respectively. Repeated analy-
ses of NBS SRM 987 standard and the Shin Etsu JNdi-1 standard
separate yielded mean values of 0.710248 + 10 and 0.512114 £ 6
(20,n = 6).

For Pb isotopic analysis, the sample powder in the Teflon beakers
were spiked and dissolved in concentrated HF at the temperature of
180 °C for 7 h. Then Pb was separated via the cation-exchange technique
with diluted HBr. The procedural blanks were <50 pg Pb. Repeated anal-
yses of SRM 981 yielded mean values of 2°°Pb/2%4Pb = 16.935 + 0.0006,
207pp/204ph = 15.490 + 0.0006 and 2°8Pb/2**Pb = 36.692 + 0.0015
(20, n = 6), in agreement with the corresponding isotopic values re-
ported by Todt et al. (1996).

For the Hf isotope determination, fraction of Hf was separated via a
modified single-column separation procedure including ion exchange
with Ln-Spec resin. More detailed analytical procedure was reported
by Li et al. (2005). The procedural blanks were about 50 pg for Hf. The
values of 176Hf/!77Hf ratios were normalized to '7°Hf/!”’Hf = 0.7325.
During the analyses, the reported '7®Hf/!””Hf ratios were adjusted to
the standard sample of JMC-14374 (0.282188 + 0.000005, 20). Re-
peated analyses of JMC-14374 yielded a mean value of 0.282187 +
0.000005 (20, n = 6).

During the whole-rock Sr-Nd-Pb-Hf isotope analyses, the USGS ref-
erence BHVO-2 yielded 87Sr/%6Sr = 0.703475 + 8 (20, n = 6),
183Nd/"Nd = 0.512981 & 5 (20, n = 6), 2°°Pb/?*Pb = 18.6513 + 6
(20, n = 6), 2°7Pb/?%Pb = 155373 + 6 (20, n = 6) and
208pp 204ph — 38.2400 + 13 (20, n = 6) and '7®Hf/'7’Hf = 0.283093

+ 4 (20, n = 6), respectively, being in agreement with recommended
values reported in Weis et al. (2005). Analytical errors for the Sr-Nd-
Pb-Hf isotope data are given as 20.

4. Results
4.1. Zircon U-Pb geochronology

The results of SIMS zircon U-Pb dating for the three mafic intrusions
are listed in Appended Table S1. Zircon grains from the Pingtan intru-
sion (17PT-1) are transparent in colour, and mostly lath-shaped
whereas some others show oscillatory zoning. The zircon grains range
from 30 x 50 um to 50 x 150 pm with a wide length/width ratio varia-
tion of 2-6. Th/U ratios of the zircon range from 0.84 to 1.44. A total of
thirteen analyses yield ages ranging from 113.3 4+ 2.3 Ma to 119.5 +
2.1 Ma, with a mean 2°°Pb/?38U age of 115.8 + 1.2 Ma (MSWD =
0.72, 20, Fig. 3a). This age is similar to the previous dating results
(Dong et al., 1997; Li et al., 2018), confirming the emplacement during
early Cretaceous.

Zircons crystals from the Daigianshan intrusion (17DQS-1) are also
transparent. The zircon crystals vary from 20 x 30 um to 40 x 100 um
with a length/width ratio of 1-3. They have a Th/U ratio of 0.61-1.46.
Nine analyses of these zircon crystals yield an average concordant
206pp 238 age of 113.0 + 2.0 Ma (MSWD = 2.1, 20, Fig. 3b). The ob-
tained zircon U-Pb age is much younger than the previous hornblende
Ar-Ar plateau age but is older than the Sm-Nd isochron age (Chen
et al,, 2007; Wang and Lu, 1999). Instead, this new age is similar to
that of the Pingtan gabbro, indicating the emplacement during early
Cretaceous.

