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The late Mesozoic igneous province in southeast China provides an excellent opportunity to understand the pro-
cesses that controlled the growth and evolution of Phanerozoic continental crust. Here we report petrological,
whole-rock geochemical and isotopic data, and in situ zircon U–Pb–Lu–Hf isotopic data from granitoids and asso-
ciated gabbros in the Pingtan and Tong'an complexes, southeast China. Through combining the new results with
published datasets in southeast China, we show that the Early Cretaceous magmatic rocks are dominated by
juvenile Nd–Hf isotopic compositions, whereas the Late Cretaceous ones display less radiogenic Nd–Hf isotope
signatures. Furthermore, Nd–Hf isotope systematics are coupled with decreasing abundance of hydrous minerals
and an increase of zircon saturation temperatures. Compiled zircon Hf–O data indicates that the 117–116 Ma
granites have zircon δ18O values ranging from mantle values (close to 5.3‰) to as low as 3.9‰, but with domi-
nantly positive initial epsilon Hf (εHf(t)) values. Zircon grains from 105 to 98 Ma rocks have δ18O values plotting
within themantle-like range (6.5‰− 4.5‰), butmainlywith negative εHf(t) values. Zircon grains from ca. 87Ma
rocks havepositive εHf(t) values (+9.8 to+0.7) and a large range of δ18O values (6.3‰− 3.5‰). The variations in
Hf–Nd–O isotopic compositions are correlatedwith decreasing abundance ofmagmawater contents, presenting a
case that water-fluxed melting generated large-scale granitic magmatism. Deep-Earth water cycling provides an
alternative or additional mechanism to supply volatiles (e.g., H2O) for hydrous basaltic underplating, continental
crustal melting, and magmatic differentiation.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Continental crust covers about 40% of the Earth's current surface
(Cogley, 1984). Its growth and evolution have influenced the global
lithosphere, hydrosphere, and atmosphere, and have generated a
biologically unique environment (Taylor andMcLennan, 1995). Granitic
batholiths and their erupted counterparts, a major component of upper
continental crust, bear vital information on the generation and secular
evolution of the continents that was controlled by Earth's geodynamic
systems, such as crust–mantle interaction and differentiation, and
tectonic-plate recycling (Taylor and McLennan, 1995). Granite, used
sensu lato here, is a common type of felsic intrusive igneous rock that
is granular and phaneritic in texture, consisting of the felsic minerals
eology, Curtin University, GPO
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quartz, feldspar, and subordinate mica and amphibole (Best, 2013).
Chemical and isotopic compositions of most granites preclude their
direct mantle origin, making them a principal agent of crustal differen-
tiation (Taylor andMcLennan, 1995). However, some granitoids display
juvenile radiogenic isotopic signatures (e.g., Sr–Nd–Hf; Chen et al.,
2014; Griffin et al., 2002; Kemp et al., 2009) and mantle-like oxygen
(O) (e.g., Chen et al., 2014), especially those formed at long-lived con-
vergent plate boundaries (e.g., subduction zones and active continental
margins). Such isotopic signatures suggest a juvenile input to these gran-
ites and possibly reflect mantle contributions in their generation, and
have been utilized to identify continental crustal growth (here meaning
the addition of mantle-derived material to the continental crust)
(e.g., Hawkesworth et al., 2010; Kemp et al., 2009). If this implies a direct
mantle origin, then a high proportion of mantle input (30%–90%) is re-
quired regardless of the isotopic system used (e.g., whole-rock Sr–Nd,
zircon Lu–Hf, or zircon O isotopes; Hawkesworth et al., 2010; Liu et al.,
2013). Such a high proportion of mantle input is inconsistent with the
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major element composition of granites and basaltic mantle-derived
melts (Taylor and McLennan, 1995), and does not correlate with the
felsic-dominant rock associations with only minor basaltic rocks found
at many convergent plate boundaries (e.g., eastern China and eastern
Australia; Kemp et al., 2009; X.M. Zhou et al., 2006). In contrast, it has
been argued that granites with apparently juvenile radiogenic isotopic
compositions can be derived by partial melting of juvenile lower crust
(Jahn et al., 2000). Consequently, the origin of the juvenile radiogenic
and mantle-like O isotopic characteristics of these granites remains
controversial, and this in turn hampers our ability to determine the
processes that controlled continental crustal growth and its evolution
throughout Earth history.

Another commonlyheld view is that graniticmagmatism is essentially
linked to the presence of abundant water on Earth (e.g., Campbell and
Taylor, 1983). Previous models for generating the parental magmas
attributed supply of the necessary water mainly to dehydration reactions
due to breakdown of muscovite/biotite/amphibole (Miller et al., 2003,
and references therein), and regarded dehydration melting, with the
absence of a separate aqueous phase, as a key process that produced
large volumes of granitic magmas (e.g., Clemens and Watkins, 2001).
In contrast, other researchers emphasized that water-fluxed melting in-
volving a free H2O phase could produce the complexities in chemical
composition and field relationships between different melt phases seen
in some granitic belts (Brown, 2001; Weinberg and Hasalová, 2015;
Whitney, 1988). The latter view is further supported by investigations
of granitic magmatism in the North China Craton (Ma et al., 2016), and
in the United States and New Zealand Cordillera (Collins et al., 2016).
However, more studies are required to ascertain where the water was
located that drove crustal melting. Furthermore, it remains unclear
whether or not, and by what mechanisms, water-fluxed melting can
control the rich variety of granitoids found at the local to regional scales.
These issues are relevant to understanding how important water-fluxed
melting is in driving continental crustal growth.

