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ARTICLE INFO ABSTRACT
Keywords: Both Cretaceous arc-type and intraplate rocks are widely distributed in SE China, in association with subduction
Arc-type mafic rocks of the paleo-Pacific Plate. However, it remains unclear whether there exists a genetic link between the intraplate

Intraplate basalts

and subduction-related magmatism. Here we conduct a comprehensive geochemical data compilation, sorting
Paleo-Pacific subduction

Slab tearing and processing of the Cretaceous mafic igneous rocks from SE China, in combination with a 2-D numerical

Cretaceots simulation on slab melting, to further decipher the petrogenetic relationship between the arc-type and intraplate

SE China magmatism under a unified tectonic framework invoking subduction and rollback-tearing of the paleo-Pacific
Ocean.

The Cretaceous arc-type mafic rocks (120-80 Ma) include eruptive and intrusive rocks, distributing along the
coastal region in a NE-NNE direction. After parent magma compositional recalculation of the mafic intrusions,
the results indicate that both the eruptive and intrusive arc-type mafic rocks are hydrous calc-alkaline basalts,
with enrichments in large ion lithophile elements (LILEs) and light rare earth elements (LREEs) but depletions in
high field strength elements (HFSEs), crust-like Sr-Nd-Pb-Hf isotopic compositions, and low Lu/Hf ratios. All
these features are typical of igneous rocks formed in a continental arc. The combined data suggest their mantle
source was mainly metasomatized by melts derived from the subducted terrestrial sediments and reflect a
relatively hot subduction zone during Cretaceous.

The intraplate mafic rocks (110-70 Ma) distribute in SE China interior and generally show trace element
geochemistry similar to oceanic island basalt (OIB, hereafter we term them as OIB-like basalts). They can be
further divided into two groups: high-Nb (Nb > 50 ppm) and low-Nb (Nb < 40 ppm) basalts. The high-Nb basalts
have depleted asthenospheric mantle-like isotopic compositions. Their mantle source was composed mainly of
pyroxenite that was likely formed through interaction between the asthenosphere and melts from the dehydrated
subducted slab. Relative to the high-Nb basalts, the low-Nb basalts have lower Nb/REE and Nb/LILE ratios, and
more evolved but highly variable isotopic compositions. Their mantle source was also the asthenosphere met-
asomatized by addition of the slab melts containing a higher proportion of recycled sediment component.

From the arc-type to low-Nb and ultimately to high-Nb mafic rocks, increases of Nb, Nb/LILE and Nb/REE
ratios are coupled with more depleted Sr-Nd-Pb-Hf isotopic features, reflecting the occurrence of melting from
the upper subducted sediment to the lower oceanic mafic crust that had experienced extensive dehydration.
Further thermodynamic modelling results show that melting of the dehydrated slab can occur along the torn
surface and lower part of the oceanic crust, once the slab is strongly thinned and fractured in response to tearing
and fragmentation. In combination with the contemporaneous sedimentary records in SE China, the Cretaceous
mafic magmatism provided geochemical records of tectonic transition from early Cretaceous advanced sub-
duction to late Cretaceous rollback of the paleo-Pacific slab, during which slab tearing or fragmentation and the
resultant melting of the dehydrated subducted slab acted as a predominant agent for mantle enrichment.
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1. Introduction

Subduction zone is a major site for mass and energy exchange be-
tween the crust and mantle, and a crucial place of continental crust
growth, accretion and modification. It is also the most important zone of
earthquake, lithospheric deformation, magmatism and mineralization
(e.g., Stern, 2002). The total length of present subduction zone on the
Earth is more than 40,000 km, with 2.5-3.0 km® of sediments are
recycled into the mantle every year (von Huene and Scholl, 1991; Clift
et al., 2009; Scholl and Von Huene, 2010), which causes wide compo-
sitional and isotopic ranges for the subduction-related and oceanic is-
land basalts (e.g., Weaver, 1991; Hoffman, 1997; Plank and Langmuir,
1998). Although numerous studies have been focused on the subduction
of oceanic and continental lithosphere, the key issues such as the
mechanism of subduction initiation, the metasomatism operating in the
mantle wedge and the fate of the subducted slab (e.g., Stern, 2004;
Spandler and Pirard, 2013; Gréaux et al., 2019), remain highly contro-
versial. Answers to these questions will not only deepen our under-
standing on the mass and energy cycling in the deep Earth but also
facilitate the development of plate tectonics.

At subduction zones, the magmatism is characterized by emplace-
ment of voluminous andesites and mafic magmas (e.g., Grove and Kin-
zler, 1986; Kelemen et al., 2013; Stern, 2002). The mafic magmas consist
mainly of hydrous tholeiitic to calc-alkaline basalts, which are charac-
terized by enrichments in LILEs and LREEs relative to HFSEs, such as Nb
and Ta (e.g., Stolz et al., 1996; Plank et al., 2013). The LILE enrichment
has been widely considered as a result of preferential mobilization of
LILEs in fluids from the slab to mantle wedge (e.g., Spandler and Pirard,
2013). In contrast, the HFSE depletion has been largely ascribed to the
lower solubility of HFSEs in slab-derived fluids and/or melts as the
HFSE-rich minerals are retained in the residual downgoing slab
(Klemme et al., 2005 and references therein). However, the arc basalts
have been partially or even completely unroofed and eroded in many
paleo-subduction zones, such as in SE China and NE China (e.g., Guo
et al., 2016; Zhang et al., 2019; Zhao et al., 2019). The subduction-
related mafic intrusions, which usually occur as mafic cumulates, may
provide geochemical information about the evolution of the paleo-
subduction zones once the composition of their parental magmas can
be recalculated (e.g., Guo et al., 2015, 2016).

Apart from the arc magmas, there also exist some mafic magmas with
geochemical features similar to oceanic island basalts (OIBs, having
negligible HFSE depletion or even Nb and Ta enrichment in primitive
mantle (PM)-normalized spidergrams) at subduction zones, e.g., Cas-
cades (Mullen and Weis, 2013), Mexico (Castillo, 2008; Gomez-Tuena
et al., 2018a and references therein), Nicaragua (Gazel et al., 2011),
Costa Rica (e.g., Reagan and Gill, 1989), eastern Jamaica (Hastie et al.,
2011), southern Patagonian (e.g., Espinoza et al., 2005), Kamchatka
(Kepezhinskas et al., 1997 and references therein), SE China (Cui et al.,
2011; Zhang et al., 2020) and southern Philippines (Castillo, 2008). The
origin of such OIB-like magmatism remains highly debatable. Petroge-
netic models, such as (1) presence of mantle plume or plume-slab
interaction (Gazel et al., 2011; Marquez et al., 1999 and references
therein); (2) asthenospheric upwelling via slab window (Espinoza et al.,
2005; Mullen and Weis, 2013 and references therein); (3) astheno-
spheric diapir (e.g., Ferrari, 2004); (4) incorporation of exotic enriched
mantle via corner flow into mantle wedge (Ferrari et al., 2001; Herr-
strom et al., 1995); and (5) slab melt-metasomatized mantle wedge
above a subduction zone (e.g., Kepezhinskas et al., 1997), have been
proposed. Theoretically, the OIB-like geochemistry in such igneous
rocks requires involvement of enriched components in the source, e.g.,
either derivation from a recent subducted slab or inheritance from an
OIB-type mantle domain and/or both (Gazel et al., 2011; Gorring et al.,
2003; Hastie et al., 2011; Zhang et al., 2020). Identification of the
recycled enriched components is therefore crucial in understanding the
mantle geodynamics and mass recycling in the deep Earth.

SE China has been an active continental margin that was formed by
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subduction of the paleo-Pacific Ocean beneath the Eurasian continent
during Mesozoic time (e.g., Liu et al., 2012; Liu et al., 2016b; Zeng et al.,
2016; Zhao et al., 2016; Zhou and Li, 2000). Besides the Cretaceous
subduction-related magmatism (e.g., arc-type basalts and mafic in-
trusions between 120 and 77 Ma) in the region (Zhang et al., 2019 and
references therein), there also distributes OIB-like magmatism of
110-70 Ma (Wang et al., 2003, 2008, 2013; Cui et al., 2011; Zhang et al.,
2020; Wu et al., 2020). However, it remains controversial about the
genetic relationship between the intraplate and subduction-related
magmatism. In this contribution, we carry out a comprehensive
compilation, sorting and processing of the geochemical data of the
Cretaceous arc-type and OIB-like mafic igneous rocks in SE China, and
perform a two-dimensional numerical simulation of melting of a dehy-
drated slab. Based on a new classification scheme of the OIB-like rocks
and parental magma recalculation of the mafic intrusions, we discover
systematic geochemical variations from the arc-type to low-Nb and ul-
timately to high-Nb rocks, reflecting the involvement of enriched
component varying from the subducted sediment to the dehydrated
oceanic mafic crust in the mantle source. This transition of mantle
metasomatism was consistent with the subduction and rollback of the
subducting paleo-Pacific oceanic slab from early to late Cretaceous.
Further numerical modelling results suggest the melting of dehydrated
oceanic crust only in a strongly thinned slab, probably as a consequence
of tearing and fragmentation of the subducted slab. Integrating with the
regional sedimentary records, we propose that the tectonic transition
from early Cretaceous advanced subduction to late Cretaceous rollback-
tearing of the paleo-Pacific slab was response for the emplacement of
both the arc-type and OIB-like mafic magmatism in SE China.

