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Highlights

(1)  Southeast coastal granitoids of continental China represent the last episode of the

magmatism directly associated with the paleo-Pacific plate subduction.

(2)  These granitoids resulted from mature crustal melting with significant mantle input.

(3)  The along-coast northward eNd;) and eHf(;) decrease reflects crustal thickening, permitting

enhanced crustal assimilation.

Page 1 of 1



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

Abstract

We present the results of our study on 16 Cretaceous granitoid plutons along the southeast coast of
continental China. The zircon U-Pb ages and the bulk-rock Rb-Sr isochron age (R? = 0.935) indicate
that the granitoids represent the last episode of magmatism (119 - 92 Ma) associated with the paleo-
Pacific plate subduction beneath continental China. These granitoids show large compositional
variation that is to a first-order consistent with varying extents of magma evolution, which is best
expressed by a large SiO2/MgO range and correlated trends of Si0»/MgO with the abundances and
ratios of major and trace elements. The correlated Nd (eNd() = -6.1 to -1.2) and Hf (eHfr) = -4.7 to
+3.4) isotopic variation reflects parental magma compositional differences as a result of varying
sources and processes. The Nd-Hf isotope data indicate that these granitoids were produced by
mature continental crust melting with significant mantle input (~ 20 - 60%). Rhyolite-MELTS
modelling shows that relative to the less evolved (i.e., low SiO»/MgQO) granitoid plutons, the
progressively more evolved (i.e., varying larger Si02/MgO) plutons can be explained by varying
extents (~ 25 to 65%) of fractional crystallization. The origin of the magmas parental to the
granitoids is best explained by a two-stage process: (1) subducting slab dehydration induced mantle
wedge melting for basaltic magmas; and (2) ascent and underplating/intrusion of the basaltic
magmas caused the mature crustal melting for the granitoid magmas. The systematic northward
decrease in eNd(,) and eHfy) suggests progressively more enriched crustal material towards the north,
but it may very well indicate northward crustal thickening, permitting a greater extent of crustal

assimilation.

Key words: Cretaceous granitoids, crust-mantle interaction, crustal thickness variation,
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paleo-Pacific plate subduction, southeast continental China

1. Introduction

Mesozoic granitoids are widespread throughout southeast continental China (Figure 1; He, Xu,

& Niu, 2010; Zhou et al., 2006), and have been studied for almost a century because of their

association with mineralization and their implications on geological evolution of the region (Li et

al., 2010; Wu, Li, Yang, & Zheng, 2007). At present, their petrogenesis is generally accepted as

being associated with paleo-Pacific plate subduction (Chen, Yang, Zhang, Sun, & Wilde, 2013; Li

& Li, 2007; Li, Qiu, & Yang, 2014; Niu et al., 2015; Yang et al., 2018; Zhou & Li, 2000; Zhao, Qiu,

Liu, & Wang, 2016), but many important details remain unaddressed. Following the studies of the

Jurassic-Cretaceous granitoid widespread in the interiors of the eastern continental China, Niu et al.

(2015) argued that all of these granitoids are of intra-plate origin indirectly associated with the paleo-

Pacific plate subduction, with a scenario of the paleo-Pacific plate lying horizontally in the mantel

transition zone, whose dehydration provided the water that weakened and thinned the mantle

lithosphere with the resulting basaltic magmatism responsible for the intra-plate granitoids.

However, the granitoids along the southeast coastline are predicted to have directly derived from

the overlying crust caused by mantle wedge basaltic magmatism in response to subducting slab

dehydration at the time of, or shortly beforehand, the subduction cessation due to the trench jam by

an oceanic plateau/microcontinent (the present-day Chinese continental shelf basement) at ~ 100

Ma (Niu et al., 2015).

The significance of this hypothesis is multi-fold, and its testing will offer new perspectives on

the petrogenesis of granitoids in general and, more specifically, the Mesozoic geology of the western
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Pacific and eastern Eurasia in a global context. A testable aspect of the hypothesis is that the

aforementioned “intra-plate” granitoids and the “subducting”-induced coastal granitoids have

different sources and magma evolution histories. These differences must be recorded in the

petrology and geochemistry of these granitoids. Here, we report new geochemical data on the

granitoids from southeast coast of continental China with their age dating results, aiming to 1)

explain the petrogenesis of these granitoids; 2) discuss their tectonic implications; and 3) build the

basis for comparison with those “intra-plate” granitoids in the interiors of eastern continental China.

2. Geological background and petrography description

2.1 Geological background

The southeast coast of continental China was once located at an active continental margin of

the paleo-Pacific plate subduction in the Mesozoic (Figure 1a; Li & Li, 2007; Niu et al., 2015; Zhou

et al., 2006). The Zhenghe-Dapu shear zone (ZDSZ) and Changle-Nan’ao shear zone (CNSZ) are

two main NE-striking faults in the southeast coastal region of our study (Figure 1b; Shu, Yu, &

Wang, 2000; Wang & Shu, 2012; Wang, Sun, Chen, Ling, & Xiang, 2013). Our study is focused on

the granitoids along, and in the vicinity of, the CNSZ (Figure 1b).