The mantle transition zone (MTZ), between the 410 km and 660 km
seismic discontinuities, has been considered as a crucial water reservoir
in the Earth's interior (e.g., Kuritani et al., 2011; Niu, 2014; Wang et al.,
2015, and references therein). Increasing evidence from geochemical,
geophysical, global tectonic, mantle convection, and thermochemical
modelling studies indicates the importance of the hydratedMTZ in driv-
ing Earth's geodynamic system (Kuritani et al., 2011;Wang et al., 2015).
Recent studies combining oxygen isotopeswith conventional geochem-
istry of global continental flood basalts suggest that dehydration of
stagnant slabs within the MTZ can result in wet upwelling of mantle
materials rooted atop or within the MTZ and these will then hydrate
the lowest part of the continental lithosphere and generate hydrous
basaltic melts (Wang et al., 2015, 2016). A N 4000 km long corridor of
synchronous, isotopically similar mid-Cretaceous kimberlite magmatism
in central North America suggests water-fluxed decompression melting
of C-O-H-bearing peridotite in the MTZ to account for their OIB (ocean
island basalts) type deepmantle source (Kjarsgaard et al., 2017). Ponding
of hydrous melts and fluids at the lithosphere-asthenosphere boundary
could then act as a lubricant to speed-up platemotion and breakup of su-
percontinents (Wang et al., 2015). This is further evidenced by a recently
identified pervasive low seismic velocity layer above theMTZ beneath the
western US (Hier-Majumder and Tauzin, 2017). The high estimated
water contents (4.82 ± 1.00 wt%) in primitive basaltic rocks from the
Tarim large igneous province (Xia et al., 2016) also suggest a hydrous or-
igin for some continental flood basalts. These results link deep-Earth
water cycling, large-scale intra-continental magmatism and superconti-
nent cycles into a self-organized system (Wang et al., 2015, 2016). More-
over, Tang et al. (2016) compiled global geochemical data for Archean
shales, glacial diamictites, and igneous rocks, to track the bulk MgO
composition of the Archean upper continental crust. Their results
demonstrated a five-fold increase in the mass of the Archean upper
continental crust due to the rise of voluminous felsic magmatism that
produced the tonalite–trondhjemite–granodiorite rocks (TTGs). Recent
phase equilibrium modelling further demonstrated that Archean TTGs
could be produced by partial melting of highly hydrated basalts/
metabasic rocks (Johnson et al., 2017). Thus, the deep-Earth water cy-
cling process and its potential links with geodynamic processes would
not only provide a fresh perspective for answering some fundamental
questions about granite petrogenesis, such as where could the fluid be
derived from and the exact role of water in producing granitic melts,
but may also enable us to identify the geodynamic processes for the
growth and evolution of TTG continental crust on the early Earth.

Here we present petrological, whole-rock and isotopic geochemical,
and in situ zirconU–Pb–Hf–O isotopic data for Cretaceous plutonic rocks
in Fujian Province, southeast (SE) China. We use these data to investi-
gate the exact nature of the juvenile isotopic features of these granitoids,
and to argue for the key role played by water-fluxedmelting in produc-
ing large-scale granitic magmatism. Based on contrasting geological
signatures for the Early and Late Cretaceous granites in Fujian Province,
and observations of regional tectono-magmatic evolution, we advocate
the possible linkage between deep-Earth water cycling and continental
crustal growth and its evolution through time.

2. Geological setting

SE China, located at thewestern Pacificmargin, is an important part of
the circum-Pacific magmatic belt. The late Mesozoic geodynamic setting
in SE China is interpreted as an active continental margin related to the
subduction of the Paleo-Pacific Plate beneath the East Asian continent
(Li et al., 2014, and references therein). Late Mesozoic magmatism in SE
China formed a N 200,000 km2 large igneous province dominantly com-
posed of felsic rocks, with a subordinate mafic component (Chen et al.,
2008). More than 68% of the intermediate to acidic rocks here were
generated during the Cretaceous (ca. 145–66 Ma; X.M. Zhou et al.,
2006), and are restricted to a narrow zone along the coastal region,
known as the Southeast Coast Magmatic Belt (SCMB; Fig. 1a; Chen et al.,
2008). The Cretaceous felsic rocks here consistmainly of calc-alkaline gra-
nitic batholiths and volcanic–intrusive complexes with relatively juvenile
isotopic compositions (X.M. Zhou et al., 2006), that have been related to
the subduction of the Paleo-Pacific plate (Li et al., 2014). In addition,
evidence from geophysical surveys in East Asia (Huang and Zhao, 2006),
systematic investigations of Cenozoic volcanism in northeast China
(Kuritani et al., 2011; Wang et al., 2015), and geodynamic studies on
the delamination/thinning mechanisms of the sub-continental litho-
spheric mantle (SCLM) of the North China Craton (Windley et al., 2010),
indicate that the deeply subducted and stagnant Pacific slab beneath
East Asia extends horizontally beneath the hinterland over a distance of
800 to N1000 km, and that this may be responsible for the intensive
hydration of the MTZ beneath eastern China (Wang et al., 2015).

The distinctive geological settingmakes Cretaceous igneous activity in
SE China an excellent example to determine the petrogenesis of granites
with juvenile radiogenic isotope compositions, and to unravel the possi-
ble linkage between deep-Earth water cycling and continental crustal
growth. As shown in Fig. 1, the coastal area of Fujian has the best expo-
sures of undeformed Cretaceous granites within the entire SCMB,
representing a microcosm of Cretaceous felsic magmatism in SE China.
The main igneous intrusions along the Fujian coast are composed of
I-type granitoids with compositions ranging from granodiorite to alkali-
feldspar granite, and which were followed by local Late Cretaceous
highly-evolved A-type granites (X.M. Zhou et al., 2006). Small volumes
of Early Cretaceous mafic intrusions (b5% of the total volume of Fujian
igneous rocks) are dominantly gabbroic, crop out sporadically, and are
spatially related to the contemporaneous granitoids (Li et al., 2014).

3. General geology and petrography of the Pingtan and
Tong'an complexes

The Pingtan complex is well exposed on Pingtan Island in east Fujian
Province, and is the fifth largest island in China with an area of 323 km2