2. Geological Backgrounds

The South China Block is separated from the North China Craton by
the Qinling-Dabie orogen, and consists of the Cathaysia Block in the
southeast and the Yangtze Block in the northwest (Fig. 1). These two
blocks have different Precambrian basements. The Yangtze basement
rocks consist predominantly of Archean (ca. 3.8-2.9 Ga) tonalite,
trondhjemite, and granodiorite gneisses and metasedimentary rocks in
the Kongling Complex (Gao et al., 2011). The basement rocks of the
Cathaysia Block are mainly composed of Paleoproterozoic to Neo-
proterozoic gneiss, amphibolite, migmatite, and meta-volcanic rocks
(Yu et al., 2007). The amalgamation between the Yangtze and Cathay-
sian blocks probably occurred during the Neoproterozoic (ca. 1.0-0.8
Ga) (e.g., Li et al., 2009).

The Mesozoic geology of SE China is characterized by emplacement
of voluminous magmas with compositional variations from mafic to
felsic, which has been widely considered to result from subduction of the
paleo-Pacific Ocean (e.g., Lapierre et al., 1997; Zhou et al., 2006; Li and
Li, 2007; Wang et al., 2016; Li et al., 2019). The Jurassic-early Creta-
ceous tectonic-magmatic evolution began with a crustal contraction
event that gave rise to regional-scale NE-trending folds, overthrust
nappes, and crustal anataxis (e.g., Wang et al., 2013; Li et al., 2019). The
subsequent crustal extension produced voluminous A- and I-type gran-
ites and bimodal magmatism, accompanied with doming structures and
extensional basins (e.g., Li, 2000; Li et al., 2014a, 2014Db).

A remarkable feature of SE China is the presence of a Mesozoic large
igneous province, which covers an area of 800 x 1400 km? (Fig. 1). It
consists predominantly (> 90% in volume) of felsic igneous rocks and
subordinately of mafic intrusive and eruptive rocks (< 10%) (Zhou and
Li, 2000; Guo et al., 2012). The youthening of felsic magmatism from the
continental interior to the coastal region of SE China, an abrupt increase
of magma temperature and the compositional change from calc-alkaline
I-type to A-type granitoids during Cretaceous (e.g., Chen and Jahn,
1998; Chen et al., 2000; Guo et al., 2012; Li et al., 2014b; Li et al., 2019),
suggest rollback of the subducted paleo-Pacific Plate and the resultant
asthenospheric upwelling.

Along the coastal region of SE China distribute the early Cretaceous
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Fig. 1. A simplified tectonic map showing the distribution of Cretaceous mafic magmatism in SE China (modified after Wu et al., 2020).

calc-alkaline basalts and mafic intrusions with significant Nb—Ta
negative anomalies (e.g., Nb/La < 0.6) in PM-normalized trace element
spidergrams. These mafic rocks have been widely interpreted as arc-type
magmas related to subduction of the paleo-Pacific Plate (e.g., Lapierre
et al.,, 1997; Xu et al., 1999; Li et al., 2014b; Zhang et al., 2019). In
contrast, some alkaline mafic lavas (110-70 Ma) were erupted or
intruded in SE China with OIB-like geochemistry (e.g., Nb/La > 0.9) and
have been ever regarded as continental intraplate basalts (Wang et al.,
2003, 2008; Shu et al., 2004; Chen et al., 2005, 2008; Meng et al., 2012).
Such spatial and temporal geochemical variations in mafic magmatism
were likely a consequence of retreat of the trench and rollback of the
subducting paleo-Pacific oceanic plate since Cretaceous (Liu et al., 2012;
Meng et al., 2012; Li et al., 2014b; Wang et al., 2016).

From north to south, the locations of Cretaceous arc-type mafic rocks
include Xuantandi, Ru’ao, Tiantai, Yongjia, Wencheng, Matsu, Yongtai,
Pingtan, Daigianshan, Meizhou, Quanzhou, Tong’an and Chinmen (e.g.,
Dong et al., 1997, 2007; Xu et al., 1999; Yang et al., 1999; Xie et al.,
2001; Zhao et al., 2007; Cui et al., 2011). The rock types include basalt,
basaltic andesite, hornblende gabbro and mafic dykes. Most of the
gabbroic intrusions (e.g., Pingtan, Daigianshan and Quanzhou) are
mafic cumulates with variable degrees of plagioclase and hornblende
accumulation (Dong et al., 1997; Xu et al., 1999; Zhang et al., 2019).

The Cretaceous OIB-like mafic rocks are usually distributed in SE
China interior with the exception of Wuyi basin, in which both dolerite
sill and basalt occur. The other locations, from north to south, include
Jiangshan, Chunhuashan, Ji’an, Hengyang and Nanxiong (e.g., Li, 2000;
Wang et al., 2003, 2008; Shu et al., 2004; Meng et al., 2012; Qin et al.,
2019; Table S1). These basalts occur in the Cretaceous rift basins, as
either interbeds or sills within the red beds.

3. Data selection, sorting and processing

Regardless of a large dataset of the Cretaceous mafic rocks in SE
China, we only consider mafic rocks with SiO2 < 54 wt% and MgO > 4
wt% with loss of ignition less than 4.5 wt% for most samples during the
data selection and sorting (Table S1). Only two high-Nb basalt samples
from the Liuyang basin, which have the highest eng(t) values up to
7.6-8.0 and LOI > 5.0 wt%, are selected for constraining the endmember
components. In SE China interior, such as in Huichang, Guangfeng and
Shangrao basins (Liao et al., 1999; Yu et al., 2004; Chen et al., 2008; Xie
et al., 2006), we preclude the samples of lamprophyre and shoshonitic
basalts, which show significant Nb—Ta depletion in PM-normalized
spidergrams and highly enriched Sr-Nd-Pb isotopic signatures. The
reasons include: (1) Although these rocks show arc-like trace element
features (obvious Nb—Ta depletions), they occur far (>400 km) away
from the paleo-Pacific subduction zone and cannot represent the
subduction-related magmas; (2) their highly enriched Sr-Nd-Pb isotopic
signatures have been ever interpreted as low-degree melts of an old
enriched lithospheric mantle of the Cathaysia Block (Chen et al., 2005;
Xie et al., 2006); and (3) they are geochemically distinct from OIB-like
intraplate basalts with an insignificant contribution of the subducted
slab component.

We divided the arc-type mafic rocks in SE China into eruptive and
intrusive types. Since the mafic dykes generally show no tracer of
accumulation with similar texture to the basaltic lavas (e.g., Xie et al.,
2006; Qin et al., 2010; Li et al., 2018), they are also classified as eruptive
rocks without further parental magma compositional calculation. The
mafic intrusions in SE China show variable effects of crystal accumula-
tion (plagioclase and hornblende), so the whole-rock geochemistry
cannot represent the parental magma composition; instead, it reflects
the sum of composition of the accumulative crystals and trapped melts
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(Bédard, 1994; Guo et al., 2015). During the data processing, we
recalculated the parental magma compositions of these mafic intrusions
by using the equilibrium distribution method reported in Guo et al.
(2016) and listed the results in Table S2. The detailed description of the
method is summarized below.

Mass-balance equation (Eq. (1)) expresses the concentration of an
element ‘i’ in the cumulate rock as the sum of the products of the modal
proportions ¢ (weight equivalents as fractions the concentrations (C) of
element ‘i’ in the constituent minerals and the trapped melt (TM). In the
Cretaceous mafic intrusions in SE China, the main crystallizing phase
include hornblende, plagioclase, clinopyroxene (minor) and accessories
are apatite, ilmenite, magnetite and zircon. Therefore, the trace element
concentration of the diorites can be expressed as:

Crocki _ (prCHbi + (PCPXCCPXi + (pPlCPIi + (thCMti + (pApCApi +
(lemCIImi+/_(PZrCZri + @TMCT .

By definition:

CHbi _ CPli(Hb/meltDi/Pl/meltDi) _ CCpxi(Hb/meltDi/Cpx/meltDi) _ Cll-
mi(Hb/meltDi /Ilm/meltDi) _ CMti (Hb/meltDi /Mt/meltDi) _ CApi(Hb/meltDi /Ap/
meltDi) _ CZri(Hb/meltDi/Zr/meltDi) (2)

The equilibrium distribution of trace elements among the constituent
minerals can be calculated when Eq. (2) is substituted into Eq. (1).
Setting the crystal/liquid partition coefficient (D) for the trapped melt at
1.0, then the equation has this form for the hornblende solution, with

@™ as the only unknown:
CHbi _ Crocki /{ (pr +( (pCpxCpx/meltDi /Hb/meltDi) + ((pPlPl/meltDi / Hb/

meltDi) + ((thMt/meltDi /Hb/meltDi) + ((I)Ilmllm/melt[)i /Cpx/meltDi T+ ( (pApAp/
meltDi/Hb/meltDi) +/— ((erZr/meltDi/Hb/meltDi) + (((pTMCpX/meltDi)} (3).

This eq. (3) yields the hornblende trace element concentration, and
division by the partition coefficient ("> ™'D), gives the concentration of
the element in the coexisting equilibrium liquid (C™; = ¢HP;/Hb/meltpy )

To simplify the calculation, the hornblende gabbro intrusion is also
reduced to two- or three-phase assemblage with 15-20% trapped melt
by using a non-modal melting backstripping procedure. In the following
text and related figures, we will therefore use the recalculated results
instead of the measured values, especially the trace element concen-
trations of the mafic intrusions.

Although there distribute many Cretaceous basaltic/mafic rocks in
the continental interior of SE China, we only select the OIB-like samples
with Nb/La > 0.9. There are some mafic sills with OIB-like geochemistry
(the dolerite sill in Wuyi basin), these rocks show no tracer of crystal
accumulation and are also regarded as eruptive basalts (Zhang et al.,
2020).