Zircon grains separated from the Quanzhou intrusion (17QZ-1) are
mostly translucent. The zircon crystals range from 20 x 20 um to 35
x 100 pm with a narrow length/width ratio of 1-3. Th/U ratio varies be-
tween 0.61 and 2.24. The average 2°°Pb/2*8U age of nine zircon grains is
113.3 £ 1.2 Ma (MSWD = 1.08, 20, Fig. 3¢). This age is identical to that
of the Daigianshan intrusion.

Compared with the previous studies that suggested the emplace-
ment of mafic magmas during 125 Ma to 95 Ma (Chen et al., 2007;
Wang and Lu, 1999), our new zircon U-Pb age analyzed by SIMS yield
a narrow age range between 116 Ma and 113 Ma for the three mafic in-
trusions, confirming an extensive mafic magmatism during early
Cretaceous.

4.2. Mineral chemistry and Sr-Pb isotopes of plagioclase

4.2.1. Hornblende

The chemical compositions of hornblende for all samples are listed
in Appended Table S2, and the classification and P-T-H,0 conditions
are shown in Fig. 4.

Hornblende from the Pingtan intrusion is dominated by
magnesiohornblende with minor tschermakite. Thermodynamic calcu-
lation results show that it was formed in an environment with T =
761-893 °C, P = 103-207 MPa, HyOppeie = 4.47-5.52 wt.

Hornblende from the Daigianshan intrusion consists of
magnesiohastingsite and edenite. Thermodynamic calculation results
suggest its crystallization in the conditions of T = 846-924 °C, P =
217-353 MPa, Hy0 e = 5.85-7.57 wt.

Hornblende from the Quanzhou intrusion consists of magnes-
iohornblende and tschermakite. Thermodynamic calculation suggests
that it crystallized in the conditions of T = 775-922 °C, P =
139-357 MPa, HyOpeir = 5.09-7.25 wt%.

In summary, the hornblende from the intrusions belongs to calcic
amphibole (Fig. 4a-b). It crystallized in water-rich magmas
(4.47-7.57 wt%) at low pressure (103-357 MPa), corresponding to
upper crustal levels (Fig. 4c-d).
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Fig. 3. Zircon U-Pb Concordia diagrams of the early Cretaceous mafic intrusions.

4.2.2. Plagioclase

The chemical compositions of plagioclase for all samples are listed in
Appended Table S3. As is shown in Fig. 5, plagioclase from the Pingtan
intrusion contain a Ca-rich core (Anyg ~ Angg) overgrown by a Na-rich
rim (Anss ~ Ang;). In addition, there exist microcracks in the cores,
which are filled by Na-rich plagioclase. Such structural and composi-
tional variations in plagioclase is resulted from rapid decompression
and subsequent degassing/cooling of the magma (e.g., Nelson and
Montana, 1992). In contrast with the obvious compositional variations
in plagioclase from the Pingtan intrusion, the plagioclase crystals from
the Daigianshan (Ang, ~ Angs) and Quanzhou (Anys5 ~ Ang,) plutons
show relatively narrow compositional ranges (Fig. 5). Accordingly, the
plagioclase from the three intrusions is marked by high calcic
component.

4.2.3. Fe-Ti oxides

The chemical compositions of Fe-Ti oxides for all samples are listed
in Appended Table S4. The Fe-Ti oxides are magnetite, which has a
TiO, range of 0.01-0.71 wt%, 0.05-0.13 wt% and 0.07-0.18 wt%, respec-
tively for the Pingtan, Daigianshan and Quanzhou intrusions.