Fig. 1. (a) Generalized geological map showing the distribution of late Mesozoic granites and volcanics in the SE China coastal region (modified after X.M. Zhou et al., 2006). Inset figure
shows a simplified tectonic map of SE China with a speculated paleo-suture zone of the Paleo-Pacific slab in the lateMesozoic (modified after Li et al., 2014). Numbers 1 and 2 in the inset
figure represent the Median Tectonic Line in Japan and the eastern flank of the Central Ranges in Taiwan, China, respectively. SCMB denotes the Southeast Coast Magmatic Belt.
(b) Simplified geological map of the Fujian coastal area showing the distribution and ages of the Cretaceous batholiths as tabulated in Table B.2 (modified after Li et al., 2014).
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(Figs. 1b and 2a) (X. Xu et al., 1999). The intrusive rocks are composed
mainly of biotite monzogranite and biotite syenogranite, with minor
amphibole-bearing gabbro, and intruded into volcanic rocks of the
Lower Cretaceous Shimaoshan Formation. Some rocks show complicated
field characteristics resulting from mixing of mafic and felsic magmas
(e.g., microgranular enclaves, mutual intrusive relations, and synplutonic
dikes) (X. Xu et al., 1999). The amphibole-bearing gabbros are distributed
mainly in the central part of the complex (Fig. 2a), and are medium- to
coarse-grained with the main minerals being subhedral to euhedral
plagioclase (~60%), amphibole (15%–35%) and clinopyroxene (5%–15%)
(Fig. A.1a). Amphibole-bearing gabbros with less amphibole (PT-1)
come froma small stock located in the southeastern part of Pingtan Island
(Fig. 2a), containing plagioclase (55%–60%), clinopyroxene (20%–35%)
and amphibole (5%–8%), with minor hypersthene (Figs A.1b and 1c).
They have a cumulate texture consisting of plagioclase and clinopyroxene
(Fig. A.1b). The granitic intrusions form the outer part of the complex and
are mainly made up of biotite monzogranite and biotite syenogranite
with massive, medium- to coarse-grained allotriomorphic-granular
textures. Granodioriticmicrogranular enclaves are present in somebiotite
syenogranites. The biotite monzogranites contain alkali feldspar (~35%),
quartz (~35%), plagioclase (20%–25%) andbiotite (5–10%),with accessory
Fe–Ti oxides (including magnetite) and zircon (Fig. A.1d). The major
minerals in biotite syenogranite are alkali feldspar (35%–40%), quartz
(30%–40%), plagioclase (10–15%) and biotite (5%–10%) (Fig. A.1e). Acces-
sory minerals include Fe–Ti oxides, apatite, and zircon. The granodioritic
microgranular enclaves are spheroidal to ellipsoidal in shape with no
evidence of deformation, and range in size from several to a dozen
centimeters. They generally have a fine-grained microgranular texture,
consisting mainly of plagioclase (~60%), alkali feldspar (~20%), quartz
(10%–15%), and minor biotite (~5%) (Fig. A.1f). In addition, euhedral
acicular apatite generally occurs as an accessory mineral in the
microgranular enclaves (Fig. A.1f), indicative of rapid cooling and
crystallization (e.g., Vernon et al., 1988).

The Tong'an complex is a bimodal plutonic complex cropping out in
the northwestern suburbs of Tong'an in southeastern Fujian Province
(Fig. 1b). Locally, amphibole-bearing gabbros are exposed as pod-like
bodies that intruded into volcanic rocks of the Lower Cretaceous
Nanyuan Formation and coexist with biotite granodiorites (Fig. 2b).
The gabbros consist mainly of plagioclase (~55%), amphibole
(30%–40%), clinopyroxene (5%–10%) and minor biotite (0%–3%)
(Figs. A.2a and 2b). The rocks display a hypidiomorphic texture with
clinopyroxene locally enclosed by plagioclase and amphibole. Amphi-
bole, the most abundant mafic mineral in the Tong'an gabbro, occurs
mainly as subhedral to euhedral megacrysts and locally as poikilitic
crystals, and is locally altered to chlorite (Figs. A.2a and 2b). Biotite
granodiorite is the dominant rock-type in the Tong'an complex
(Fig. 2b), and is massive and medium- to coarse-grained with the
major minerals being plagioclase (~50%), quartz (~25%), alkali feldspar
(~15%) and biotite (~10%) (Figs. A.2c and 2d). Accessory phases include
magnetite and zircon. The plagioclase is euhedral–subhedral and
generally shows polysynthetic twinning and compositional zoning.
Neither microgranular enclaves nor mingling structures are found in
the Tong'an complex.

4. Sampling and analytical methods

We collected 14 fresh samples as being representative of the two
Cretaceous intrusive complexes, with lithologies ranging from gabbro
to granite (see Fig. 2 for sample locations). For the Pingtan complex,
samples were collected from amphibole-bearing gabbro (PT-1, PT-2,

Image of Fig. 1


Fig. 2. (a) Geological sketch map of the Pingtan complex in the Fujian coastal area (modified from the 1:500,000 geological map of Fujian Province, Bureau of Geology and Mineral
Resources of Fujian Province, 1998). (b) Geological sketch map of the Tong'an complex in the Fujian coastal area (modified after Li et al., 2012). Both maps show the sample locations.

129Z. Li et al. / Lithos 302–303 (2018) 126–141
PT-13, PT-14, and PT-15), biotite monzogranite (PT-4 and PT-6), biotite
syenogranite (PT-12 and PT-9-1), and a granodioritic enclave (PT-9-2) in
biotite syenogranite. For the Tong'an complex, samples were obtained
from amphibole-bearing gabbro (TA-1 and TA-3) and biotite granodiorite
(TA-2 and TA-6). The whole-rock geochemical compositions of all these
samples were determined, along with the Sr–Nd isotopic compositions
of a subset of 12 samples. Eight of the samples were prepared for zircon
U–Pb dating in order to constrain the emplacement ages of these rocks,
and seven of the dated samples were also analyzed for in situ zircon
Lu–Hf isotopes. We then integrated our new data with a compilation of
petrological, geochronological, and geochemical data for 36 contempora-
neous intrusions (mainly granitoids) fromFujian Province (Tables B.1–B.4
and Fig. 1b) to test the role of water in the generation of the Cretaceous
plutonic rocks. Details of analytical procedures and results are provided
in Appendices A and B.

5. Results

5.1. Zircon U–Pb geochronology

Zircon grains from the Pingtan and Tong'an complexes generally ex-
hibit typical magmatic oscillatory zoning in CL images (Figs. 3f and 4d).
The results of in situ U–Pb dating are presented in Table A.1 and shown
in Figs. 3–4. Zircon grains from the amphibole-bearing gabbros (samples
PT-1 andPT-14) in the Pingtan complex recordU–Pbweightedmean ages
of 115 ± 1 Ma and 117 ± 3 Ma, respectively (Figs. 3a–3b). Zircon grains
from the biotite monzogranite (sample PT-6) and biotite syenogranite
(sample PT-9-1) have 206Pb/238U ages of 116 ± 2 Ma and 122 ± 2 Ma,
respectively (Figs. 3c–3d). A granodioritic enclave (sample PT-9-2)within
the Pingtan biotite syenogranite has a zircon 206Pb/238U age of 124 ±
2 Ma (Fig. 3e), which is interpreted to represent its crystallization age,
coeval with the host granite.