The primitive magma composition of basalts can be calculated
through addition of olivine back into the melt until chemical equilib-
rium between the estimated primitive magma and mantle olivine is
reached (Wang et al., 2012). In this paper, we only select the high-Nb
basalt samples that have experienced olivine-dominated fractionation
with negligible crustal contamination through addition of olivine in
0.1% increments (assuming that 10% of the total iron is Fe®* and (Fe?*/
Mg)olivine/ (Fe2+/Mg)meh = 0.3). The compositions of primitive melts
are then obtained through addition of olivine in 0.1% increments until
the equilibrium between the melt and olivine of maximum Fogy is
reached.

4. Geochemistry of the Cretaceous mafic igneous rocks

The Cretaceous mafic rocks in SE China span a large range of SiO;
from 38.1 to 53.6 wt%, a range of NayO + K50 from 1.2 to 7.2 wt%, a
MgO range between 4.0 and 10 wt% with a Mg# (Mg# = 100 Mg/(Mg
+ Y Fe) in atomic ratio) range from 41.5 to 68.1. Another remarkable
feature is the wide Nb range from 1.0 to 87.1 ppm. To better describe
these mafic rocks, we divide the OIB-like rocks into two groups: high-Nb
basalt with Nb > 50 ppm (51.4-87.1 ppm) and Nb/Y > 2.0 and low-Nb
basalt with Nb < 40 ppm (14.4-37.7 ppm) and Nb/Y < 2.0. The arc
mafic intrusions generally have lower contents of SiO, and NayO + K20
and show a positive correlation between them (Fig. S1a), as a result of
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plagioclase and hornblende accumulation (Dong et al., 1997; Xu et al.,
1999; Zhang et al., 2019). The high-Nb basalts have the highest Na;O +
K50, while the arc-type basaltic lavas and low-Nb basalts have
comparative contents of SiO2 and NayO + K30. However, the correla-
tions between SiO, and Mg# are lacking in all three rock types
(Fig. S1b). After mass balance calculation on the arc mafic intrusions,
the Cretaceous mafic rocks in SE China include a variety of rock types
from subalkaline basalt and basaltic andesite, alkaline basalt to strongly
alkaline basalt in a Nb/Y versus 10~% x Zr/ TiO; plot (Fig. 2a). From the
high-Nb to low-Nb and then to arc-type mafic rocks, the decrease of Nb is
coupled with a decrease of Nb/U and increases of Ba/Nb and Zr/Nb
(Fig. 2b-d).

4.1. Geochemistry of the Cretaceous arc-type mafic magmatism

The Cretaceous arc-type mafic rocks consist of sub-alkaline basalts
and basaltic andesites and their intrusive counterparts. Compared with
the OIB-like rocks in SE China interior, the arc-type mafic rocks have
much lower Nb (1.0-14.6 ppm) concentrations and thus show lower Nb/
Y, Nb/U and higher Ba/Nb, Zr/Nb, La/Nb and Th/Nb ratios (Fig. 2 and
Table S1).

The arc-type basaltic lavas are characterized by right-declined
chondrite-normalized REE patterns with LREE enrichment relative to
HREE and some samples have positive Eu anomalies (Fig. 3a). The mafic
intrusions (mainly hornblende gabbros) show variable enrichment in
LREEs and depletions in HREE with variable Eu anomalies. Some sam-
ples display convex REE patterns with middle REE (e.g., Nd) enrichment
that is typical of hornblende accumulation (Fig. 3b). After the mass
balance calculation, all arc-type mafic rocks show Nb—Ta depletions
and LILE and LREE enrichments in the PM-normalized spidergrams
(Fig. 4a and b). They are geochemically distinct from the OIB-like rocks
and plot within the fields of arc volcanics in La/Nb versus Ba/Nb and
triangle diagrams of La-Nb-Y and Th-Ta-Hf (Fig. 5a, ¢ and d), and from a
hydrate mantle source in a (Ta/La)py versus (Hf/Sm)py plot (Fig. 5b).

The Cretaceous arc-type mafic rocks generally show crust-like iso-
topic signatures, with negative enqg(t) values from —4.7 to —0.2. They
also have moderately radiogenic Sr with an 8751 /865r(i) range from
0.70478 to 0.70732, and radiogenic Pb compositions, with a
206p, /204p(i) range from 18.13 to 18.60, and a 207pp /294ph(i) range
from 15.57 to 15.66 and a 2°8Pb/2°Pb(i) range from 38.19 to 38.79
(Table S1 and Fig. 6). Available whole-rock Hf isotope compositions
from the Pingtan, Daigianshan and Quanzhou mafic intrusions show
that they have weakly positive ey¢(t) values from +0.5 to +3.9 (Zhang
et al., 2019). The arc-type mafic rocks in SE China have Sr-Nd-Pb-Hf
isotopic compositions similar to those arc magmas from SW Japan
(Fig. 6, Ishizaka and Carlson, 1983; Shimoda et al., 1998; Tatsumi et al.,
2003), which have been interpreted as melts from a mantle wedge
metasomatized by recycled sediments.

4.2. Geochemistry of the Cretaceous OIB-like basalts

The Cretaceous OIB-like basalts in SE China occur as basaltic lavas
and mafic sills. According to previous studies (e.g., Wang et al., 2003,
2008; Cui et al., 2011; Meng et al., 2012; Shu et al., 2015; Qin et al.,
2019; Wu et al., 2020), both high-Nb and low-Nb basalts occur in the
Ji’an (Luosishan) and Liuyang (Chunhuashan) basins, whereas only low-
Nb basalts occur in the other localities such as in the Wuyi and Jiangshan
basins in Zhejiang province, Hengyang basin in Hunan province and
Nanxiong basin in Guangdong province (Table S1). In general, the high-
Nb basalts have lower SiO, higher P20s, TiO5 and K5O contents than the
low-Nb basalts (Table S1 and Fig. S1a).

All OIB-like basalts show steeply right-declined REE patterns, with
enrichment in LREEs and depletion in HREEs and an insignificant Eu
anomaly (Fig. 3c and d). However, the high-Nb basalts generally have
higher LREE concentrations than but similar HREE contents to the low-
Nb basalts (Fig. 3d). In the PM-normalized incompatible element
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Fig. 2. Nb/Y versus 10~* x Zr/TiO, (a, Winchester and Floyd, 1977), Nb versus Nb/U (b), Ba/Nb (c) and Zr/Nb (d) plots, showing a new classification scheme of
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spidergrams, the high-Nb basalts are characterized by positive Nb—Ta
anomalies and a prominent negative Pb anomaly (Fig. 4c). Also, most
samples show Sr—Ba enrichments. By contrast, the low-Nb basalts show
insignificant Nb—Ta enrichment but with large fluctuations in most
incompatible elements such as Rb, K and Pb (Fig. 4d). In addition, the
Cretaceous OIB-like basalts have similar La/Nb, Ba/Nb, (Ta/La)py and
(Hf/Sm)py ratios to the counterparts occurring in oceanic islands
(Fig. 5a and b). In the triangle diagrams of La-Nb-Y and Th-Ta-Hf (Fig. 5¢
and d), they are again plotted within the fields defined by continental
rift or intraplate basalts (Li et al., 2015).

Although both groups show OIB-like trace element geochemistry, the
high-Nb basalts generally have higher Nd and Hf and low Sr isotope
compositions than the low-Nb basalts (Table 1). For instance, the high-
Nb basalts generally have a range of 875r/8Sr(i) between 0.70323 and
0.70455 and an eng(t) range from +5.0 to +8.0. The high-Nb basalts
from the Chunhuashan area have the highest exqg(t) as high as +8.0 and
the lowest 87Sr/80Sr(i) to 0.7032 (Wang et al., 2008), whereas the low-
Nb basalts from the Hengyang basin have the lowest eng(t) value as low
as —1.7 and the highest 87Sr/86Sr(i) up to 0.7075 (Meng et al., 2012). A
few whole-rock Hf isotopic compositions from both the high-Nb and
low-Nb basalts show positive eyg(t) values from +4.2 to +9.7 (Wu et al.,
2020; Zhang et al., 2020). Also, the high-Nb basalts in the Ji’an basin
show moderately radiogenic Os (*870s/1800s(i) = 0.1676-0.2076, Wu
et al., 2020), and the low-Nb basalts in the Wuyi basin show light Ca
isotopic compositions (6*/*°Ca = 0.65-0.72%, Zhang et al., 2020). The
high-Nb basalts show narrow variation in Pb isotope compositions, for
instance, they span a 206Pb/2°4Pb(i) range from 18.36 to 18.48, and a
207p /204 (i) range from 15.55 to 15.60 and a 208pp, /204pp(j) range
from 38.43 to 38.59 (Table S1 and Fig. 6). In contrast, the low-Nb basalts
show large variations in Pb isotope data, spanning a 2°°Pb/2%*Pb(i)
range from 18.18 to 18.63, and a 207Pb/2°4Pb(i) range from 15.57 to
15.62 and a 2°8pb/2%Ph(i) range from 38.58 to 38.88 (Table S1 and

Fig. 6).
5. Origin of Cretaceous mafic igneous rocks in SE China

The Cretaceous mafic igneous rocks in SE China show large
geochemical variations from sub-alkaline to strongly alkaline affinities,
arange of Nb from 1.0 ppm to 87 ppm and an eng(t) range from —4.7 to
+8.0. From the arc-type to low-Nb and ultimately to the high-Nb mafic
rocks, following the increases of Nb or Nb/Y ratio, the Sr-Nd-Hf isotopic
compositions become more depleted toward the values of depleted
asthenospheric mantle (Figs. 2 and 6). This suggests that the contribu-
tion of a depleted mantle (e.g., high exg(t) and Nb/U) becomes more and
more significant; whereas the contribution of crustal components (e.g.,
high Th/Nb and 87Sr/86Sr(i) and low Nb/U, Plank and Langmuir, 1998;
Table 1) becomes less important in the petrogenesis. In the following, we
will give a comprehensive review on the origins of arc-type mafic rocks
and OIB-like basalts, mainly focused on the magmatic evolution and
source characteristics.