4.2.4. In-situ Sr-Pb isotopes of plagioclase

In-situ Sr and Pb isotopes of plagioclase are listed in Appended
Table S5 and S6, respectively. The measured 37Sr/2Sr ratios in plagio-
clase exhibit a rather narrow variation (Fig. 6a). To be specific, a total
of thirty-three Srisotope analyses on plagioclase from the Pingtan intru-
sion (17PT-1) yield a range from 0.70543 4 0.00009 to 0.70564 +
0.00005. Seventeen Sr isotope analyses on plagioclase grains from the
Daigianshan intrusion (17DQS-1) show an 87Sr/%Sr range from
0.70586 + 0.00006 to 0.70602 4+ 0.00007. Fourteen Sr isotope analyses
on plagioclase from the Quanzhou intrusion (17QZ-1) give an 37Sr/%6sr

range between 0.70589 + 0.00007 and 0.70609 + 0.00006. Considering
the analytical errors, the measured Sr isotope ratios within a single pla-
gioclase crystal and among different plagioclase crystals are similar or
even identical to the whole-rock Sr isotope ratios from each intrusion.
Regardless of the compositional variation in plagioclase as observed in
the Pingtan intrusion, there lacks a clear correlation between the An
content and 87Sr/%5Sr of plagioclase in a single intrusion (Appended
Fig. S1).

Similar to the in-situ Sr isotope data, the plagioclase crystals also
have similar or identical Pb isotope compositions to the whole-rock
samples of each mafic intrusion. The 2°’Pb/2°Pb and 2°8Pb/2%Pb ratios
of plagioclase from the Pingtan intrusion (17PT-1) yield ranges of 0.858
=+ 0.001-0.864 £ 0.001 and 2.109 & 0.002-2.119 = 0.002, respectively.
The Pb isotopic compositions of plagioclase from the Daigianshan intru-
sion (17DQS-1) yield a 2°’Pb/2°°Pb range of 0.844 + 0.001-0.851 =+
0.001 and a %°8Pb/2%Pb range of 2.094 + 0.003-2.111 + 0.003. The pla-
gioclase from the Quanzhou intrusion (17QZ-1) show a 2°’Pb/2°pPh
range between 0.842 + 0.001 and 0.846 4+ 0.001 and a 2°Pb/2°°Pb
range between 2.082 4+ 0.001 and 2.097 + 0.003, respectively. As
shown in Fig. 6b, the Pb isotopes of plagioclase display a mixing trend
between a depleted mantle (DM) and a subducted sediment
component.

4.3. Whole-rock major and trace elements

The results of major oxide (wt%) and trace element (ppm) contents
of the representative samples are listed in Appended Table S7. The early
Cretaceous mafic intrusions in SE China show large compositional
ranges, e.g., a Si0, range of 38.1-52.1 wt%, a MgO range of 5.1-8.2 wt
%, a Fe,03 range of 9.2-21.3 wt%, a CaO range of 9.0-14.4 wt%, a Al,O
range of 13.5-22.1 wt%, a TiO, range of 0.7-2.3 wt% and a Mg* (Mg*
= 100 Mg/(Mg + >_Fe) in atomic ratio) range of 38.6-60.8. They
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generally have low to medium K5O contents (0.1-1.1 wt%) with an av-
erage of 0.4 wt%. These rocks show broad positive correlations of MgO
with CaO and Ca0/Al,05 (Fig. 7a-b). Compared with the other two
mafic intrusions, samples from the Daigianshan pluton generally have
higher TiO, contents (Fig. 7d). In addition, there exist positive relation-
ships between Cr and Ni and between Th and Zr for most samples
within each mafic intrusion (Fig. 7e-f).

In the chondrite-normalized REE patterns (Fig. 8a, c and e), these
mafic rocks are characterized by variable enrichment in light REEs and
depletion in heavy REEs with variable (La/Yb)y ratios (the subscript N
denotes chondrite normalization, (La/Yb)y= 3.89-10.61, 1.73-6.06
and 3.62-8.32 respectively from the Pingtan, Daiqianshan and Quan-
zhou intrusions). They also show variable Eu anomalies, with Eu/Eu*
= 0.91-1.19, 0.90-1.18 and 0.82-1.15, respectively for the three intru-
sions. Some samples from the Daigianshan intrusion display convex REE
patterns with middle REE (e.g., Nd) enrichment that is typical of horn-
blende accumulation.