The amphibole-bearing gabbro (sample TA-3) from the Tong'an com-
plex has a crystallization age of 110±1Maand two samples of the biotite
granodiorite (TA-2 and TA-6) record 206Pb/238U ages of 101 ± 1 Ma and
103 ± 1 Ma, respectively (Fig. 4). These results confirm that the mafic
and felsic intrusions within each of the complexes have broadly similar
Early Cretaceous emplacement ages, but that the Tong'an complex is
younger.

5.2. Whole-rock major and trace element compositions

The whole-rock major and trace element data are presented in
Table A.2 and shown in Figs 5, 6a–6d, and A.3. The gabbros in both
complexes are mainly subalkaline in composition with a calc-alkaline
signature (Figs. 5a–5b). The Pingtan gabbros have SiO2 contents of
46.96–51.51 wt%, whereas the Tong'an samples record values of
43.18–45.59 wt%. Both are characterized by moderately-enriched light
rare earth elements (LREEs) with (La/Yb)N ratios of 8.7–10.0 (Pingtan)
and 8.0–12.5 (Tong'an) and small positive to weakly negative Eu anom-
alies, with Eu/Eu⁎ values of 1.03–1.21 (Pingtan) and 0.89–1.07 (Tong'an)
(Table A.2 and Figs. 6a–6b). In primitive mantle-normalized trace
element spidergrams (Figs. 6c–6d), the gabbros display enrichment in
large ion lithophile elements (LILEs; Rb, Ba, Th, U, and K) and depletion
in high field strength elements (HFSEs; Nb and Ta), similar to the trace
element patterns of typical arc magmatic rocks. The Pingtan granites

Image of Fig. 2


Fig. 3. ZirconU–Pb concordia diagrams for samples of the Pingtan complex in the Fujian coastal area: (a) PT-1, gabbro; (b) PT-14, gabbro; (c) PT-6, biotitemonzogranite; (d) PT-9-1, biotite
syenogranite; and (e) PT-9-2, granodioritic microgranular enclave in biotite syenogranite. (f) Representative zircon CL images of the Pingtan igneous rocks. The small red solid circles
indicate the U–Pb dating sites, and the large yellow dashed circles indicate the positions of Lu–Hf isotopic analyses. The U–Pb age and εHf(t) values are shown for each zircon.
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(monzogranites, syenogranites, and granodiorite enclave) include both
calc-alkaline and high-K calc-alkaline types, whereas the Tong'an grano-
diorites generally have a high-K calc-alkaline signature (Figs. 5a–5b).
These rocks are typical I-type granitoids with low A/CNK (molar
A12O3/(CaO + Na2O + K2O)) values of 0.97–0.99 (Pingtan) and
0.98–0.99 (Tong'an) (Table A.2 and Fig. 5c), and show bimodal major
element characteristics with the coexisting gabbros on Harker diagrams
(Fig. A.3). The granitoids differ from the gabbros in terms of moderate to
weak negative Eu anomalies, with Eu/Eu⁎ values of 0.65–0.96 (Pingtan)
and 0.84–0.86 (Tong'an) (Table A.2 and Figs. 6a–6b), and by being
strongly enriched in Pb and depleted in Ti (Figs. 6c–6d). However, they
exhibit remarkable similarities in rare earth element (REE) patterns
and contents and trace element spidergrams to the coexisting gabbros,
including moderate enrichment in LREEs, with (La/Yb)N ratios of
9.6–14.4 (Pingtan) and 18.9–20.6 (Tong'an), and enrichment in Rb, Th,
U, and K and depletion of Nb and Ta (Figs. 6a–6d).

Image of Fig. 3


Fig. 4. Zircon U–Pb concordia diagrams for samples of the Tong'an complex in the Fujian coastal area: (a) TA-3, gabbro; (b) TA-2, biotite granodiorite; and (c) TA-6, biotite granodiorite.
(d) Representative zircon CL images of the Tong'an igneous rocks. The small red solid circles indicate theU–Pb dating sites, and the large yellow dashed circles indicate the positions of Lu–
Hf isotopic analyses. The U–Pb age and εHf(t) values are shown for each zircon.
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5.3. Whole-rock Sr–Nd isotopes

The whole-rock Sr–Nd isotopic compositions are summarized in
Table A.3 and displayed in Fig. 6e and f. The Pingtan gabbros exhibit
fairly uniform initial 87Sr/86Sr ratios (0.705357 to 0.705396) and εΝd(t)
values (−0.4 to −1.0), comparable to the granitoids which have
87Sr/86Sr ratios of 0.705472 to 0.705672 (with the exception of PT-12
with a value of 0.707700) and εΝd(t) values of−0.7 to−1.7 (Table A.3).
The granodioritic enclave (sample PT-9-2) in the Pingtan biotite
syenogranite displays similar Sr–Nd isotope signatures to its host granite,
with initial 87Sr/86Sr ratio of 0.705610 and εΝd(t) value of−0.4 (Table A.3
and Figs. 6e–6f).

Likewise, the gabbros and granodiorites in the Tong'an complex
possess consistent Sr and Nd isotopic features, with initial 87Sr/86Sr ratios
of 0.705845 to 0.706152 (Tong'an gabbros) and 0.706017 to 0.706094
(Tong'an granodiorites), and εΝd(t) values of −2.8 to −3.8 (Tong'an
gabbros) and−2.8 to−3.5 (Tong'an granodiorites) (Table A.3).
5.4. Zircon Lu–Hf isotopes

The results of in situ zircon Lu–Hf isotope analyses are presented in
Table A.4 and shown in Fig. 7. Rocks from the two complexes and the
granodiorite enclave in the Pingtan syenogranite have juvenile zircon
Lu–Hf isotopic compositions (Fig. 7). The Pingtan gabbros have εHf(t)
values of +13.0 to +1.1, similar to the Pingtan granitoids, with εHf(t)
values ranging from +10.6 to −1.2, and to the granodiorite enclave in
the Pingtan biotite syenogranite, with εHf(t) values ranging from +10.9
to +0.4. The Tong'an gabbros and granitoids also reveal similar zircon
Hf isotope compositions, with εHf(t) = +6.2 to +1.0 and +4.0 to
−0.2, respectively (Table A.4), but differ from the Pingtan rocks in
being less radiogenic.