5.1. Origin of arc-type mafic rocks

The arc-type mafic rocks in SE China generally show crust-like iso-
topic features, e.g., moderately radiogenic Sr and Pb compositions and
negative eng(t) values. Such features have been ever considered either as
a result of crustal contamination during the magmatic evolution or as a
consequence of source contamination through mantle-crust interaction
at subduction zones (e.g., Xu et al., 1999; Dong et al., 1997; Griffin et al.,
2002; Zhang et al., 2019). It is therefore essential to distinguish these
two processes before the reliable petrogenetic hypothesis can be
obtained.
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Fig. 3. Chondrite-normalized REE patterns of Cretaceous mafic rocks in SE China. Normalized values of chondrite are from Sun and McDonough (1989). Data

sources are the same as Fig. 2.

5.1.1. Magmatic differentiation

In a magmatic system, close-system evolution will crystallize min-
erals with identical isotope composition to the parental magma, whereas
the crystallizing minerals may have different isotope compositions from
the primitive magma in an open-system chamber via crustal contami-
nation or assimilation. This enables us to identify the effect of crustal
contamination by comparing the isotopic compositions, which are sen-
sitive to open-system evolution like Sr and Pb isotopes, between mineral
and bulk rock. Petrographic observations indicate plagioclase an early
crystallizing phase in all arc-type mafic intrusions (e.g., Dong et al.,
1997; Xu et al., 1999; Zhang et al., 2019), suggesting that Sr and Pb
isotope compositional comparison between plagioclase and whole rock
can be applied to distinguish whether these mafic intrusions experienced
an open-system magmatic evolution or not. Zhang et al. (2019) con-
ducted in-situ isotopic analyses (Sr and Pb isotopes) on plagioclase from
three mafic intrusions respectively at Pingtan, Daiqianshan and
Quanzhou, yielding almost identical Sr and Pb isotope compositions
between the plagioclase and whole rock in each intrusion. Their results
indicate the close-system magmatic evolution with a negligible effect of
crustal assimilation for the arc mafic intrusions.

Although there lack available in-situ isotope analyses on individual
minerals (e.g., plagioclase and clinopyroxene) to discuss the role of
crustal contamination or assimilation-fractional crystallization (AFC)
processes in the formation of the arc-type basaltic lavas and mafic dykes,
other geochemical index (e.g., SiO2 and Nb/La versus Sr and Nd isotope
compositions) of the mafic rocks also argue against the important effect
of open-system magmatic processes (e.g., Xie et al., 2001; Qin et al.,
2010, 2019; Cui et al., 2011; Li et al., 2018). In fact, most of these
eruptive mafic lavas and intrusive rocks show limited Sr—Nd isotopic
variations against a large range of La/Nb and Mg# (e.g., Zhang et al.,
2019), precluding a significant role of crustal contamination or AFC

processes during the magmatic evolution. In general, primary mantle-
derived mafic melts have Ni > 400 ppm and Cr > 1000 ppm, and
Mg# = 73-81 (Wilson, 1989). The arc-type mafic rocks in SE China
show relatively low Mg# (41-68) and compatible element contents such
as Cr (9-649 ppm) and Ni (5-217 ppm), indicating a significant frac-
tionation of olivine, clinopyroxene and hornblende. Consequently,
compared to the insignificant effect of open-system evolution, the role of
close-system magmatic processes, such as fractional crystallization and
crystal (plagioclase and hornblende) accumulation, is more important to
interpret the wide compositional ranges of the arc-type mafic rocks in SE
China (e.g., Zhang et al., 2019).

The occurrence of calcic plagioclase (An >90) and abundant horn-
blende indicates that the parental magmas for the hornblende gabbro at
Pingtan, Daiqianshan and Quanzhou were water-saturated with H,O
more than 5% (Dong et al., 1997; Xu et al., 1999; Zhang et al., 2019).
Although the water estimation of the basaltic lavas and mafic sills is yet
lacking, the occurrence of hydroxyl hornblende phenocryst in these
rocks likely suggests that their parental magmas were water-saturated.

In summary, the parent magmas of the arc-type mafic rocks (both
intrusive and extrusive rocks) in SE China were hydrous and experienced
close-system magmatic evolution such as fractionation or accumulation
with an insignificant effect of crustal assimilation.

5.1.2. Nature of mantle source

Since the role of crustal contamination or assimilation is negligible
and the fractionation and/or accumulation of mafic minerals and
plagioclase has little influence on the LILE/HFSE and LREE/HFSE ratios
and isotopic compositions, such crust-like geochemical features in the
arc-type mafic rocks in SE China are probably resulted from source
enrichment via subduction, as indicated from the tectonic reconstruc-
tion of the paleo-Pacific Plate (e.g., Sun et al., 2007; Seton et al., 2012).
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The mantle wedge above a subducted slab can be enriched by the
addition of (1) aqueous fluid released from the subducting slab (Nichols
et al., 1994; Hanyu et al., 2006, 2) silicate melt derived from the sub-
ducted sediment and oceanic crust (e.g., Defant and Drummond, 1990;
Churikova et al., 2001; Elburg et al., 2002; Woodhead et al., 2001); and
(3) the subducted oceanic mélange, which represents a mixture of sub-
ducted sediments, altered oceanic crust (AOC) and ultramafic matrix (e.
g., Castro et al., 2010; Behn et al., 2011; Marschall and Schumacher,
2012; Parolari et al., 2018; Gomez-Tuena et al., 2018b; Errazuriz-Henao
et al., 2019).

Because fluid and melt released from the subducted slab show
distinct geochemical behaviors in some elements, so the compositional
change of these elements and their ratios can be applied to decipher the
respective contribution of fluid and melt to the enrichment of depleted
mantle wedge (e.g., Woodhead et al., 2001; Hanyu et al., 2006). For
instance, the concentrations of fluid-mobile elements such as LILEs (e.g.,
K, Rb, Sr, and Ba) and Pb are enriched in the aqueous fluids, whereas the
contents of fluid-immobile elements like LREEs, Th, and HFSEs (e.g., Zr,
Hf, Nb, and Ta) are low. By contrast, the silicate melt of the subducted
sediments should contain high contents of incompatible elements like
Th, LREEs, and LILEs since these elements are enriched in pelagic and
terrestrial sediments (e.g., Plank, 2014). Accordingly, subduction-
related magmas derived from fluid-metasomatized mantle sources can
be distinguished from those derived from melt-modified source regions
in the LILE/LREE, LILE/HFSE, and LILE/Th ratios (Spandler and Pirard,
2013).

In the case of the Cretaceous arc magmas in SE China, subducted
sediment is the most likely candidate to transport the “crustal”
geochemical signatures into the mantle wedge. The involvement of a

subducted sediment component in these arc mafic rocks can be tracked
by trace element diagrams such as Th/Sm versus Th/Ce and Th/Yb
versus Ba/La (e.g., Plank, 2014; Woodhead et al., 2001; Zhang et al.,
2019). Also, their Sr—Nd isotopic compositions depart from typical
depleted mantle values, which suggests the involvement of an enriched
component that could be linked to the subduction flux potentially in the
form of subducted sediments (Fig. 6a). This is consistent with some
modern subduction-related volcanic rocks (e.g., SW Japan, Banda and
Lesser Antilles), which also have such crust-like Sr-Nd-Pb isotope com-
positions and have been widely interpreted in terms of variable contri-
bution from the subducted sediments (e.g., White and Dupré, 1986;
Shimoda et al., 1998; Nebel et al., 2011). Furthermore, the arc-type
mafic rocks in SE China have low Lu/Hf ratios regardless of the wide
ranges of Th/La and Th/Yb, plotting in the field of continental arc
magmas from the western Pacific subduction zone (Zhao et al., 2019,
Fig. 7a and b). This is also consistent with their relatively high Zr/Nb
ratios (Table 1 and Fig. 2d), which suggest the involvement of conti-
nental detritus with accessory zircon in a continental arc (e.g., Vervoort
et al., 1999).

Because some mafic rocks in SE China show crystal accumulation
which may exert an effect to change and offset the “true” Th/REE ratios,
the use of Th/REE should be cautious and is hence abandoned here.
Nevertheless, previous studies have also demonstrated that a combina-
tion of whole-rock Hf and Nd isotope data with some incompatible trace
element ratios (e.g., Ba/Nb and Ba/La) that are insensitive to crystal
accumulation, is feasible to investigate the metasomatic agent and to
estimate the proportion of subducted sediment (e.g., Guo et al., 2016). In
order to better estimate the proportion of the subducted sediment
component and possible enrichment mechanism (fluid via melt) in the
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mantle wedge, we assume that the depleted mantle has: Ba = 4 ppm, Nb
= 0.3 ppm, La =0.4 ppm, Nd = 1 ppm, Hf = 0.2 ppm, enq(t) = +10 and
egf(t) = +17 and the subducted sediment component has: Ba = 786 ppm,
Nb = 9 ppm, La = 29 ppm, Nd = 28 ppm, Hf = 3 ppm, enqg(t) = —8 and
eyf(t) = —10 (Workman and Hart, 2005; Plank and Langmuir, 1998; Guo
et al., 2015). During the dehydration of sediment, the dehydration
volume is assumed to be 0.02 and the elemental mobilities for Ba, Nb,
La, Nd and Hf are assumed to be 8, 0.5, 3, 3 and 0.5, respectively; the
partition coefficients of Ba, Nb, La, Nd and Hf are respectively assumed
to be 0.05, 0.05, 0.1, 0.05 and 0.2 during sediment melting (Hanyu
et al., 2006; Guo et al., 2016; Zhang et al., 2019). Batch melting mode is
used for calculation of the elemental concentrations in the sediment-
melt. The assumed melting degree of the subducted sediment is
~50%. Two-component mixing modelling is performed and the results
are shown in Fig. 7c-g.