In the primitive mantle-normalized trace element spidergrams
(Fig. 8b, d and f), all samples show variable enrichment in large ion
lithophile elements (LILEs, such as Ba, K and Sr) and light REEs, with var-
iable depletion in HFSEs relative to neighboring REEs. Consistent with
the plagioclase accumulation, all samples have positive Sr anomalies
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(Sr/Sr* =1.89-8.17). In addition, some samples from the Daigianshan
and Quanzhou intrusions even show positive Ti anomalies, in agree-
ment with the hornblende accumulation. There also exists an obvious
synchronous fluctuation of Th-U with Zr-Hf in the Daiqianshan and
Quanzhou mafic intrusions (Fig. 8d and f), whereas such a fluctuant fea-
ture is weak in the Pingtan intrusion.

4.4. Whole-rock Sr-Nd-Pb-Hf isotopes

Whole-rock Sr-Nd-Pb-Hf isotope compositions of representative
samples from the Pingtan, Daigianshan and Quanzhou intrusions are
presented in Appended Table S8. The initial ratios of isotopes
(8751‘/8651.(1)v SNd(t)v 206Pb/204pb(i), 207Pb/204pb(i), 2081)b/204l)b(i) and
eye(t)) are recalculated by using the zircon U-Pb ages obtained in this
study.

The samples collected within a single intrusion generally show nar-
row Sr-Nd-Pb-Hf isotopic variations. Samples from the Pingtan intru-
sion have 37Sr/%%Sr(;, = 0.70536-0.70560, ena(t) = —0.4 ~ —1.6,
206pp294ph;y = 18.13-18.25, *°7Pb/2%Pby = 15.58-15.60,
208pp204ph ;) = 38.19-38.36 and exe(t) = +3.2 ~ +3.9. Relative to
the Pingtan intrusion, the samples from the Daigianshan and Quanzhou
intrusions have similar but a little more evolved Sr-Nd-Pb-Hf isotopic
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compositions, with 37Sr/%6Sr;, = 0.70542-0.70609, £nq(t) = —2.4 ~
—3.1, 2°°Pb/2%Ph;y = 18.48-18.55, 2°’Pb/?*Ph;y = 15.63-15. 64,
208pp/204ph ;) = 38.63-38.72 and gue(t) = +0.5 ~ +2.1. The Sr-Nd-
Pb-Hf isotopic compositions are essentially similar to those arc magmas
from SW Japan (Fig. 9).

5. Discussion
5.1. Magmatic evolution

Most mafic rocks experience complex magmatic evolution such as
fractional crystallization, accumulation, wall-rock assimilation or con-
tamination and magma mixing. These processes exert important effects
on the compositional and isotopic variations and make it difficult to in-
vestigate the origin of mafic magmas. In the following, we will discuss
the possible influence of magmatic evolution in these early Cretaceous
mafic intrusions in SE China.

5.1.1. Crustal contamination or AFC processes

Crustal contamination or AFC processes may lead to an increase of
whole-rock 87Sr/%®Sr ;) and a decrease of enq(t) following the magmatic
evolution. Although the mafic rocks show highly variable SiO,, Mg*, Sr
and Nd concentrations and Nb/La ratios, weak variations in the whole-
rock 87Sr/®5Sr ;) and enq(t) of each intrusion are observed, precluding a
significant role of crustal contamination or assimilation (Fig. 10a-f).

In the early Cretaceous mafic intrusions, plagioclase is an early crys-
tallizing phase and experiences subsolidus exsolution during cooling, so
it witnesses the complete magmatic evolution. The in-situ Sr isotope
analyses on plagioclase also yield weak 37Sr/2Sr variations, with the
mean 87Sr/%5Sr ratio at 0.7055, 0.7059 and 0.7060, respectively for the
Pingtan, Daigianshan and Quanzhou intrusions (Fig. 6). The average Sr
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isotope ratio for each intrusion is almost identical to the whole-rock
87Sr/%8Sr (4, indicating negligible addition of exotic radiogenic Sr from
the wall rocks. Similarly, the in-situ Pb isotope analyses on plagioclase
also rule out a significant addition of radiogenic Pb from the wall rocks.