6. Discussion

6.1. Petrogenesis of the Pingtan and Tong'an complexes: crust-mantle
interaction and water-fluxed melting

The relationship between the granitoids and gabbros in the Pingtan
and Tong'an complexes has been revealed by their close temporal and
spatial distributions, and their similar trace elemental and isotopic
signatures (Figs. 2–4, and 6–7). A prominent characteristic of the gran-
itoids and granodioritic enclaves (occurring in some granitoids of the
Pingtan complex) is their juvenile zircon Lu–Hf isotopic compositions,
with εHf(t) values of +10.6 to −1.2 (Pingtan granite), +10.9 to +0.4
(Pingtan granodiorite enclave), and+4.0 to−0.2 (Tong'an granodiorite)
(Table A.4 and Fig. 7). Furthermore, the samples also have εΝd(t) values of
−0.7 to −1.7 (Pingtan granite), −0.4 (Pingtan granodiorite enclave),
and−2.8 to−3.5 (Tong'an granodiorite) (Table A.3), much less negative
than those of basement metamorphic rocks in SE China. As shown in

Image of Fig. 4


Fig. 5. (a) Total alkali–silica (TAS) diagram for samples from the Pingtan and Tong'an complexes in the Fujian coastal area (modified after Middlemost, 1994). The boundary between
alkaline and subalkaline series is after Irvine and Baragar (1971). (b) K2O vs. SiO2 diagram for samples from the Pingtan and Tong'an complexes in the Fujian coastal area. The series
boundaries are after Peccerillo and Taylor (1976). (c) A/NK (molar Al2O3/(Na2O + K2O)) vs. A/CNK (molar A12O3/(CaO + Na2O + K2O)) diagram for granitoid samples from the
Pingtan and Tong'an complexes in the Fujian coastal area (modified after Chappell and White, 1974; Maniar and Piccoli, 1989).
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Fig. 6e, theNd isotopes of the granitoids plot above the evolutionary trend
defined by the Proterozoic crust of the South China Block and close to the
CHUR (chondritic uniform reservoir) reference line.

These lines of evidence reflect the involvement of a large proportion
of juvenile components in the genesis of these granitoids, so the
synchronous and spatial distribution of mafic and felsic rocks in these
complexes seem to corroborate that crust-mantle interaction was
involved in their generation. The mixed (crust and mantle) origin of
these igneous complexes is supported by the presence of gabbro/
diorite/granodiorite enclaves within some granitoids of the Pingtan
complex (Griffin et al., 2002; X. Xu et al., 1999; this study), and the pres-
ence of mutual intrusive relations and synplutonic dikes (Griffin et al.,
2002). In addition, magma mixing seems to be able to account for the
Hf isotopic heterogeneity of magmatic zircon grains from the Pingtan
and Tong'an granitoids (Table A.4 and Fig. 7) (Griffin et al., 2002). It
may thus be deduced that mixing of crustal melts with mantle-
derived materials played an essential role in the generation of these
granitoids, like the previously-envisaged scenario for some other
Mesozoic magmatic rocks in northeast China (e.g., Yang et al., 2007),
and SE China (e.g., Griffin et al., 2002; Liu et al., 2013). However, such
inferences can be challenged.
Firstly, the mass balance based on binary mixing calculations
between typical depleted mantle-derived melts (represented by the
late Mesozoic alkaline basalts from Hunan in South China; Li et al.,
2004) and supracrustal materials (represented by typical S-type gran-
ites, the Darongshan S-type granites in south China; Hsieh et al., 2008)
using the Sr–Nd isotopic data suggests N60% and 51% direct mantle
input is required in the source of the Pingtan and Tong'an granitoids,
respectively (Fig. 6f). Such an extremely high proportion of mantle
input contrasts with their high silica contents (SiO2 = 68.0–76.8 wt%)
and depletion of incompatible elements (MgO = 0.41–1.22 wt%, Cr =
3–23 ppm, Ni = 0.51–8.84 ppm) (Table A.2). Furthermore, field
evidence for magmamixing (e.g., mafic enclaves, mutual intrusive rela-
tions, and synplutonic dikes, etc.) was only observed in the Pingtan
complex, whereas no such evidence was found in any other gabbro–
granite complexes along the Fujian coastal area (including the Tong'an,
Daiqianshan, Qinglanshan, and Quanzhou complexes; Li et al., 2012;
this study).

Secondly, the zircon Hf isotope compositions of coexistingmafic and
felsic rocks preclude the possibility of producing the felsic end-member
bymixing processes as required by the two-endmembermixingmodel.
As shown in Fig. 7, the mafic and felsic rocks have similar zircon Hf
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Fig. 6. (a–b) Chondrite-normalized REE patterns and (c–d) primitivemantle-normalized trace element spidergrams for samples from the Pingtan and Tong'an complexes, respectively, in
the Fujian coastal area. Normalized values for chondrite and primitive mantle are fromMcDonough and Sun (1995). (e) εNd(t) vs. age diagram for samples from the Pingtan and Tong'an
complexes. DM, depletedmantle; CHUR, chondritic uniform reservoir. Line A represents the Proterozoic crustal end-member of higher degree ofmaturation in the South China Block, with
average isotopic compositions of 147Sm/144Nd = 0.1198 and 143Nd/144Nd = 0.511822; line B represents the Proterozoic crustal end-member of lower degree of maturation in the South
China Block, with average isotopic compositions of 147Sm/144Nd = 0.1246 and 143Nd/144Nd = 0.512170 (Shen et al., 1993). (f) Initial εΝd(t) vs. 87Sr/86Sr diagram for samples from the
Pingtan and Tong'an complexes. The binary mixing curve between possible mafic and felsic magma end-members was constructed using a depleted mantle composition represented
by the late Mesozoic alkaline basalts from Hunan in South China (Li et al., 2004) and a crustal end-member represented by the Darongshan S-type granite (Hsieh et al., 2008). Tick
marks show 10% mixing increments.
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Fig. 7. Zircon εHf(t) vs. U–Pb age diagram for samples from the Pingtan and Tong'an
complexes. DM, depleted mantle; CHUR, chondritic uniform reservoir.
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isotopes, with the εHf(t) values spread over a range of +13.0 to +1.1
for the Pingtan gabbros, and +10.6 to −1.2 for the Pingtan granites.
Likewise, the spread is +6.2 to +1.0 for the Tong'an gabbros and
+4.0 to −0.2 for the Tong'an granodiorite (Table A.4). The distinct
lack of zircon grains with εHf(t) b b0 in these granitoids argues against
significant involvement of pre-existing evolved crustal components
(such as supracrustal material) in the generation of the felsic end-
member. Instead, the highly heterogeneous zircon εHf(t) values within
single specimens from the Pingtan and Tong'an granitoids (Fig. 7) can
be explained by incongruent/disequilibrium crustal melting as an
alternative to the mixing between mantle-derived mafic magmas and
crustal-derived felsic magmas (Tang et al., 2014), especially considering
the lack of clear field evidence for magma mixing in the Tong'an
complex, and the younger ages of the Tong'an granodiorites compared
to the gabbros.