2.2 Petrography

We collected representative samples from 16 granitoid plutons along the southeast coastline of

continental China (Figure 1b). These samples included granodiorite, biotite granite, biotite

monzogranite, monzogranite and alkali feldspar granite. The sample and petrographic details are

given in Table 1.
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The granodiorite consists of quartz, plagioclase, alkali feldspar, amphibole, biotite and

accessory minerals (e.g., Fe-Ti oxides, zircon, titanite and apatite; Figures 2a-c). Mafic magmatic

enclaves (MMESs) are widespread in the granodiorite and have the same mineralogy as the host.

However, the MMEs have greater modal amphibole and biotite than the host (Figure 2a). The biotite

granite has varying grain size with a mineral assemblage of quartz, alkali feldspar, plagioclase,

biotite and accessory minerals (e.g., Fe-Ti oxides, zircon and apatite; Figure 2d). The biotite

monzogranite has a mineral assemblage of quartz, alkali feldspar, plagioclase, biotite and accessory

minerals (e.g., Fe-Ti oxides, zircon, apatite and titanite; Figure 2¢). They are exposed as a single

pluton or composite granitoid complexes. Most of the alkali feldspar granites are equigranular with

a graphic texture and mineral assemblage of quartz, alkali feldspar, plagioclase, biotite and

accessory minerals (e.g. Fe-Ti oxides, zircon and apatite). Minor arfvedsonite exists in the Kuiqi

(FJS14-15) alkali feldspar granite (Figure 2f).

3. Analytical methods

3.1 Zircon U-Pb dating

Zircons were extracted using heavy liquid and magnetic techniques, followed by selection

under a binocular microscope. The selected zircons were mounted with epoxy and polished to

expose the smooth interiors for cathodoluminescence (CL) imaging and photographing under

reflected light. The zircon U-Pb dating was done using the LA-ICP-MS method at the Laboratory

of Ocean Lithosphere and Mantle Dynamics (OLMD), Institute of Oceanology, Chinese Academy

of Sciences. The instrument consists of an Agilent 7900 inductively coupled plasma mass

spectrometry (ICP-MS) coupled with a Photon Machine Excite laser-ablation System. We chose to
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perform the laser ablation spot analysis on zircons with oscillatory zoning away from inclusions and
cracks. We used the single point ablation method with the working parameters of 193 nm wavelength,
8 Hz repetition rate, energy of 4.24 J/cm? and 35 pum spot size. The data acquisition time for each
analysis was 100 s (50 s on background, 50 s on ablated signal). NIST610 was used as the external
standard with 2°Si as the internal standard. The zircon standard 91500 (Wiedenbeck et al., 1995) was
used for quality control (QC) to correct for instrumental drift. The oft-line data processing was done
using ICPDataCall10.4 (Liu et al., 2010). Isoplot 3.0 (Ludwing, 2003) was used for plotting

concordia diagrams and calculating the weighted mean ages.

3.2 Major and trace elements

The whole-rock major element analysis was done using a Leeman Prodigy inductively coupled
plasma optical emission spectroscopy (ICP-OES) system at China University of Geosciences in
Beijing (CUGB) with precisions better than 1% for most elements except for TiO> (~ 1.5%) and
P20s5 (~ 2.0%) (Song et al., 2010). Loss on ignition (LOI) analysis was measured by placing 0.9 -
1.1 g sample in the furnace at 1000 °C for 4 - 5 hours before being cooled in a desiccator and
reweighted.

The whole-rock major element compositions of FJS14-06MME were analyzed at OLMD using
an Agilent 5100a ICP-OES instrument. Fifty milligrams of dry rock powder was weighed and fused
using 5 times flux sodium metaborate in a platinum crucible. The platinum crucible was placed in
the muffle furnace at 1050°C for 60min before being heated on the Bunsen burner. The molten
sample was then poured quickly into a beaker with 5% HNOs. Finally, the sample solution was

diluted to ~100 g in a polyethylene bottle for analysis. Precisions for all major elements based on
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rock standards STM-2, RGM-2 and W-2 are better than 2%.

Trace element analysis was done using an Agilent 7900 ICP-MS at OLMD. We
digested/dissolved 50 mg rock powder with 1 mL Lefort aqua regia solution and 0.5 mL HF in a
Teflon beaker and then placed the beaker with the resulting solution with a high-pressure metal
“bomb” in an oven at 190°C for 15h. After cooling down, the beaker was kept open on a hotplate at
130°C to incipient dryness before 1 mL HNO; was added, and then the mixture was evaporated to
incipient dryness. This was followed by adding 1 mL HNOs and 4 mL of ultra-pure water in the
same beaker to be re-dissolved using the bomb for 2 h. Finally, the sample solution was diluted to
100 g with 2% HNOs in a polyethylene bottle for analysis (Chen et al., 2017). The analytical
precision was better than 5%, and the accuracy was generally better than 10% for all elements but

Be (12%).