The modelling results demonstrate that the source for the majority of
arc-type mafic rocks in SE China was enriched by a variable proportion
(3-5%) melts derived from the subducted sediments (Fig. 7c-g), except
for some arc basalts from Xuantandi and mafic dykes from Tulin that
have much higher Ba/La ratios (Table S1), which indicate variable
involvement of metasomatic fluids in their melting sources.

5.2. Origin of the high-Nb basalts

High-Nb basalts usually occur in intraplate settings such as conti-
nental rifts and oceanic plateaus or islands under lithospheric extension
and/or impact by mantle plume, such as those Cenozoic basalts in
circum-Pacific Ocean and late Cretaceous to Cenozoic basalts in

northwestern North China Craton (e.g., Zou et al., 2000; Ren et al., 2005;
Hoernle et al., 2006; Zeng et al., 2011; Liu et al., 2016a; Dai et al., 2019).
The Cretaceous high-Nb basalts also occur in rift basins from SE China
interior, indicating their formation in an intracontinental regime.

5.2.1. Magmatic evolution

Basaltic lavas may have experienced continental crustal contami-
nation or assimilation during magmatic evolution. Since the continental
crust is characterized by negative Nb—Ta anomalies and positive Pb
anomaly in PM-normalized trace element spidergram as well as highly
evolved isotopic compositions (Rudnick and Gao, 2014), only if a few
per cents of continental crust are added into the mantle-derived magma,
the geochemical features of the contaminated melt will be largely
changed. Obviously, the high-Nb basalts in SE China have OIB-type trace
elemental features, such as the positive Nb and Ta anomalies, high Nb/U
(41-59) and Ce/Pb (20-38) and negative Pb anomalies. Also, they show
mid-oceanic ridge basalt (MORB)-like Sr-Nd-Pb-Hf isotopic composi-
tions (Fig. 6). All these geochemical features strongly indicate the
negligible effect of continental crustal contamination or AFC processes
during magmatic evolution (Wang et al., 2003, 2008; Wu et al., 2020;
Jia et al., 2020).

The high-Nb basalts in SE China show relatively low Mg # (48-59)
and compatible element contents such as Cr (97-336 ppm) and Ni
(89-149 ppm), indicating that they have experienced significant frac-
tionation of olivine and clinopyroxene. This is consistent with the pos-
itive correlation between MgO and CaO and CaO/Al;O3 (Fig. 8a and
Table S1). Although there lacks a positive correlation between MgO and
Al;03 (not shown), the broad correlation between Sr and MgO indicates
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Table 1
A summary of key trace element and Sr-Nd-Pb-Hf isotopic features of Cretaceous
arc-type mafic rocks, high-Nb and low-Nb OIB-like basalts in SE China.

Rock type Arc-type mafic rock  Low-Nb basalt High-Nb basalt
Nb (ppm) 1.0-14.6 (ave. 4.5) 14-38 (ave. 25) 51-87 (ave. 68)
Ba/Nb 48-183 (ave. 96) 10-23 (ave. 15) 5-15 (ave. 10)
Th/Nb 0.18-3.55 (ave. 0.07-0.18 (ave. 0.07-0.09 (ave.
0.77) 0.13) 0.08)
Zr/Nb 6.9-28.7 (ave. 4.6-8.7 (ave. 6.41)  3.1-4.3 (ave. 3.8)
17.2)
Nb/U 1-27 (ave. 9) 27-53 (ave. 36) 41-59 (ave. 52)
Ce/Pb 1-20 (ave. 7) 7-28 (ave. 16) 20-38 (ave. 28)
875r/808r (i) 0.70478-0.70732 0.70355-0.70749 0.70323-0.70455
(ave. 0.70589) (ave. 0.70534) (ave. 0.70379)
end(t) —4.73 ~ —0.20 —1.68-6.84 5.03-8.00
(ave. -2.46) (ave. 2.91) (ave. 6.07)
exelt) 0.47-3.89 4.15-4.57 8.94-9.69
(ave. 2.25) (ave. 4.30) (ave. 9.37)
206pp, /204ph 18.131-18.600 18.178-18.630 18.363-18.482
(i) (ave. 18.388) (ave. 18.323) (ave. 18.422)
207pp,/204pp 15.574-15.660 15.566-15.615 15.535-15.596
@ (ave. 15.617) (ave. 15.590) (ave. 15.568)
208pp, /204t 38.194-38.791 38.575-38.883 38.410-38.593
(i) (ave. 38.534) (ave. 38.649) (ave. 38.515)

Note: The primitive geochemical data are from Table 1S in an excel format. The
values of eyg(t) for high-Nb basalts in the Ji’an basin are from Wu et al. (2020),
for the low-Nb basalts in the Wuyi basin are from Zhang et al. (2020), and for the
mafic intrusions of Pingtan, Daigianshan and Quanzhou are from Zhang et al.
(2019). Ave. — average.

a role of plagioclase fractionation during the evolution of the high-Nb
basalts (Fig. 8d). Since the fractional assemblage of olivine + clinopyr-
oxene + plagioclase has a minor effect on the key geochemical features
such as Nb/La ratios and Sr-Nd-Pb-Hf-Os-O isotope compositions (e.g.,
White, 2015), so we attribute the OIB-like geochemical features of the
high-Nb basalts to the source enrichment.

5.2.2. Nature of the mantle source

The MORB-like isotopic compositions (e.g., the eyqg(t) ranges from
+5.0 to +8.0) of the high-Nb basalts in SE China suggest a predominant
source from the depleted asthenospheric mantle. However, melting of a
pure asthenosphere produces tholeiitic to low-K basalts with trace
element features similar to MORBs, which have Nb concentrations much
less than 50 ppm (Sun and McDonough, 1989), i.e., high-degree melting
produces N-MORB and low-degree melting forms E-MORB. Therefore,
the OIB-like trace element geochemistry and high '80s/'880s(i) ratios
(i.e., relative to mantle, crust has higher Re/Os and develops time-
integrated growth of more radiogenic Os) of the high-Nb basalts re-
quires the involvement of another enriched component, e.g., a recycled
oceanic slab or an enriched mantle (Wang et al., 2003; Stracke et al.,
2003; Wu et al., 2020).

Alternatively, previous studies have suggested that the high-Nb ba-
salts represented the melts of an OIB-type asthenosphere and variably
interacted with the enriched subcontinental lithospheric mantle (SCLM)
to interpret their Sr-Nd-Pb isotopic variations and Sr—Ba enrichment
(Figs. 3a and 6, Wang et al., 2003, 2008). Based on geochemical and Sr-
Nd-Pb isotopic studies on the lamproite in Jiangxi Province, Xie et al.
(2006) identified an EM-2 (enriched mantle-2) lithospheric mantle in
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ene(t) (f) and enq(t) versus eyg(t) (8) of Cretaceous mafic intrusions (after Guo et al., 2016 and Zhang et al., 2019). Detailed calculation parameters of endmember
components and data processing are the same as those in Zhang et al. (2019). Data sources for the continental arcs (Kamchatka and Honshu) and oceanic arcs (Izu-
Bonin-Mariana arcs) are collected from the database GEOROC (http://georoc.mpch-mainz.gwdg.de/georoc). During the dehydration and melting of the subducted
sediment, the element mobilities are from Alzawa et al. (1999) and the partition coefficients are from Hermann and Spandler (2008).
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are from Table S1.

the Cretaceous. These lamproites are significantly enriched in LILEs and
LREEs, depleted in HFSEs (e.g., Nb/La = 0.31-0.47), and also show
enriched Sr (¥Sr/%%Sr(i) = 0.7077-0.7130) and Nd (ena(t) = —2.1 to
—10) isotopic signatures. Although the asthenosphere has depleted
Sr—Nd isotopic signatures ®7sr/%0sr(i) < 0.703 and enag(t) > 10), nu-
merical studies indicate that it has Nb/La < 1.2 (e.g., Sun and McDo-
nough, 1989; Workman and Hart, 2005). During the fractional
crystallization of olivine + clinopyroxene +/— plagioclase and mantle
melting, Nb/La fractionation can be negligible, so the involvement of an
enriched SCLM represented by the lamproite must result in a decrease of
Nb/La of the hybridized melts from the asthenosphere. Therefore, the
higher Nb/La (1.37-1.73) ratios of the high-Nb basalts argue against the
incorporation of an enriched SCLM either as a contaminant during the
passage of the lithosphere or as an enriched component through
lithosphere-asthenosphere interaction.