Taken together, there is no evidence for massive mantle input and it
alone cannot directly account for the juvenile radiogenic isotope signa-
ture of the granitoids in both complexes. A more feasible mechanism is
therefore required to produce the juvenile isotopic features of the felsic
end-member of these two complexes. Partial melting of juvenile lower
crust heated up by magma underplating could explain the co-existence
of juvenile radiogenic isotopic signatures and high silica contents in the
Pingtan and Tong'an granitoids (Jahn et al., 2000). Late Mesozoic basaltic
underplating in SE China has been indicated by evidence from geophysi-
cal, petrogenetic, andmetamorphic investigations. This includes the pres-
ence of late Mesozoic gabbroic granulite xenoliths in Cenozoic breccia
pipes (X.S. Xu et al., 1999), reverse Vp values at the crust-mantle transi-
tion zone (Wanget al., 1993), high Poisson's ratios that reflect an interme-
diate to mafic composition of the crust (Xia et al., 2015), and high
Cretaceous geothermal gradients (Chen et al., 2008). However, numerical
simulations of heat transfer (e.g., Petford and Gallagher, 2001) imply that
underplating of basaltic magmas at the base of continental crust cannot
provide sufficient heat to extensively melt the mafic lower crust. Even if
the lower crust is amphibolite, basaltic underplating alone cannot be the
dominant mechanism to produce large-scale partial melting of lower
continental crust due to the high dehydration-melting temperature of
amphiboles in mafic rocks (about 950 °C). However, this paradox can
be solved if the generation of granitic melts involved fluids (e.g., Collins
et al., 2016).

Gabbros from these complexes contain ubiquitous hydrous min-
erals, with 5%–35% and 30%–40% amphibole in the Pingtan and Tong'an
gabbros, respectively (Table B.2 and Figs. A.1–A.2). The high proportion
of hydrous minerals in these gabbros suggests significant water
contents in their parental magmas. The plagioclases from the Pingtan
and Tong'an gabbros are characterized by high anorthite components,
with average anorthite contents ranging from 85% to 86% in Pingtan
(X. Xu et al., 1999), and from 90% to 95% in Tong'an (Li et al., 2012).
The presence of anorthitic plagioclase is also a typical characteristic of
parental magmas with high water contents (Waters and Lange, 2015).
Moreover, the mafic mineral assemblage in these gabbros is dominated
by amphibole, with the percentage ranging from about 50% to 88%
in Pingtan, and from about 75% to 89% in Tong'an (Table B.2 and
Figs. A.1–A.2), whereas orthopyroxene is almost absent in the gabbros.
This most likely suggests a crystallization environment with N5 wt%
water content in the melts (Chen et al., 2016, and references therein).
The above lines of evidence suggest that the inferred parental magmas
of these gabbros were most likely hydrous. Furthermore, the Pingtan
and Tong'an granitoids have low zircon saturation temperatures of
670–706 °C (Table A.2), analogous to those observed in water-fluxed
crustal melting in the Cordilleran batholiths (Collins et al., 2016). We
thus propose that underplating of hydrous basaltic magmas not only
provided a mechanism to produce mafic end-members in the Pingtan
and Tong'an complexes, but also released H2O and possibly other hy-
drous fluids from underplated basaltic rocks. Similar to “Water-fluxed
crustal melting” (Collins et al., 2016; Weinberg and Hasalová, 2015;
Whitney, 1988), underplating by hydrous basaltic rocks provides a
possible mechanism to supply heat and, more importantly, free H2O to
promote partial melting of juvenile continental crust in order to generate
the felsic end-members of the Pingtan and Tong'an complexes. Although
mixing between underplated hydrous mafic magmas and felsic melts
may occur and account for mingling structures and gabbro-diorite-
granodiorite enclaves in the Pingtan granites (Griffin et al., 2002; X. Xu
et al., 1999; this study), our first-order interpretation is that water-
fluxed melting played a key role in producing the Pingtan and Tong'an
granites with juvenile radiogenic isotope compositions, and may provide
a new perspective for deciphering the processes involved in continental
crustal growth.

6.2. Secular changes of magma H2O contents and Hf–Nd–O isotopes of the
Cretaceous granites in Fujian

The majority of Cretaceous I- and A-type granites in Fujian Province
are calc-alkaline to high-K calc-alkaline in composition, and are bimodal
with the broadly coeval gabbros, a typical characteristic of back-arc
extensional magmatism induced by subduction of the Paleo-Pacific
slab (Li et al., 2014). These granites are generally enriched in LREEs
and LILEs (Rb, Th, U, and K), and show variable depletion of Nb and
Ta, similar to the coexisting gabbros, but all granites exhibit negative
Eu anomalies and variable depletion in Ba, Sr, P, and Ti (Fig. A.4).
Although the enrichment of LREEs and LILEs and depletion of HFSEs
(Nb and Ta) are generally regarded as the characteristics of island-arc
melts, these arc-like geochemical signatures can also be produced by
deep-Earth water cycling in a non-arc environment (Wang et al., 2016).

Data from the Pingtan and Tong'an complexes, together with the
available plutonicmagmatic database for Fujian Province, define a linear
NNE–SSW trending belt of Cretaceous plutonism (Fig. 1). Such a linear
trend was thought to be a response to subduction of the Paleo-Pacific
plate beneath eastern China (Li et al., 2014), where Cretaceous intru-
sions are dominantly I-type granites that formed between 122 and
87 Ma (Table B.2 and Fig. 8). Subordinate Late Cretaceous A-type
granites were emplaced between 98 and 86 Ma, and most are spatially
associated with the I-type granites (Fig. 1b). Minor gabbroic intrusions
formed in the interval between 117 and 107 Ma. These latter closely
resemble gabbros in the Pingtan and Tong'an complexes, and are pre-
dominantly amphibole-bearing gabbros that temporally and spatially
coexist with the I-type granites (Table B.2 and Fig. 1b).