3.3 Mineral compositions

We chose plagioclase with concentric zoning for major element analysis in the laboratory of
Langfang Institute of Regional Geological Survey using a JEOL EPMA-8230 electron-microprobe

(EMP) with a beam size of 5 um diameter, at 15 kV and 20 pA beam current.

3.4 Whole-rock Sr-Nd-Hf isotopes

The whole-rock Sr-Nd-Hf isotopic compositions were analyzed using a Nu Plasma HR multi-
collector inductively coupled plasma mass spectrometry (MC-ICP-MS) system in the Radiogenic
Isotope Facility at the University of Queensland (RIF-UQ), Australia with sample preparation and

analytical details given in Guo et al. (2014). The measured ¥’Sr/*Sr, '*Nd/"**Nd and ""°Hf/'""Hf
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ratios were corrected for mass fractionation using the exponential law by normalizing to %6Sr/*Sr =
0.1194, "*Nd/***Nd = 0.7219 and ’Hf/"""Hf = 0.7325, respectively. The measured average value
for the NBS-987 Sr standard was ¥’Sr/%6Sr = 0.710249+17 (n = 23, 26). The Nd metal 50ppb, an in-
house Nd standard, had an average *Nd/'*Nd of 0.511966+6 (n = 21, 2c). The repeated
measurement of the Hf standard (40 ppb) gave an average !"*Hf/'"Hf value of 0.282145+6 (n = 14,
20). The Geological Survey of Japan (GSJ) rock reference sample JG-3 and the U.S. Geological
Survey (USGS) rock standard BCR-2 were repeatedly measured along with our samples. Repeated
analysis of JG-3 along with our samples gave ¥’Sr/**Sr = 0.705379+16 (n = 2, 2c), "“*Nd/'*Nd =
0.512612+7 (n =2, 25) and "Hf/"""Hf = 0.282883+5 (n = 2, 25). Repeated analysis of BCR-2 run
along with our samples gave ¥’Sr/%Sr = 0.705022+13 (n = 2, 25), *Nd/"*Nd = 0.512627+6 (n =
2, 26) and *Hf/!""Hf = 0.282866+6 (n = 2, 25). The JG-3 and BCR-2 run with our samples gave

values consistent with the reference values (GeoReM, http://georem.mpch-mainz.gwdg.de/;

Gonzdez- Guzman, Weber, Manjarrez, Hecht, & Solari, 2014; Takashi & Kenji, 1998).

4. Results

4.1 Zircon U-Pb ages

Zircon U-Pb age data for the Zhao’an (FJS14-01), Xiamen (FJS14-08) and Putian (FJS14-13)
plutons are given in Appendix 1 and presented in Figures 3a-f. All zircons are colourless, transparent
and columnar grains. The CL images show that they are mostly euhedral and 70 - 200 pm long with
length/width ratio of 1:1 - 4:1. They have the characteristics of magmatic zircons with oscillatory
zoning (Figures 3a-c). Zircons from the Zhaoan pluton (FJS14-01) have varying Th and U with a

Th/U ratio of 0.19 - 1.01 (Appendix 1), and give a weighted mean 2°°Pb/>3%U age of 101.3 + 2.8 Ma
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(n=11, MSWD = 3.5) (Figure 3d), representing the crystallization age of the Zhaoan pluton. Zircons
from the Xiamen pluton (FJS14-08) have relatively high Th and U with a Th/U ratio of 0.54 - 0.79
(Appendix 1), and give a weighted mean 2°°Pb/?*8U age of 117.6 + 1.6 Ma (n = 6; MSWD = 0.97)
(Figure 3e) after rejecting the discordant data. This age is similar to the age of 114.8 £ 1.8 Ma in the
literature (Yang et al., 2018). Zircons from the Putian pluton (FJS14-13) also have varying Th and
U, with a Th/U ratio of 0.69 - 2.63 (Appendix 1), and give a weighted mean 2°°Pb/***U age of 109.0
+ 1.1 Ma (n =11, MSWD = 1.09) (Figure 3f).

Our zircon U-Pb ages and the zircon U-Pb ages from the literature (Appendix 2), indicate that
the magmatism occurred at 119 - 118 Ma (2 samples), 111 - 108 Ma (3 samples) and 103 - 92 Ma
(11 samples). In fact, these zircon U-Pb ages on the selected samples are consistent with the whole-
rock Rb/Sr isochron age of 100£2 Ma, representing the mean emplacement age of these granitoid

plutons (see Figure 7g below).