Recently, Wu et al. (2020) discovered low-8'80 olivine in some high-
Nb basalts from the Ji’an basin and attributed to the involvement of a
gabbroic oceanic crust that had been undergone high-temperature hy-
drothermal alteration. This is consistent with the Sr—Ba enrichment in
all high-Nb samples in SE China, since Sr and Ba are fluid-mobile ele-
ments and can be easily absorbed in the altered minerals such as chlo-
rite, kaolinite and serpentine during seawater alteration (e.g., Kogiso
et al., 1997). In addition, the strong Pb depletion and high Ba/Nb and
Ba/Th in the high-Nb rocks require the incorporation of the altered
gabbroic oceanic crust that had experienced extensive dehydration.
Furthermore, the relationships of Nb/Zr versus Ba/Zr and of Nb/Y
versus Rb/Y (Fig. 9a and b) indicate a dominated source enrichment by
slab melt. Accordingly, we assume an AOC component to represent the
end-member of recycled mafic oceanic crust and GLOSS-II to represent
the end-member of sediments (Hauff et al., 2003; Plank, 2014 and ref-
erences therein), which experienced dehydration and melting. Through
assuming the other reasonable parameters (Fig. 9), we conduct a three-
component mixing modelling to show the respective contribution of
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each end-member component. Further trace element-isotopic modelling
suggests that the mantle source of high-Nb basalts could be formed
through addition of 1-5% slab melts into the depleted asthenospheric
mantle, with the melt predominant (>70%) from the altered oceanic
crust (Fig. 9c-e).

At the other hand, we recalculate the primitive magma compositions
of the high-Nb basalts from the Ji’an and Liuyang basins through
addition of olivine into the melt. The results suggest that their source
lithology was probably composed of silica-deficient pyroxenite (Fig. 10,
Herzberg, 2011; Wu et al., 2020), which was formed through interaction
between the melts from the dehydrated gabbroic oceanic crust and the
mantle peridotite at high temperature (e.g., Zanetti et al., 1999; Sobolev
et al., 2007; Straub et al., 2011; Lambart et al., 2012). Melting of the Si-
poor lithology produced the SiOs-undersaturated and strongly alkaline
magmas in composition (Hirschmann et al., 2003; Kogiso et al., 2003).
This is consistent with the high-Nb basalts that contain standard olivine
+ nepheline in normative mineral (CIPW) calculation. Finally, the low
5180 preserved in olivine phenocrysts and the estimated slab age (<300
Ma) from the radiogenic whole-rock Os and Pb compositions in the Ji’an
high-Nb basalts require the involvement of a recently recycled slab,
probably represented by the subducted paleo-Pacific oceanic plate (Wu
et al., 2020).

5.3. Origins of the low-Nb basalts

The low-Nb basalts in SE China generally show geochemical features
transitional between the high-Nb basalts and arc-type mafic rocks.
Compared with the high-Nb basalts, the distribution of low-Nb basalts is
more widespread, e.g., from the coastal region like the Wuyi basin to the
continent interior such as the Liuyang basin. These rocks also span large
compositional and isotopic variations (Table 1), suggesting complex
magmatic evolution and/or source heterogeneity in their origin.
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5.3.1. Magmatic evolution

Similarly, before constraining the source nature of the low-Nb basalts
in SE China, we first assess the potential influence of open-system pro-
cesses such as crustal contamination, mixing and AFC processes during
its passage through the continental crust.

The narrow variations in Sr-Nd-Pb isotopic compositions in a single
volcanic basin (Fig. 11 and Table S1) suggest that crustal contamination
or AFC processes played an insignificant role during magmatic evolu-
tion. For instance, the dolerite sills and basalts from the coastal SE China
show narrow variations in Sr-Nd-Pb-Hf isotopic compositions and
identical Sr and Pb isotope compositions between plagioclase and bulk
rock, precluding an important role of crustal contamination or AFC
processes (Zhang et al., 2020). A similar case is observed in the basaltic
lavas in Hengyang basin (Meng et al., 2012) and along the Jiangshan-
Shaoxing Fault zone (Qin et al., 2019). Previous studies have sug-
gested that a mafic magma with signatures of crustal assimilation
generally has La/Nb > 1.5 and La/Ta > 22 (e.g., Ali et al., 2013), quite
different from the low-Nb basalts which have relatively low La/Nb
(0.66-1.02) and La/Ta (11.5-18.7) ratios. Finally, the significant role of
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crustal contamination or AFC processes can also be ruled out in accor-
dance with the variation trends between La/Nb and Th/Nb, Nb and Nb/
U, SiO5 and 875r/865r(i) and MgO and eng(t) in each location (Fig. 11).

Because of the coeval occurrence of low-Nb and high-Nb basalts in
both the Ji’an and Liuyang basins, it is also necessary to investigate the
possible genetic relationship between these two rock types. Although
the low-Nb basalts generally have slightly lower Nd and higher Sr iso-
topic compositions than the high-Nb basalts (Wu et al., 2020; Wang
et al., 2003, 2008; Jia et al., 2020), which might suggest a role of open-
system evolution, the compositional gaps in SiO2, P2Os, Nb, La con-
centrations as well as Nb/La and Nb/U ratios between these two rock
types in each basin (Table S3) argue against a relationship of magmatic
differentiation either in close-system or open-system processes.

The low-Nb basalts have relatively low MgO (5.2-9.4 wt%), Mg#
(42.8-63.1), Cr (38-287 ppm) and Ni (40-176 ppm), indicating a sig-
nificant role of a fractional assemblage of olivine + clinopyroxene. In
contrast, the lack of negative Eu and Sr anomalies respectively in
chondrite-normalized REE patterns and PM-normalized trace element
spidergrams suggest an insignificant plagioclase fractionation (Fig. 4d).
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rich pyroxenite, and peridotite. All data were calculated using the assumption
that 10% of the total iron as Fe,Os3.

In summary, the low-Nb basalts experienced a close-system
magmatic evolution, during which fractionation of olivine and clino-
pyroxene was predominant.

5.3.2. Nature of mantle source

The low-Nb basalts show geochemistry transitional between the
high-Nb basalts and arc-type mafic rocks, suggesting that their mantle
source was also transitional. Nevertheless, it is necessary to evaluate the
possible role of the SCLM in their origin.

As discussed earlier, there existed an enriched SCLM beneath SE
China. Interaction between the high-Nb basalts and the enriched mantle
may result in the decrease of Nb (Nb/La) and eng(t) but the increase of
875r/80Sr(i) and Ba/Nb. For simplicity, we assume that the enriched
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SCLM has about two times of Sr (42 ppm) and Nd (2.7 ppm) as the
primitive mantle and enq(t) = —10 and 87Sr/%Sr(i) =0.710, respectively
(Sun and McDonough, 1989; Xie et al., 2006; White, 2015). The primary
magma of high-Nb basalts are assumed as: Sr = 850 ppm and Nd = 74
ppm, eng(t) = +8 and 87Sr/%0Sr(i) = 0.7035, as represented by the high-
Nb basalt from the Liuyang basin (Wang et al., 2003, 2008). A simple
binary mixing between the high-Nb basalt and SCLM is modelled. The
results indicate that mixing of 50% SCLM into the high-Nb basalt can
produce a decrease of eng(t) by 0.6 unit and an increase of 878r /8051 (i) by
0.0003. Such a contaminated basalt should have very high MgO similar
to picrite and contain abundant mantle xenoliths, inconsistent with the
petrologic and geochemical observations in the low-Nb basalts.

An alternative hypothesis suggests the enriched SCLM as a source
component of the low-Nb basalts. Previous studies suggest that melts
derived from the enriched SCLM are strongly alkaline and SiO-under-
saturated such as lamproite and trachybasalt (e.g., Foley, 1992). If the
low-Nb basalts had been derived from a mixture of the enriched SCLM
and the metasomatized asthenosphere, the primitive magma must be
SiOz-undersaturated and strongly alkaline. However, most of the low-Nb
basalts are weakly alkaline and SiOp-saturated with normative quartz
and/or hypersthene in CIPW calculation (e.g., Meng et al., 2012; Li
et al., 2018). Accordingly, the contribution of enriched SCLM to the
formation of the low-Nb basalt should be also minor.

Following the aforementioned facts, we consider that the enriched
source component of the low-Nb basalts was represented by the sub-
ducted sediments, which might have experienced variable degrees of
dehydration and melting during the downgoing subduction. For
instance, Zhang et al. (2020) discovered the light Ca isotope composi-
tions (Ca isotope fractionation is strong at the Earth’s surface and calcic
sediments generally have much lower §*4/4°Ca than mantle, Fantle and
Tipper, 2014) of the dolerite sill (corresponding to low-Nb basalt) from
the Wuyi basin, indicating the involvement of Ca-rich sediment in the
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Fig. 11. (La/Nb)py versus (Th/Nb)py (a), Nb versus Nb/U (b), SiO» versus 878r/%08r(i) (¢) and MgO versus eng(t) (d) diagrams of low-Nb basalts to show the possible
role of crustal contamination. The compositions of average crust, lower and upper crust are from Rudnick and Gao (2014). The other data are from Table S1.
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source. Also, some low-Nb samples show positive Pb anomalies, which
indicates the incorporation of a recycled crustal component in the
source. Compared to the enriched SCLM, the terrestrial sediments have
much higher Sr and Nd and evolved isotopic compositions, and their
derivative melts are felsic in composition as well. The relationships of
Ba/Zr versus Nb/Zr and Nb/Y versus Rb/Y also confirm the dominated
melt metasomatism in the mantle source of the low-Nb basalts (Fig. 9a
and b). Interaction of sediment melt with the mantle peridotite will form
SiOg-rich pyroxenite (e.g., Sobolev et al., 2007; Straub et al., 2011;
Lambart et al., 2012, 2016). Melts derived from the Si-saturated py-
roxenite can be calk-alkaline and SiOj-oversaturated (e.g., Lambart
et al.,, 2009, 2016; Herzberg, 2011). Interaction between the Si-
saturated and Si-undersaturated melts can form the weakly alkaline
basalts like the low-Nb basalts in SE China (e.g., Ren et al., 2005).