Collectively, both the whole-rock geochemical data and in-situ Sr
and Pb isotope compositions of plagioclase indicate a close-system mag-
matic evolution for the mafic intrusions, during which the role of crustal
contamination or assimilation was minor.

5.1.2. Fractional crystallization and accumulation

The mafic intrusions in SE China show positive correlations of CaO
and CaO/Al,05 with MgO and Cr versus Ni (Fig. 7a-b and e), indicating
a significant role of fractional crystallization of ferromagnesian minerals
such as olivine and clinopyroxene. In addition, some samples show
weakly negative Eu anomalies in chondrite-normalized REE patterns
(Fig. 8a, c and e), suggesting a role of plagioclase fractionation. Finally,
the positive relationship between Th and Zr (Fig. 7f) suggest the frac-
tionation of zircon, consistent with the synchronous fluctuation in Zr-
Hf and Th-U in the PM-normalized spidergrams (Fig. 8b, d and f).

Compared with the role of fractional crystallization, the effect of
crystal accumulation is more evident in these mafic intrusions. The
facts that all samples show positive Sr anomalies in the trace element
spidergrams and most of them have positive Eu anomalies in REE pat-
terns (Fig. 8) indicate the effect of plagioclase accumulation. Although
hornblende is a later crystallizing mineral, its accumulation may be re-
sponsible for the low SiO, and high TiO, in some samples, in particular
those from the Daigianshan intrusion, which also have lower contents
of LILEs and enriched middle REE (e.g., Nd and Sm) patterns (Fig. 8,
Guo et al,, 2016).

In accordance with the thermodynamic estimation, the hornblende
crystallized in the hydrous low-pressure environment corresponding
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de/georoc/); Pingtan (Dong et al., 1997; Li et al., 2018 and this study); Daigianshan (Wang, 2002 and this study); Quanzhou (Li et al., 2012 and this study).
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to the upper crustal levels (103-357 MPa) and at the temperature of
761-924 °C with 4.47-7.57 wt% H,0. Under such P-T-H,O conditions,
olivine and clinopyroxene may have been crystallized and separated
from the residual magmas. This may interpret the rare occurrence of
these two mafic phases in the mineral assemblage.

5.2. Estimation of parental magmas

The early Cretaceous mafic intrusions in SE China show variable ef-
fects of crystal accumulation, so the whole-rock geochemistry cannot
represent the parental magma composition; instead it reflects the sum
of composition of the accumulative crystals and trapped melt (Bédard,
1994). Before the using of whole-rock trace element compositions as