4.2 Major and trace elements

Whole-rock major and trace element data are given in Appendices 3 and 4. The granitoids show
a large compositional variation that is to a first-order consistent with varying extents of magma
evolution as shown by a large SiO»/MgO range (17 - 2082) (Figure 4). With the increase of
Si0,/MgO ratio, the granitoids are progressively more evolved and can be divided into three groups
for the convenience of discussion (Figure 4). This grouping also applies to the abundances and ratios
of incompatible trace elements (Figure 5; Appendix 4 and Appendix 8).

Group 1 samples (from Gunong, Changtai and Danyang plutons with the lowest Si0,/MgO of

17 - 45) are mainly granodiorites, dated from 100 to 97 Ma. They have the highest TiO,, Al,O3,
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TFe,03, Ca0, P,0s and A/NK (Figure 4; Appendix 3 and Appendix 7). These granitoids are enriched
in large ion lithosphere elements (LILEs, e.g. Rb, Th, U and Pb) and depleted in high field strength
elements (HFSEs, e.g. Nb, Ta, Ti and Zr) and show weak negative Ba and Sr anomalies and varying
(La/Yb)~ of 7.39 - 22.71 (Appendix 4). The LREE fractionation is pronounced with high (La/Sm)n
of 3.31 - 5.67, whereas the HREEs are relatively flat with (Gd/Yb)x = 1.51 - 2.23 (Appendix 4).
Group 1 samples have weak negative Eu anomalies (Figure 5b; Appendix 4; Euw/Eu’ = 0.39-0.76;
Euw/Eu” = 2Eun/(Smx + Gdy); where the subscript N refers to chondrite-normalized value). Both the
host and MME show a similar magnitude of negative Eu anomalies.

Group 2 samples (from Zhao’an, Huxi, Changqiao, Xiamen, Huacuo, Weitou, Quanzhou,
Putian, Dacenshan and Nanzhen plutons with a high Si0,/MgO of 166 - 1128) are biotite granite,
biotite monzogranite and monzogranite, dated from 119 to 93 Ma. They have lower TiO», Al,Os,
TFe,03, Ca0, P,0s and A/NK than Group 1 (Figure 4; Appendix 3). These granitoids are more
enriched in LILEs (e.g. Rb, Th, U and Pb), depleted in HFSEs (e.g. Nb, Ta, Ti and Zr), and show
moderate Ba and negative Sr anomalies with varying (La/Yb)x ratios of 5.49 - 15.72 (Appendix 4).
The LREE fractionation is pronounced with (La/Sm)y = 3.43 - 7.33, whereas the HREEs are
relatively flat with (Gd/Yb)x = 0.93-2.43. They have negative Eu anomalies (Figure 5b; Appendix
4; Eu/Eu"=0.31-0.87).

Group 3 samples (from Chengxi, Kuiqi and Sansha plutons with Si0»/MgO of 1345 - 2082)
are highly evolved alkali feldspar granites, dated from 101 - 92 Ma. They thus have extremely high
Si02/MgO and low CaO with similar levels of TiO2, Al,O3 and "Fe,Os to Group 2 samples (Figure
4; Appendix 3). Their extreme enrichment in LILEs (e.g. Rb, Th, U and Pb), depletion in HFSEs

(e.g. Nb, Ta, Ti and Zr) and strong negative Ba and Sr anomalies (Appendix 4; Euw/Eu™=0.06 - 0.19)
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are expected as the result of advanced extents of fractionation, which is also consistent with the
varying (La/Yb)x (2.84 - 7.10), (La/Sm)x (2.91 - 6.61), and (Gd/Yb)n (1.04 - 1.47) ratios (Appendix
4).

Therefore, with increasing Si0»/MgO, samples from Group 1 to Group 3 are progressively
more evolved with decreasing TiO,, ALO3, TFe;0;, CaO, P,Os, A/NK ratio (Figure 4), Ba and
Eu/Eu* ratio (Figure 5b) and increasing Nb and Rb/Sr ratio (Figures Sc-d). The tree groups are all
relatively depleted in HFSEs with overlapping REE ratios (Appendix Figure). They have a similar
A/CNK ratio but varying A/NK values with Group 1 > Group 2 > Group 3, which is consistent with

the progressive removal of Al,O3 and CaO because of Ca-rich plagioclase fractionation (Figure 4).

4.3 Plagioclase compositions

The data are given in Appendix 5. Plagioclase from two granodiorite host-MME pairs (FIS14-
06host - MME; FJS14-17host - MME) was analyzed to understand the significance of the MMEs in
the context of the granitoid petrogenesis. Plagioclase in the MME from the Changtai pluton (FJS14-
06) has Angg - 55 (Figure 6a), which is much higher than that in the granodiorite host with Anys - 39
(Figure 6b). Plagioclase in the MME from the Danyang pluton (FJS14-17; Figure 6¢c; An=33-47) is

similar to or more calcic than that in the granodiorite host (Figure 6d; An = 23 - 41).