Detailed petrographic and geochemical examination highlights
pivotal differences between the Early Cretaceous and Late Cretaceous
granitoids, demonstrating a decrease inwater contentwithin the parental
magmas over time. The Early Cretaceous I-type granites generally contain
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Fig. 8. Frequency distribution of ages of Cretaceous plutons of various compositions in the
Fujian coastal area of SE China. The data used in this histogram are presented in Table B.2.
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about 5%–10% biotite, and 22% of these also contain 5%–10% amphibole
(Table B.2). In contrast, the Late Cretaceous granites show a lack of
hydrous minerals, with b3%–5% (or even b1%) biotite, and only rare am-
phibole (Table B.2), implying a decrease of H2O content in the younger
magmas. Alternatively, the rare amphibole might be ascribed to the
relatively lower CaO contents in the Late Cretaceous granites (average
1.18 wt%, n= 84; Tables A.2 and B.3) than those in the Early Cretaceous
granites (average 3.98 wt%, n = 42; Tables A.2 and B.3), as the stability
of amphibole seems to decrease with decreasing calcium composition in
granitic systems (Naney, 1983). Yet, more importantly, the Late Creta-
ceous granites exhibit more significant negative Eu anomalies in their
REEpatterns than those of the Early Cretaceous granites (Fig. A.4), thus in-
dicating a higher proportion of plagioclase crystallization in the hotter
and less wet Late Cretaceous granitic magmas (Bachmann and Bergantz,
2008). Also, the Early Cretaceous I-type granites generally coexist with
amphibole-bearing gabbros that typically contain considerable amounts
of amphibole (generally 15%–55%; Table B.2). Mafic enclaves similar to
the latter are generally produced by crystallization of relatively hydrous
basaltic magmas (X. Xu et al., 1999), thus the presence of these gabbros
implies a highly-hydrated Early Cretaceous mantle in this region. In
contrast, H2O-rich mafic intrusions were absent in the Late Cretaceous,
whereas “anhydrous” A-type granites formed at 98–86 Ma in the area
(Fig. 8). Furthermore, an increase of estimated magma temperature
after ca. 100Ma is supported by the increased zircon saturation tempera-
tures of the Late Cretaceous I- andA-type granites (Fig. 9a). Such a change
coincides with a decrease in water contents within their parental magma
(e.g., Weinberg and Hasalová, 2015).

The Hf–Nd–O isotopes of the Early and Late Cretaceous plutonic
rocks also display systematic changes over time (Figs. 9 and 10). More
attention has been paid to the in situ zircon isotopes in these rocks, be-
cause zircon crystallizes relatively early in the evolution of a magma,
and because it functions as a “tape recorder” that tracks details of
Hf–O isotopic variations during magma evolution and is resistant to
post-emplacement hydrothermal alteration (e.g., Griffin et al., 2002;
Wei et al., 2002, 2008; Yang et al., 2007). Most Early Cretaceous rocks
formed at 122–101Ma along the Fujian coast have a large range of pos-
itive zircon εHf(t) values, whereas 80% of the younger Late Cretaceous
granitoids contain a high proportion of zircon grains with negative εHf
(t) values (most samples have N85% of grains with negative initial εHf
(t) values). In particular, the Early Cretaceous I-type granites have gen-
erally positive zircon εHf(t) valueswith the average changing from+5.1
to −0.6 over 21 Ma (one exception being the 119 Ma Changqiao gran-
ite; Qiu et al., 2012). Such juvenile zirconHf isotope features are compa-
rable to those found in the Early Cretaceous gabbros, with the average
εHf(t) value of individual gabbroic intrusions ranging from +8.2 to
−1.5. In contrast with the Early Cretaceous granites, the vast majority
of the younger Late Cretaceous granitoids (with the exception of the
87 Ma Zaoshan I-type pluton; Chen et al., 2014) display more negative
average zircon εHf(t) values ranging from +1.1 to −5.4 for the I-types
and from −1.3 to −3.0 for the A-types.

Moreover, thewhole-rockNd and zircon Hf isotopic compositions of
the Cretaceous I- and A-type granites in the Fujian coastal area form a
covariant array (Fig. A.5), basically paralleling the “initial Terrestrial
Array” (Vervoort et al., 2011). This indicates the lack of Nd–Hf isotope
decoupling in these granitoids. Therefore, the change in zircon εHf
(t) values in the younger Late Cretaceous granites (Fig. 9b) is duplicated
by their whole-rock Nd isotope compositions. On the εNd(t) vs. age dia-
gram (Fig. 9c), the I- and A-type granites throughout the Cretaceous ba-
sically define a consistent evolution towards less-radiogenic Nd isotope
compositions, especially during the Late Cretaceous.