geochemical indexes, it is necessary to estimate the composition of pa-
rental magmas due to hornblende and plagioclase accumulation. De-
tailed methods and processing procedures were reported by Guo et al.
(2016). The parameters for the parental magma calculation are listed
in Appended Table S9. The results of the representative sample from
each intrusion are illustrated in Fig. 11. With the trapped melt fraction
(TMF) ranging between 5% and 20%, the estimated parental magmas
in equilibrium with the cumulates show enrichment in LILEs (e.g., Rb,
Ba, Th, K) and LREEs but depletions in HFSEs (e.g., Nb, Ta) without pos-
itive Sr, Eu and Ti anomalies (Fig. 11). The estimated K,O contents are ~
0.8 wt%, 0.7 wt% and 0.5 wt% respectively for the Pingtan, Daigianshan
and Quanzhou intrusions, which are typical for the calc-alkaline arc
magmas.
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Subduction-related calc-alkaline magmas are generally enriched in
H,O (e.g., Grove et al., 2002). Thermodynamic calculation results
based on the hornblende compositions yield very high H;Oper
(4.47-7.57 wt%) for the evolved magmas, which are consistent with
the presence of hornblende that requires a high H,O content (> 3 wt
%) in the magma system (Smith et al., 2009). However, hornblende is
a later crystallizing mineral at low-pressure environment probably cor-
responding to upper crustal level. In contrast, the plagioclase is an early
crystallizing phase as indicated by the petrographic microphotos
(Fig. 2). According to Waters and Lange (2015), the plagioclase-liquid
hygrometer-thermometer can be applied to melt that span a SiO,
range of 45-78 wt%. Considering the relatively weak crystal accumula-
tion and moderate SiO, content in the Pingtan intrusion, here we
adopt the method to estimate the water content of parental magma
for crystallization of the calcic plagioclase. The results yield a range of
H,0 between 5.6 and 5.9 wt% and confirm a hydrous parental magma
for the plagioclase growth. Compared with the Pingtan intrusion,
the mafic rocks from the Daigianshan and Quanzhou intrusions
show strong crystal accumulation with SiO, <45 wt%, so the
plagioclase-liquid hygrometer-thermometer cannot be directly ap-
plied to estimate the water contents of parental magma. The plagio-
clase crystals from these two plutons show relatively narrow
compositional ranges and are marked by high calcic component with
An numbers as high as 95 and 92, respectively. Calcic plagioclase fre-
quently occurs in subduction-related mafic magmas (e.g., Smith et al.,
2009). Previous experimentation suggested that under H,O-saturated
(~6 wt%) condition, a calc-alkaline melt with normal Na,O and CaO
could crystallize anorthite ~ Angg_g5 (Panjasawatwong et al., 1995;
Sisson and Grove, 1993). Although calcic plagioclase can also be
found in H,O-undersaturated magmas like MORB, no high-An plagio-
clase (An >88) has been experimentally produced from natural MORB

glass (Kohut and Nielsen, 2003). Therefore, the occurrence of high-An
plagioclase from the Daigianshan and Pingtan intrusions also reflects
water-rich parental magmas, consistent with the abundant horn-
blende in lithology.

In summary, the early Cretaceous mafic intrusions in the coastal re-
gion of SE China crystallized from hydrous calc-alkaline parental
magmas.

5.3. The role of subducted sediment

5.3.1. The involvement of subducted sediment

The early Cretaceous mafic intrusions in the coastal region of SE
China are characterized by high water contents, arc-type trace element
geochemistry and “crust-like” isotopic signatures. Since the role of
crustal contamination or assimilation is negligible and the fractionation
of mafic minerals and plagioclase has little influence on the LILE/HFSE
and LREE/HFSE ratios and isotopic compositions, such “crust-like” geo-
chemical features are probably resulted from source enrichment via
subduction. In the course of slab subduction, the subducted sediment
may transport the crustal signatures into the mantle wedge.

The subducted sediment is the major host for incompatible elements
(Plank, 2014), addition even a small amount of sediment will dramati-
cally change the elemental and isotopic compositions of mantle source
(Davidson, 1987). The involvement of a subducted sediment compo-
nent in the studied mafic rocks can be tracked by trace element dia-
grams such as Th/Sm versus Th/Ce and Th/Yb versus Ba/La (Fig. 12a-b).

The mafic rocks show evolved whole-rock Sr-Nd isotopic composi-
tions and plot along the mixing array between DM and a subducted sed-
iment (Fig. 9), implying the contribution of subducted sediment to the
source. Some subduction-related volcanic rocks (e.g., SW Japan, and
Lesser Antilles), which also have such “crust-like” Sr and Nd isotope
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compositions, have been interpreted in terms of variable contribution
from the subducted sediment (e.g., Shimoda et al., 1998; White and
Dupré, 1986).

Lead isotopes are more sensitive to trace the involvement of
subducted sediment in magma source. Addition even a little sediment
could rapidly change the Pb isotopic compositions of the samples from
the territory of MORB to more radiogenic fields (Kersting and Arculus,
1995). In Fig. 9b and c, the mafic rocks in SE China have highly radio-
genic Pb isotopic compositions similar to the high-Mg andesites in SW
Japan and plot above the Northern Hemisphere Reference Line
(NHRL). Both the plagioclase crystals and the whole-rock samples con-
stitute a mixing trend between DM and a subducted sediment compo-
nent (Figs. 6b and 9b-c). The Pb isotopic variations among the three
intrusions can be interpreted by different proportional mixing between
the DM and subducted sediment.