In order to test the hypothesis, we also conduct trace element and
isotopic modelling calculation on the low-Nb basalts, as shown in
Fig. 9c-e. Results inferred from the Nb/La versus Zr/Nb and Ba/Th and
Sr—Nd isotopic compositions show that the mantle source of the low-Nb
basalts can be best explained by addition of slab melt with a ratio of
AOC-melt/sediment-melt range from 80:20 to 50:50 into the depleted
asthenospheric mantle (Fig. 9). Considering the occurrence of contem-
poraneous oceanic plate subduction and the close space-time relation-
ship between the early Cretaceous OIB-type and arc-type magmatism,
such metasomatic melts were most probably derived from the sub-
ducting paleo-Pacific slab.

6. Geodynamic implications
6.1. Numerical simulation of slab melting

The combined geochemical data of high-Nb and low-Nb basalts
indicate that they were derived from an asthenospheric mantle that had
been enriched by melts derived from the subducting paleo-Pacific slab.
However, the global ranges of top-slab geotherm are far below the
MORB solidus (Syracuse et al., 2010), which makes it difficult to melt
the dehydrated oceanic crust as inferred from the OIB-like magmas,
especially for the high-Nb basalts in SE China. This implies a unique
geodynamic process for the asthenosphere-slab interaction during the
generation of OIB-like basalts in the region.

To quantify the geodynamic mechanism for slab melting, we perform
two-dimensional numerical modelling by using a thermo-mechanical
coupled numerical code I2VIS (Gerya and Yuen, 2003b) based on
finite-difference and marker-in-cell techniques. The following three
governing equations (i.e., the mass, momentum and energy conservation
equations) are solved in the numerical code,

aV,'
Mi_y
axi
doj;  oP
Fr T
DT 0 or
C,—=—1|k— H,+H,+H,+H,
p " Dt 6x,~< axi)Jr * * tHL

where v is velocity, ¢'is the deviatoric stress tensor, P is the total pressure
(mean normal stress), p is density, g is gravitational acceleration, C, is
heat capacity, T is temperature, k is thermal conductivity, H is internal
heating, H; is shear heating, H, is adiabatic heating, H, is radioactive
heating with a constant value for each rock, Hj is latent heating included
implicitly by increasing the effective heat capacity and thermal expan-
sion of the partially crystallized/molten rocks (Burg and Gerya, 2005), k
= 1.18 + 474/(T + 770) for oceanic crust, and k = [0.73 + 1293/(T +
77)1exp.(0.00004P) for oceanic mantle. The rheological parameters in
this study were reported in Liao et al. (2017, 2018).

On the basis of petrophysical experimental constraints, the numeri-
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cal code applied here also encompasses the melting behavior of rock. We
assumed a simple linear relationship between the melting percentage F
and temperature, as follows:

F=0when T < Tyyigus

T — Totiaus

Tliquidus = Lsolidus

F WhenTsol[dus <T< Tliqu[dus

F =1when T > Tjquigus

Where Tioigus and Tiiguiqus refer to the solidus and liquidus tempera-
ture of rocks, respectively. In this study, the solidus and liquidus tem-
perature (Gerya and Yuen, 2003a) of oceanic crust are as follows:

70400 10°
Pt 354+778 X —————, when P < 1600 MPa

(P +354)

Tyotiaus = 935 +0.0035P 4+0.62 x 1075 P?, when P > 1600 MPa

Tsotiaus = 973 —

Tiiquiaus = 1423 4 0.105P

The initial model setup is shown in Fig. 12. The horizontal width of
the model is 500 km and the vertical depth is 400 km. The entire model
space is discretized using a regular grid composed of 501 x 401 nodes.
The mechanical boundary conditions are everywhere free slip. Initial
temperature for the continental lithosphere is linear with a surface
temperature of 0 °C and a temperature of 1300 °C at the base. The
adiabatic thermal gradient is set to 0.5 °C/km for the asthenospheric
mantle. For the oceanic slab, initial temperature is linear with a tem-
perature of 600 °C at the top and a temperature of 1200 °C at the bottom.
An initial cold zone above the slab with temperature decreasing from
1000 °C to 600 °C is also set to match the thermal structure of a sub-
ducting slab (Stern, 2002 and references therein).

The detailed evolution processes including temperature field and
compositional field during a fragmented slab (50 km in width) sinking in
the asthenosphere are shown in Fig. 13. When the thickness of the
fragmented slab is 60 km and 40 km, only low-degree melting occurs
along the fractured surface (Fig. 13a and b). However, once the frag-
mented slab is thinned to 20 km, the area of partial melting occurs along
the fractured surface and lower part of oceanic crust (Fig. 13c). Fig. 14
further shows that melting degree can be up to ~20% along the frac-
tured surface and ~ 10% at the lower part of oceanic crust in the case of
a thinned and fragmented slab regardless of the variation of slab width.
Our results indicate the slab thickness is the predominant factor to
control the melting behavior of dehydrated oceanic crust (Fig. 14). The
slab width may enlarge the melting region as the sinking velocity is
negatively correlated with the slab width, especially in the early stage
(Figs. 14 and 15), during which the fragmentated slab has enough time
to be heated in the upper part of asthenosphere. Our results indicate that
(1) large-scale partial melting can occur when the fragmented slab is
strongly thinned; (2) partial melting mainly occurs along the fractured
surface and lower part of the oceanic crust; (3) an increase of the frag-
mented slab width can obviously increase the melting region of the
oceanic crust. Accordingly, large volume of oceanic crust-derived melts
can be generated in fragmented slabs and react with the ambient mantle
to form the OIB-type mantle source.

Our 2-D numerical modelling results on melting of a dehydrated
oceanic crust require the breakdown of a subducting slab, possibly as a
consequence of lithospheric delamination, slab breakoff and/or tearing
along the rift or weak layer (e.g., Gerya et al., 2004; Rosenbaum et al.,
2008; Dai et al., 2020). These dynamic processes might fragment the
subducting slab and create a slab window, permitting the astheno-
spheric upwelling and resultant extensive basaltic magmatism in the SE
China interior (Fig. 1; Wu et al., 2020; Zhang et al., 2020).
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Fig. 12. Initial setup and boundary conditions of the conceptual model of a fragmentated slab. The temperate of the subducting oceanic lithosphere varies from
600 °C at the top to 1200 °C at the base with a constant geothermal gradient (G2 = (1200 °C - 600 °C)/h). Consistent with the geothermal structure of a subduction
zone, we also assume a cold zone with a temperate increase from 600 °C at the top to 1200 °C at the bottom above the fragmentated slab. The geothermal gradient of
the adiabatic asthenosphere is assumed to be 0.5 °C/km with the top temperature at 1300 °C. See details in the text.

6.2. Cretaceous subduction and rollback of the paleo-Pacific Oceanic slab

The birth of the paleo-Pacific Ocean was followed by the breakup of
the Pangea in early Jurassic (ca. 190 Ma), when the triple-junction rift
among the Izanagi, Farallon and Phoenix Plate was formed (Seton et al.,
2012; Miiller et al., 2016). The subsequent subduction of the paleo-
Pacific Plate beneath the eastern Asian Continent was responsible for
the Mesozoic lithospheric deformation, deposition, magmatism and
mineralization in SE China (Maruyama et al., 1997).

The Cretaceous arc-type mafic rocks from the coastal region in SE
China generally show crust-like isotopic signatures similar to those arc
basalts from the SW Japan, Lesser Antilles and Banda arcs (Shimoda
et al., 1998; Labanieh et al., 2010; Nebel et al., 2011). A common feature
of these modern subduction zones is the predominance of sediment
melting in the course of slab subduction, which requires a relatively hot
geotherm (e.g., Furukawa and Tatsumi, 1999; Watt et al., 2013). This is
consistent with the present thermal state of the involved oceanic plates —
the young and hot subducting oceanic lithosphere beneath the SW
Japan, Lesser Antilles and Banda arcs (Seton et al., 2012; Miiller et al.,
2016).

Following the advanced subduction, several lines of evidence indi-
cate rollback of the subducting paleo-Pacific slab and the resultant
asthenospheric diapir beneath the SE China (Kincaid and Griffiths,
2003). These include: (1) continuous youthening of the felsic/granitic
magmatism from the continental interior to the coastal region of SE
China (e.g., Chen and Jahn, 1998; Li et al., 2019; Suo et al., 2019, 2) a
rapid increase of magma temperature from ~750 °C in the late Jurassic
felsic volcanic lavas and intrusive rocks to more than 830 °C for the late
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Cretaceous counterparts (e.g., Guo et al., 2012; Li et al., 2014b); (3) the
compositional transformation from the hydrous calc-alkaline I-type into
water-poor A-type granitoids with obviously increasing K2O content
(Chen et al., 2000; Suo et al., 2019, 4) the migration of depocenter of
rifting basins from the continental interior during the early Cretaceous
to the coastal region in the late Cretaceous (e.g., Wang et al., 2013; Li
et al.,, 2014a); and (5) the emplacement of OIB-like magmas in the
continental interior.