4.4 Whole-rock Sr-Nd-Hf isotopes

Whole-rock Sr-Nd-Hf isotopic compositions are given in Appendix 6. The correlated Nd (eNd
= -6.09 to -1.158) and Hf (eHfy = -4.68 to +3.35) isotopic variation reflects parental magma

compositional differences as the result of varying sources and processes of the granitoids. The
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observed large Sr isotopic variation (*’Sr/%¢Sr = 0.7068 to 1.311) is consistent with the large Rb/Sr
ratio variation among samples (Figure 5d; Shao, Niu, Regelous, & Zhu, 2015; Wu et al., 2007) and
gives a significant (>99% confidence level) isochron age of 1002 Ma (Figure 7g), representing

the mean emplacement age of the granitoids.

5. Discussion

5.1 Temporal-spatial distribution

Zhou and Li (2000) reported that the granitoids are progressively younger from the interior
toward the southeast coast of continental China. However, Li and Li (2007) argued that the temporal-
spatial distribution of the magmatism is more complex. Sun (2006) and Zhou et al. (2006) showed
that the Cretaceous granites are distributed in a very large area of the Cathaysia block, which is
~1000 km long and 500 km wide, rather than liner distribution along the coastline. More recently,
Niu et al. (2015) demonstrated that in eastern continental China, the Jurassic-Cretaceous (~190 -
~90 Ma) granitoids are distributed randomly in space and time in a wide zone in excess of >1000
km. Such granitoid distributions in space and time are best explained as a special consequence of
plate tectonics, genetically associated with the paleo-Pacific plate subduction beneath eastern
continental China (Niu, 2005; 2014). Specifically, the dehydration of the paleo-Pacific plate
stagnant horizontally in the mantle transition zone beneath eastern continental China ultimately
caused the lithosphere thinning and basaltic magmatism. Underplating and intrusion of such basaltic
magmas indirectly caused the crustal melting and the widespread granitoid magmatism in the
interiors of eastern continental China (i.e., “intra-plate” granitoid magmatism; Niu et al., 2015).

The youngest granitoids along the coastal region of southeast continental China of ~ 90Ma
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indicate the cessation of the paleo-Pacific plate subduction at this time or slightly earlier at ~ 100
Ma, caused by the trench jam upon the arrival of a microcontinent (the present-day Chinese
continental shelf basement; Niu et al., 2015). This means that the coastal granitoids represent the
last episode of the granitoid magmatism in response to the paleo-Pacific plate subduction in the
Cretaceous (Niu et al., 2015). This understanding leads to the hypothesis that the coastal granitoids
are immediately “subduction” related and differ from those “intra-plate” granitoids in the interiors
of eastern continental China. Indeed, the coastal granitoids we report here have significantly greater

mantle input than the “intra-plate” granitoids (our unpublished data).

5.2 Petrogenesis

5.2.1 Host and MMEs

Samples FJS14-06host and FJS14-06MME of the Changtai pluton have similar Sr/%¢Sr
(0.705961; 0.705928), eNd) (-3.24; -3.29) and eHfy) (-0.92; -0.55) isotopic ratios (Appendix 6;
Figures 7a-d), indicating that they share the same parental magma (Chen et al., 2016; 2018). Their
small differences in major and trace element abundances are controlled by the model mineralogy
with the MMEs having greater modal amphiboles crystallized at early stage of the same system.
This is also consistent with the MMEs having higher plagioclase An than that of the host (Appendix

5).

5.2.2 Genetic relationship between the coastal granitoids

Although previous studies agreed that the petrogenesis of the coastal granitoids involved

significant crustal material (Chen & Jahn, 1998; Jahn et al., 1990), different views exist, including
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that 1) the granitoids were formed by different degrees of fractional crystallization of magmas

produced by crust-mantle interaction (Qiu et al., 2004; 2008); 2) these granitoids were crystallized

from magmas formed by the partial melting of prior tonalitic to granodioritic rocks (Zhao et al.,

2015); and 3) mantle-derived mafic magmas mixed with crust-derived magmas (Zhao et al., 2016).

However, most of these previous studies focused on single plutons or composite granitoid

complexes without along-coast regional comparison.

The overlapping zircon U-Pb ages (Figure 3) and Nd and Hf isotopic compositions (Figure 7)

suggest that the 3 Group granites must have been produced in the same timeframe and share similar

sources and processes in term of their parental magma generation. The high Si0,/MgO (Figures 4,

5), high Rb/Sr (Figure 5d) and low Ba and Eu/Eu* of the Group 3 samples are consistent with their

being highly evolved products of a similar magmatic lineage (Figures 4, 5).

The correlated Nd (eNd) =-6.1 to -1.2) and Hf (eHf() = -4.7 to +3.4) isotopic variations (Figure

7b) between samples reflect their parental magma compositional differences inherited from varying

sources and processes. Figures 7c-d show that there is mantle contribution to the granitoids, a

scenario that has long been recognized (Deng et al., 2016; Li et al., 2014; Li & Li., 2007; Li, Qiu,

& Xu, 2012; Zhou & Li., 2000). The best interpretation is that these granitoids result from melting

of mature crustal material (lower Nd-Hf isotopes) triggered by mantle-derived melts (higher Nd-Hf

isotopes) that contributed both heat and materials. Furthermore, a simple mixing calculation

suggests ~20-60% mantle contribution to the petrogenesis of these granitoids in terms of Nd-Hf

isotopes (Figure 7b; Appendix 6).