Apart from the Sr-Nd-Pb isotopes, the relationship between Hf and
Nd isotopes can also provide useful information to constrain the contri-
bution of a subducted component (Chauvel et al.,, 2008). Hafnium and
Nd isotopes of the mafic intrusions plot above the terrestrial array
(Fig. 9d), and also fall within the variation field between MORB and
the subducted sediment. Such a Hf-Nd isotopic decoupling phenome-
non (elevated y¢(t) at a given eng(t)) in our samples is widely observed
in modern arc magmas like those in SW Japan, Lesser Antilles and
Banda, in which subducted sediment have been involved in the mag-
matic origin (Hanyu et al., 2002; Labanieh et al., 2010; Nebel et al.,
2011).

Collectively, the elemental and Sr-Nd-Pb-Hf isotopic features of the
early Cretaceous mafic intrusions in SE China indicate the contribution
of subducted sediment to the mantle wedge in response to subduction
of the Paleo-Pacific Ocean.

5.3.2. Fluid via melt metasomatism?

In subduction zones, slab-derived fluid and melt are regarded as the
most important agents to interpret the LILE and LREE enrichment and
HESE depletion in arc magmas. Previous studies have demonstrated
that a combination of whole-rock Hf and Nd isotope data with some in-
compatible trace element ratios (e.g., Ba/Nb and Ba/La) that are insensi-
tive to crystal accumulation, is feasible to investigate the metasomatic
agent and to estimate the proportion of subducted sediment (Guo
etal,, 2015; Hanyu et al,, 2002). Thus, we use such quantitative methods
to estimate the proportion of the subducted sediment that had been
input into the magma sources, and the melting degrees to generate
the parental magmas of the mafic intrusions.

We select the average geochemical compositions reported by Plank
(2014) to represent the sediment end-member component. The other
end-member component is a depleted mantle estimated by Sun and

McDonough (1989). Detailed calculation parameters are shown in
Fig. 13. The modeling results suggest that a variable proportion (3-5%)
of melt derived from the subducted sediment was involved into the
mantle sources for the mafic intrusions in SE China. The Th-rich geo-
chemical nature of the estimated parental magmas also favors the
contribution of sediment melts (Fig. 11), since Th is immobile by aque-
ous fluids but it can be transferred from the subducted slab to the man-
tle wedge, in the case that sediment-derived melt acts as the
predominant metasomatic agent (Johnson and Plank, 1999).

The modeling results also suggest that 5-20% melting of a sediment
melt-metasomatized mantle wedge could generate the trace element
concentrations of calculated parental magma of the Pingtan intrusion
(Fig. 14a). Similar degrees of melting of the metasomatized mantle
can also produce the parental magmas for the Daigianshan and Quan-
zhou mafic intrusions (Fig. 14b and c). Our element-isotopic modeling
results demonstrate the importance of subducted sediment-derived
melt in the mantle enrichment beneath the coastal region of SE China
during early Cretaceous.