Geochemical modelling results suggest that formation of the Creta-
ceous OIB-like basalts required melting of the mafic oceanic crust and
even the dehydrated oceanic crust of the paleo-Pacific slab, especially
for those high-Nb basalts. Interaction between the different components
(e.g., the AOC, sediments and ultramafic matrix) of a subducted oceanic
mélange and peridotite in the mantle wedge has been also proposed to
interpret the coeval arc-type and OIB-like magmatism in modern sub-
duction zones or at convergent plate margins (e.g., Gerya and Yuen,
2003a; Castro et al., 2010; Marschall and Schumacher, 2012; Nielsen
and Marschall, 2017; Parolari et al., 2018; Codillo et al., 2018). How-
ever, such a hypothesis will be faced with the following difficulty to
interpret the systematic geochemical variations from the arc-type to
low-Nb and ultimately to high-Nb basalts in SE China. (1) Dehydration
melting of an oceanic mafic crust is rather difficult unless the geotherm
is high enough (e.g., in the case of subduction of an oceanic ridge or a
young (< 40 Ma) oceanic lithosphere, Defant and Drummond, 1990;
Peacock et al., 1994; Syracuse et al., 2010). This is inconsistent with the
results from plate reconstruction on the paleo-Pacific Ocean, which
suggested that the age of the subducted oceanic lithosphere was old than
60 Ma (e.g., Sun et al., 2007; Seton et al., 2012; Miiller et al., 2016).
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Under the conditions of such ‘old’ oceanic lithosphere, melting of the
mafic components of slab is rather difficult. In contrast, the mélange
model requires partial melting of the oceanic mélange at a hot and
shallow mantle wedge (Castro et al., 2010; Behn et al., 2011; Marschall
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and Schumacher, 2012; Nielsen and Marschall, 2017; Codillo et al.,
2018). (2) Even if melting of the mafic oceanic crust occurred, e.g., at
garnet amphibolite-facies or eclogite-facies conditions, the produced
melt should have shown adakitic features (high Sr but low Y and HREE
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with a residual assemblage of garnet + pyroxene + amphibole, and
MORB-like isotope compositions, Defant and Drummond, 1990). Martin
et al. (2005) also defined such adakitic rocks as high-SiO, adakite. If the
slab melt had interacted with mantle peridotite, and the melts derived
from the hybridized mantle would also have shown adakitic features
(low-SiO adakite with extremely high Sr, Martin et al., 2005; Guo et al.,
2007). Up to now, such Cretaceous adakitic magmas have been rarely
reported in SE China, which suggests insignificant melting of the mafic
component of the subducted paleo-Pacific Plate during the advanced
subduction. (3) Except for the emplacement of dolerite sill and basaltic
lavas in the Wuyi basin (~108 Ma), the time of OIB-like magmatism was
10-20 Ma later than the arc-type magmatic activity. Also, the majority
of OIB-like magmatism (with the exception of the Wuyi mafic rocks) was
located at least 300 km away from the paleo-subduction zone (Fig. 1).
These facts are inconsistent with the hypothesis — interaction between
subducted mélange and mantle wedge, which predicts the coexistence of
contemporaneous OIB-like and arc-type magmatism. Collectively, the
hypothesis invoking the interaction between mantle wedge and sub-
ducted oceanic mélange might have interpreted the coexistence of arc-
type and OIB-like magmatism in the Wuyi basin, while the majority of
the OIB-like magmatism do not favor such a tectonic model.

Alternatively, slab tearing or fragmentation can usually be observed
through seismic images, e.g., the Yellowstone Park in northwestern U.S.
A. and the Tibet Plateau (James et al., 2011; Chen et al., 2015a, 2015b).
It can be tectonically related to the development of intracontinental rift
system and rifting basins, e.g., in the Tibet Plateau and the northern
Apennines of Italy (Chen et al., 2015a, 2015b; Rosenbaum et al., 2008;
Rosenbaum and Agostinetti, 2015). Magmatic responses to slab tearing
include the coexistence of arc-type and OIB-like magmatism such as in
Italy (Rosenbaum et al., 2008) and the coeval SiOs-undersaturated and
SiOy-oversaturated magmas in western Turkey (Prelevic et al., 2015).
Although there lacks direct geophysical evidence (it was possibly erased
by mantle convection) to support the occurrence of slab tearing beneath
SE China during Cretaceous, 3-D seismic images based on multiparam-
eter adjoint tomography suggest that the high-velocity stagnated slabs
preserved within the mantle transition zone in SE China may represent
the fragmentated paleo-Pacific or Pacific oceanic lithosphere, corre-
sponding to the episodical slab subduction and rollback since late
Mesozoic (e.g., Li and van der Hilst, 2010; Chen et al., 2015a, 2015b). In
addition, the lithologic assemblage such as in the Ji’an and Liuyang
basins (Wang et al., 2003, 2008; Wu et al., 2020; Jia et al., 2020), in
which coexistence of high-Nb (SiOs-undersaturated) and low-Nb (SiO»-
saturated and even oversaturated), and the coeval OIB-like and arc-type
dykes/basalts in the Wuyi basin as well (Cui et al., 2011; Zhang et al.,
2020), likely suggest fragmentation of the subducting slab. Finally, the
development of late Cretaceous rifting basins across the SE China also
reflect the deep lithospheric extension as a likely result of rollback and
tearing of the subducting paleo-Pacific slab (Wang et al., 2013; Li et al.,
2014; Dai et al., 2020).

In accordance with the numerical modelling results (Fig. 13),
melting of the dehydrated oceanic crust requires a strongly thinned and/
or necked slab, which favors the model of slab tearing or fragmentation.
On one hand, previous studies suggested that the dipping angle of the
subducting paleo-Pacific slab beneath the SE China was increased from
Jurassic to Cretaceous in response to gravitational instability (e.g., Liu
et al., 2012; Zhou and Li, 2000). Such a change in dip angle, in fact,
could cause rollback of the subducting slab and subsequent extension of
the overlying lithosphere (Burchfiel et al., 2018; Nakakuki and Mura,
2013). On the other hand, seismic tomography also reveals that the
physical property of subducting oceanic slab is heterogeneous, with
faults and weaker zones across the oceanic lithosphere (e.g., Furumura
and Kennett, 2005; Miller et al., 2005; Bayrakci et al., 2016). Also, the
paleo-Pacific Plate contained microblocks, seamounts and oceanic pla-
teaus (Tejada et al., 1996; Ishikawa et al., 2007), which made the
structure of the subducting oceanic lithosphere more complex. Slab
tearing is likely to occur within the weaker zone in response to the
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progressive curvature of a subducting slab (Hale et al., 2010; James
et al., 2011; Rosenbaum and Agostinetti, 2015).

Accordingly, we envisage a tectonic hypothesis as illustrated in
Fig. 16. Subduction of the relatively hot paleo-Pacific oceanic litho-
sphere beneath the SE China formed the active continental margin, in
which melts from the subducted sediment metasomatized the mantle
wedge to form the source of arc-type mafic rocks during 120-110 Ma (a).
During 110-70 Ma (b), progressive retreat of the trench and rollback of
the subducting slab led to breakdown or fragmentation along the sub-
ducted oceanic lithosphere, melting of the torn slab (dehydrated mafic
oceanic crust and terrestrial sediment) occurred to enrich the sur-
rounding asthenosphere. Interaction between the melts from the dehy-
drated oceanic slab with minor or no sediment and the mantle formed
the source of high-Nb basalts, whereas reaction between the slab melts
with a larger contribution from the sediment and the asthenosphere
formed the source of low-Nb basalts. Correspondingly, the depocenter of
sedimentary basins migrated from the SE China interior during early
Cretaceous to the coastal regions in late Cretaceous (Li et al., 2014).

7. Conclusions

Our new data compilation, sorting and processing of the Cretaceous
mafic igneous rocks in SE China indicate a genetic link between the arc-
type and OIB-like magmatism in association with subduction and
rollback-tearing of the paleo-Pacific Ocean. From the arc-type to low-Nb
and ultimately to high-Nb magmas, the increasing Nb concentrations,
Nb/LILE and Nb/REE ratios are followed by more depleted Sr-Nd-Pb-Hf
isotopic features, reflecting that the slab melting migrated from the
upper subducted sediment to the lower oceanic mafic crust. The
following conclusions can be summarized:

1. The arc-type basalts and mafic intrusive rocks show that SE China
was an active continental margin of the circum-Pacific tectonic
domain during Cretaceous. Melting of the terrestrial sediment melt-
metasomatized mantle wedge formed the primitive mafic arc
magmas, which underwent extensive fractional crystallization and/
or accumulation to form the NE-trending arc magmatic belt. The
predominant enrichment of the mantle wedge through melting of the
subducted sediment reflects a relatively hot subduction zone, which
can be comparable with the modern counterparts such as the SW
Japan and Less Antilles arcs.

2. The OIB-like basalts and mafic dykes in SE China were derived from
the asthenospheric mantle metasomatized by melts from the sub-
ducted paleo-Pacific slab. The high-Nb basalts were derived from a
pyroxenite-dominated mantle source, which was probably formed
through reaction between the melt of dehydrated oceanic crust and
the asthenospheric mantle, with minor contribution from the sub-
ducted terrestrial sediments. Relative to the high-Nb basalts, a larger
amount of melt from the subducted sediments contributed to the
mantle source of the low-Nb basalts.

3. Numerical modelling results indicate that melting of the dehydrated
oceanic crust within asthenosphere requires a strongly thinned slab,
consistent with the contribution of fragmented pieces of recycled
crustal component.

4. The geochemical variations from the Cretaceous arc mafic magma in
the coastal region to the intracontinental OIB-like basalt in SE China
reflect the dynamic transition of the paleo-Pacific Plate from
advanced subduction to rollback-tearing, coupled with the formation
of rift basins and the migration of the depocenter from the inland
during early Cretaceous to the coastal area in late Cretaceous. The
heterogeneity of the subducted oceanic lithosphere might be the
main controlling factor to interpret the retreat of trench and frag-
mentation of the subducted paleo-Pacific slab.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.earscirev.2020.103448.
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Fig. 16. A tectonic cartoon showing the origin of the Cretaceous mafic magmatism in SE China. (a) Subduction of relatively hot paleo-Pacific Oceanic lithosphere
beneath SE China formed the arc-type mafic rocks of 120-110 Ma. (b) During 110-70 Ma, retreat of the trench and rollback of the subducting slab led to breakdown
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