5.2.3 The cause of the large SiO/MgO range
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We stated above that the large Si0O»/MgO range of these granitoid plutons represented by our

samples resulted from varying extent of fractional crystallization from their respective parental

magmas (Figures 4, 5). To quantify this interpretation, we applied the Rhyolite-MELTS (Gualda et

al., 2012) to model the crystallization processes. We used the composition of the Group 1 sample

(FJS14-06host) with the lowest Si02/MgO and 6 wt. % H>O to approximate the primitive parental

magmas. The calculation was done at 3 kbars. The mineralogy chosen in the calculation was based

on the petrography. The results explain the data as expected in terms of the SiO,/MgO ratio (Figures

4, 5). Relative to the Group 1 sample (FJS14-06host), the extents of fractional crystallization of the

Group 2 and Group 3 samples were ~24-51% and ~51-64%, respectively (Figure 9a). In Figure 9b,

all samples display progressive fractional crystallization dominated by plagioclase and K-feldspar

with the Group 3 samples having the highest extent of fractional crystallization (Figure 4 & Figure

9a).

In summary, the parental magmas of these granitoids were derived from crustal melting

induced by mantle-derived melts equivalent to ~20-60% mantle contribution in terms of Nd-Hf

isotopes (Figure 7b). The varying extent of fractional crystallization of such parental magmas, as

manifested by the varying SiO»/MgO ratios of the 3 groups of granitoid samples (Figures 4, 5, 9),

formed these coastal granitoids.

5.2.4 The classification of the granitoids

This is not the focus of the paper, but the discussion is necessary here. In studying the

petrogenesis of granites and granitoids, it is common that researchers classify the rocks into M-type,

I-type, S-type and A-type granite/granitoids (Chappell & White., 1992; Pitcher., 1983; Whalen,
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Currie, & Chappell, 1987). Such classification has also been emphasized in studying the Cretaceous

granitoids along the southeast coast of continental China in the past 20 years (Li et al., 2007; Li,

Qiu, Jiang, Xu, & Hu, 2009; Liu et al., 2012; Qiu et al., 2008; Wu et al., 2003; Xiao et al., 2007).

However, we show that such classification or “discrimination” diagrams have no significance at

least for the granitoids that we studied along the southeast cost of continental China. This is because

the tectonic setting of these granitoids is known and tectonically well-constrained (see above and

below), but if we were indiscriminately applying such classification, we would be both misled and

misleading in terms of tectonic settings. For example, it is clear from the SiO,/MgO variation

diagrams (Figures 4, 5) that our granitoid samples represent varying degrees of magma evolution

(dominantly fractional crystallization) from spatially and temporally similar parental magmas,

rather than genetically different S-, I-, and A-types or fractionated (FG) or unfractionated (OGT)

types of granitoids as shown in Figure 8.

5.3 Geological background

Zhou and Li (2000) proposed that the subducting slab of the paleo-Pacific plate steepened (slab

rollback) during 180-80 Ma and varying degrees of mantle wedge melting produced basaltic

magmas. These basaltic magmas rose and heated the lower continental crust to produce the felsic

magmas parental to the granitoids in the region. Li and Li (2007) proposed a flat-slab subduction

model to explain the formation of the ~1300 km wide intracontinental orogen during 265 - 190 Ma

and used the flat-slab break off model to explain the 190 - 80 Ma south China granitoid petrogenesis.

The appearance of the A-type granite (190 Ma) in southern Jiangxi province would suggest a

tectonic setting change. Li and Li (2007) suggested that the trend of granitoids becoming younger
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toward the coast after 150 Ma was caused by the breakup of the flat subducting slab. Niu (2005;

2014) and Niu et al. (2015) suggested that the Mesozoic granitoids throughout eastern continental

China have connection with the lithospheric thinning in eastern China and resulted from “basal

hydration weakening” caused by dehydration of the subducted slab lying in the mantle transition

Zzone.