5.4. Implications for subduction of the Paleo-Pacific Ocean

Subduction of the Paleo-Pacific Ocean has widely been accepted to
interpret the Mesozoic tectono-magmatic activities in SE China (e.g., Li
et al.,, 2014; Wang et al., 2011; Zhou et al., 2006), although debate re-
mains about the petrogenesis of late Mesozoic igneous rocks (e.g., Li,
2000; Zhou and Li, 2000). Previous studies even suggested that the in-
fluence of Paleo-Pacific Ocean subduction in SE China could be tracked
back as early as to ~ 180 Ma (e.g., Zhou and Li, 2000). Nevertheless,
the robust petrologic and geochemical evidence for late Mesozoic sub-
duction of the Paleo-Pacific Ocean in SE China is still lacking. One expla-
nation is that the geological records of Mesozoic subduction of the
Paleo-Pacific Ocean had been destructed by late Mesozoic-early Ceno-
zoic tectonic superposition (Mao et al., 2014). Another interpretation
is attributed to the strike-slipping movement of terranes induced by
the NE-trending sinistral strike-slip faults (Gilder et al., 1996), e.g., the
Cretaceous SW Japan accretionary prism had been initially located in
the continental margin of the Cathaysia Block and was northward
drifted to its present situation (e.g., Maruyama et al., 1997). In contrast
with these two hypotheses, our results from the early Cretaceous mafic
intrusions in SE China provide critical petrogenetic and geochemical
constraints on subduction of the Paleo-Pacific Ocean. In the course of
slab subduction, silicate melt derived from the subducted sediment
reacted with the mantle wedge to form the metasomatized mantle
source (Fig. 15). Partial melting of the metasomatized mantle wedge
produced the parental magmas, which experienced fractionation of fer-
romagnesian minerals (e.g., olivine and clinopyroxene) at great depths
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and were then emplaced into the upper crustal magma chambers to ac-
cumulate plagioclase and hornblende (Fig. 15).

The early Cretaceous mafic intrusions in the coastal region of SE
China generally show “crust-like” isotopic signatures similar to those
subduction-related volcanic rocks from the SW Japan, Lesser Antilles
and Banda arcs. A common feature of these modern subduction zones
is the predominance of sediment melting in the course of slab subduc-
tion, which requires a relatively hot geotherm (e.g., Furukawa and
Tatsumi, 1999; Watt et al., 2013). Such a hot thermal structure beneath

modern subduction zone is mainly affected by the thermal state of
subducted oceanic lithosphere, which is relevant to the age and/or sur-
face temperature of the oceanic slab (Iwamori et al., 2007). Results from
plate reconstruction are consistent with the young and hot subducting
oceanic lithosphere beneath the SW Japan, Lesser Antilles and Banda
arcs (Seton et al., 2012). Thus, hydrous melting of the subducted sedi-
ment is feasible as hydrous minerals can release water at relatively shal-
low depths in such relatively hot subduction zones (Plank et al., 2009).
Similarly, plate reconstruction also indicated that the subducted early
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Fig. 14. PM-normalized spidergrams of incompatible trace element modeling results of the early Cretaceous mafic intrusions in SE China. Normalized values of primitive mantle are from
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Cretaceous Paleo-Pacific slab was relatively young and hot beneath the
coastal region of SE China (e.g., Seton et al., 2012) and could provide
enough heat to melt the subducted sediment. It is therefore likely that
melting of the subducted sediment may be an important way to mantle
enrichment beneath the relatively hot subduction zones.

6. Conclusions

Our comprehensive data from geochronology, petrology and geo-
chemistry indicate that the early Cretaceous mafic intrusions from the
coastal region of SE China were formed in response to subduction of
the Paleo-Pacific Ocean, during which the subducted sediment-
derived melt was the predominant agent to enrich the mantle wedge.
The following conclusions can be summarized:

(1) The new zircon U-Pb dating results by SIMS indicate an extensive
mafic magmatism during early Cretaceous with a narrow age
range from 116 to 113 Ma.

(2) The parental magmas of the early Cretaceous mafic intrusions are
hydrous and calc-alkaline, characterized by arc-type trace ele-
ment geochemistry with “crust-like” isotopic signatures.

(3) The mafic intrusions were initially formed via 5-20% melting of a
depleted mantle source metasomatized by addition of 3-5%
subducted sediment-derived melt. The parental magmas then
experienced fractionation of mafic minerals and accumulation
of plagioclase and hornblende in crustal magma chambers.

(4) Extensive melting of the subducted sediment suggests a rela-
tively hot subduction zone beneath the coastal region of SE
China, as observed in modern subduction zones such as the SW
Japan, Lesser Antilles and Banda arcs.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2019.03.010.
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