Compared with the coeval granitoids in the vast interiors of eastern continental China, or the

“intra-plate” granitoids, which are genetically and ultimately associated with the mantle transition-

zone paleo-Pacific slab dehydration, lithosphere thinning and basaltic magmatism (Niu, 2014; Niu

etal., 2015), the granitoids we studied along the southeast coastline of continental China are directly

caused by paleo-Pacific plate subduction although the detailed history of such subduction remains

controversial (Deng et al., 2016; Li, 2000; Li & Li, 2007; Li, Zhou, Chen, Wang, & Xiao, 2011; Li

etal.,2012; Li et al., 2014, Lin, Cheng, Zhang, & Wang, 2011; Mao, Li, & Wang, 1998; Niu., 2014;

Shan et al., 2014; Wu, Dong, Wu, Zhang, & Ernst, 2017; Zhao, Hu, Zhou, & Liu, 2007; Zhao et al.,

2015). With all the observations and above discussions considered, we propose that the granitoids

in the present study represent the last episode of magmatism associated with the paleo-Pacific plate

subduction beneath continental China at the time of, or shortly before, the trench jam and cessation

of the subduction, whose locus is marked by the arc-shaped southeast coastline of continental China

(Niu et al., 2015). This scenario can be readily explained by the subducting slab dehydration induced

mantle wedge melting and basaltic magma generation (Figure 10a). The basaltic magmas produced

in this way ascend and underplate/intrusion the mature crust, contributing both heat and material for

crustal melting and granitoid magma generation, which is also consistent with both mantle and

crustal contributions indicated by the Nd-Hf isotopes (Figure 7). These results confirm previous
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interpretation (Chen et al., 2013; Qiu et al., 2008; Qiu et al., 2012) and offer a general solution to

the petrogenesis of all the Cretaceous granitoids along the southeast coast of the continental China.

An important new observation is that the granitoids show a northward eNd; and eHf(y) (Figures

7e, f) isotopic decrease, which may be caused by several possibilities, including, as one travels

northward (1) there are more terrigenous sediments contributed to the mantle wedge for the basaltic

magmatism in the first place, (2) there are compositional differences of the existing crust, and (3)

there is increasing crustal thickness for higher extent of crustal assimilation. With all factors

considered, the best interpretation is the northward crustal thickening, permitting a greater extent of

crustal assimilation (Figure 10b).

6. Conclusions

(1)  We report for the first time the zircon U-Pb ages for the Zhaoan (101+3 Ma) and Putian

(109£1 Ma) plutons (Figure 3). The zircon U-Pb age of the Xiamen pluton (118+2 Ma)

agrees with the age data in the literature. These age data on selected granitoid samples and

the whole-rock Rb-Sr isochron age of 10012 Ma (Figure 7) on all of the studied plutons

together place constraints on the coastal granitoids representing the last episode of the

magmatism associated with the paleo-Pacific plate subduction, with the magmatism ending

because of the subduction cessation at ~ 100 Ma.

(2)  The origin of the magmas parental to these granitoids is best understood as resulting from

paleo-Pacific slab subducting induced mantle wedge melting, whose basaltic melt

intruded/underplated the crust for the crustal melting and granitoid production (Figure 10).

This is manifested by both mantle (20-60%) and crustal (40-80%) contributions to the
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granitoids in terms of Nd-Hf isotope compositions (Figure 7b).

(3) A varying extent of fractional crystallization dominated magma evolution resulted in the

observed compositional diversity of these granitoids as expressed in the SiO>/MgO

variation diagrams (Figures 4, 5). Rhyolite-MELTS modelling suggests that relative to

Group 1 samples (FJS14-06host), the extent of fractional crystallization of Group 2 and

Group 3 samples was ~24 - 51% and ~51 - 64%, respectively (Figure 9a). Group 2 samples

displayed a progressive fractional crystallization of plagioclase and orthoclase, and Group

3 samples showed further fractional crystallization dominated by orthoclase.

(4)  The northward eNd) and eHf{y increase is best explained as northward crustal thickening

(Figures 7e-f), which permits enhanced crustal magma assimilation.

(5) The widely used classification or finger-printing geochemical diagrams for granitoids

(Figure 8) have no significance, at least for the granitoids that we studied.
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Figure captions:

Figure 1 (a) Simplified geological map of major tectonic units in southeast continental China (after

Chen, Lee, Lin, & Lu, 2006); (b) Simplified geological map of southeast continental China,

showing the distribution of granitoids and our sample localities along the coast region (after

Sun, 2006 and Niu, Shen, Shu, Sun, & Zhou, 2006). ZDSZ means Zhenghe-Dapu shear

zone; CNSZ means Changle-nan’ao shear zone.

Figure 2 Photomicrographs of the granitoids, with (a) showing the contact of a finer-grained MME

(FJS14-06MME) with the host granodiorite (FJS14-06host); (b)-(e) showing the

mineralogy and textures of the granite samples (FJS14-06host, FIS14-17host, FJS14-01,

FJS14-22); (f) showing the arfvedsonite in the Kuiqi alkali feldspar granite (FJS14-15) with

the composition (electron-microprobe analysis) of SiO, = 51.65wt.%, Ti,O = 0.12wt.%,

AlLO; = 0.26wt.%, Fe:O3 = 31.13wt.%, MnO, = 0.28wt.%, MgO = 0.00wt.%, CaO =

0.11wt.%, Na,O = 12.53wt.%, and K>O = 0.00wt.%. Qz-quartz, Amp-amphible, Mic-

muscovite, Pl-plagioclase, Ap-apatite, Zrn-zircon, Kfs-K-feldspar, Bt-biotite and Arf-

Arfvedsonite.

Figure 3 Cathodoluminescence (CL) images of zircon grains with LA-ICP-MS U-Pb dating spots

as indicated and the Concordia diagrams for samples FJS14-01 (a, d), FIS14-08 (b, ¢) and

FJS14-13 (c, f).

Figure 4 SiO,/MgO variation diagrams of (a) TiOa, (b) ALOs, (c) TFe;03, (d) CaO, (e) NaO, (f)

P20s5 (g) K20, (h) A/NK Molar and (i) A/CNK Molar for our studied samples. Because
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MgO is positively and SiO; is inversely related to the liquidus temperature, using the
combined parameter of SiO2/MgO can magnify and effectively illustrate the effect of
varying extent of magma evolution on bulk-rock major and trace elements. The literature
data are given in Appendix 7.

Figure 5 SiO,/MgO variation diagrams of (a) Ba, (b) Ew/Eu*, (c) Nb, and (d) Rb/Sr. Sample
symbols are the same as in Figure 4. The literature data are given in Appendix 8.

Figure 6 Photomicrographs showing small compositional variation (in terms of the An value
defined as Ca/(Ca+Na); electron probe analysis) of selected plagioclase crystals in
representative samples as indicated (Samples FIS14-06MME, FJS14-06host, FIS14-
17MME, and FJS14-17host, respectively in panels a-d, respectively).

Figure 7 Sr-Nd-Hf isotope data. (a) ¥’Sr/%6Srg) vs. eNdg); (b) eNdy vs. eHfp; (c) and (d) Age vs.
eNd() and eHfy), respectively; (e) and (f) correlation of eHf and €Nd) as a function of
latitude; and (g) Rb-Sr isochron of our samples. The data used to calculate the Sr/%6Sr),
eHf(r), eNd() and the reference line of the depleted-mantle (DM) are given in Appendix 6.
Binary isotope mixing calculations of (b) used the DM data from Salters and Stracke (2004)
and the lower continental crust data from Rudnick and Gao (2003) and Shen et al. (1993).
The data of line 1 and line 2 in (c) are from Shen et al. (1993). Sample symbols are the same
as in Figure 4. The literature data are given in Appendix 9.

Figure 8 Granitoid classification diagrams of Whalen et al. (1987). (a) (1000*Ga/Al) vs.
(K20+Na,0)/Ca0. (b) (Zr+tNb+Ce+Y) vs. (K2O+Na,0)/CaO. FG-fractionated felsic
granites; OGT-unfractionated M-, I- and S-type granites. Sample symbols are the same as

in Figure 4.
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596  Figure 9 (a) "Fe;03 vs. SiO2/MgO (wt. % on anhydrous basis). The pink line represents rhyolite-

597 MELTS fractional crystallization modelling by assuming the most primitive Group 1
598 sample (FJS14-06host) as the parental granitoid liquid composition with water content of 6
599 wt. % at 3 kbar. The arrow indicates that the residual melt fraction decreases as temperature
600 falls as a function of the increasing percentage (%) of crystallization. (b) Ba vs. Sr
601 covariation, indicating that the sample compositional variation is largely caused by alkali-
602 feldspar fractionation. The trend lines of fractional crystallization of minerals (PI-
603 plagioclase, Ap-apatite, Zrn-zircon, Kfs-K-feldspar and Bt-biotite) were calculated using
604 the data from https://earthref.org/GERM/. Sample symbols are the same as in Figure 4.

605  Figure 10 (a) Conceptual model of the Cretaceous magmatism in a NW-SE cross section, which is

606 roughly perpendicular to the coastal line and is interpreted to be consistent with the paleo-
607 Pacific plate subduction (Niu et al., 2015). (b) Conceptual model of the SW-NE direction
608 Cretaceous magmatism along the southeast coastline of continental China.

609  Table caption:

610  Table 1 Petrography of granitoid samples from southeast cost of continental China (N=16).

611  Appendices:

612  Appendix 1 Zircon U-Pb dating of the granitoids along the southeast coast of continental China.

613  Appendix 2 Geochronological data for the granitoids along the southeast coast of continental China.

614  Appendix 3 Whole-rock major elements compositions of the granitoids along the southeast coast

615 of continental China.
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Appendix 4 Whole-rock trace elements compositions of the granitoids along the southeast coast of

continental China.

Appendix 5 Microprobe analysis of representative plagioclase of the granitoids along the southeast

coast of continental China.

Appendix 6 Whole rock Sr-Nd-Hf isotopic composition for the granitoids along the southeast coast

of continental China.

Appendix 7 Whole-rock major elements composition data from literature.

Appendix 8 Whole-rock trace elements composition data from literature.

Appendix 9 Whole rock Sr-Nd-Hf isotopic composition data from literature.

Appendix Figure Spider diagram of trace elements (a) Group 1; (b) Group 2; (c) Group 3.
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Fig. 9
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