Importantly, the compiled zircon O dataset also shows distinctive
changes between the Early and Late Cretaceous granitoids, despite the
limited amount of available data. As shown in Fig. 10, zircon grains in
granite with ages from 117 to 116 Ma have δ18O values lower than the
typical mantle value of 5.3‰ (Valley et al., 2005), and a high proportion
of grains plot significantly below the range of mantle-like values. These
zircon grains are generally characterized by juvenile Hf isotopeswith εHf
(t) values mostly N0 (up to +3.1, Table B.4). Depletion of 18O is usually
attributed to the presence of high-temperature hydrothermally-altered
igneous rocks in the source region (Bindeman et al., 2005; Bindeman
and Simakin, 2014). Furthermore, positive zircon εHf(t) values in granites
indicate the juvenile nature of the source region. Thus, the coupled feature
of depletion of 18O and juvenile Hf isotopes appears to require remelting
of hydrothermally-altered oceanic crust (Bindemanet al., 2005;Wei et al.,
2002). Conversely, zircon grains from granites with ages of 105–98 Ma
are characterized by mantle-like δ18O (Fig. 10), although about 67% of
zircon grains (those grains with combined Hf–O isotopic data) show
negative εHf(t) values. Whole-rock Re–Os and Sm–Nd isotopes of Early
Cretaceous basaltic magmas from the SE China coastal region indicate
high γOs(t) values of +21.4 to +267.8, and εNd(t) values up to +2.7
(e.g., J.C. Zhou et al., 2006). Similarly, whole-rock Lu–Hf isotopes of ca.
88 Ma basaltic magmas in the region record positive εHf(t) values of
+4.8 to +5.1 (e.g., Chen et al., 2014). These results suggest astheno-
sphere upwelling and a predominantly depleted mantle source along
the SE China coast at this time. Recent studies on source lithologies ofMe-
sozoic basalts in SE China also suggest a similar depleted asthenospheric
mantle source (Zeng et al., 2016). Thus, the co-existence of evolved and
juvenile Hf isotopes may reflect the involvement of evolved crustal
components and melting of depleted mantle-derived underplated mafic
rocks. Furthermore, the mantle-like δ18O values may imply that their pa-
rental magmas were generated in environments devoid of hydrothermal
alteration (possibly in the lower to middle crust). Regardless of the exact
origin, extra heat from the underlying mantle is required in order for
partial melting of deep-crustal (underplated) mafic rocks to occur. Zircon
grains from the 87 Ma Zaoshan I-type granite are characterized by juve-
nile Hf isotopes and, importantly, a large range of δ18O values varying
from 6.3‰ to 3.5‰ (Chen et al., 2014; Table B.4 and Fig. 10). Such O
isotope diversity in zircon grains is a typical characteristic of rift-
related felsic volcanics (Bindeman and Simakin, 2014, and references
therein), and could reflect the reworking and/or recycling of crustal
igneous rocks in a continental rift environment with high thermal
gradients (Wei et al., 2008), including recycling of high-temperature
hydrothermally altered rhyolite to generate low-δ18O magmas as pro-
posed by Bindeman and Simakin (2014). Therefore, the systematic
changes in Hf–O isotopes not only reflect the nature of the source region,
but may also reveal additional information about the regional thermal
state.

To conclude, currently-available data demonstrate the distinctive
petrological and geochemical features of the Early and Late Creta-
ceous granitoids of Fujian Province in SE China. The high H2O
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Fig. 9. (a) Zircon saturation temperature vs. U–Pb age diagram for Cretaceous granites in the Fujian coastal area of SE China. The average zircon saturation temperatures and ages of the
Cretaceous plutons and batholiths are presented in Table B.2. The zircon saturation temperatures for the 117–116 Ma Xiaocuo granodiorite and syenogranite could be overestimated
and imply the upper limit of magma temperatures, because zircon xenocrysts were present in these rock samples (Li et al., 2015). (b) εHf(t) vs. U–Pb age of igneous zircon grains from
Cretaceous plutons and batholiths in the Fujian coastal area of SE China. The data are given in Table B.4. (c) εNd(t) vs. age diagram for Cretaceous plutons and batholiths in the Fujian coastal
area of SE China. The data are given in Tables A.3 and B.3.
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contents within the parental magmas of the Early Cretaceous granit-
oids, including the Pingtan and Tong'an granites, suggest that water-
fluxed melting could be an important mechanism driving regional gra-
nitic magmatism. In the Late Cretaceous, water contents in the parental
magmas of the granites along the Fujian coast decreased, and notably,
this variation coincides with a change in the Hf–Nd–O isotopic systemat-
ics of these rocks.
6.3. Deep-Earth water cycling and continental crustal growth

We have shown that water (and/or other hydrous fluids) played a
significant role in producing the Cretaceous granites within the coastal
area of Fujian Province. Hence, identifying a mechanism by which
water-fluxed melting can generate large-scale granitic magmatism is
crucial for understanding the Cretaceous tectono-magmatic evolution
of SE China. Answers to the following questions are prerequisites for
identifying such a mechanism. For instance, what and where was the
exact origin of the H2O involved in crustal melting? How could the
variation of Hf–Nd–O isotopes in granites be connected to a change in
the H2O contents of their parental magmas?
6.3.1. Shallow dehydration and partial melting of the subducted slab?
To understand the origin of the H2O involved in crustal melting, as

well as the processes that controlled the linkage between the magma
H2O contents and Hf–Nd–O isotopes of the Cretaceous granites along
the Fujian coast, it is necessary to highlight the first-order observations
on the late Mesozoic regional tectono-magmatic evolution in SE China.
Late Mesozoic magmatism here is generally ascribed to the subduction
of the Paleo-Pacific Plate beneath the Eurasian continent (e.g., Jahn
et al., 1990; Zhou and Li, 2000). Jurassic–Cretaceous accretionary
prisms/complexes and coeval forearc basins were identified along the
Median Tectonic Line in Japan (MTL; line 1 in the upper left inset of
Fig. 1a) (Takashima et al., 2004; Takasu and Dallmeyer, 1990). Further-
more, a Cretaceous high-temperature, but low-pressure, metamorphic
belt (named the Tailuge belt) occurs on the eastern flank of the Central
Ranges of Taiwan, China (line 2 in the upper left inset of Fig. 1a) (Zhou
and Li, 2000, and references therein). Evidence for a coeval trench set-
ting was also found in the Yuli belt of Taiwan (Zhou and Li, 2000, and
references therein). Consequently, the possible paleo-suture zone was
located approximately along the MTL in Japan (present coordinates;
see Fig. 1a, upper left inset), and extending southwestwards to the east-
ern flank of the Central Ranges in Taiwan, China (Li et al., 2012, 2014).
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Fig. 10. In situ zircon δ18O vs. U–Pb age diagram for Cretaceous granitoids in the Fujian
coastal area of SE China. The diagram also shows the Hf isotope compositions of analyzed
zircon grains (triangles, zircon grainswith εHf(t) N 0; circles, zircon grainswith εHf(t) b 0).
VSMOW, Vienna standard mean ocean water. The data used in this diagram are given in
Table B.4.
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Interpretation of the petrogenesis of the late Mesozoic igneous rocks
in SE China and their associated geodynamic setting generally involves
subduction with variable angles of dip (e.g., X.M. Zhou et al., 2006; Zhou
and Li, 2000), or flat-slab subduction (e.g., Li and Li, 2007). Moreover,
the mechanism of slab rollback has been proposed for the late Mesozoic
geodynamic environment in SE China (e.g., Li et al., 2007; Li and Li,
2007). For example, based on geochronological and geochemical data
for the Cretaceous Fujian granites and gabbro–granite complexes, Li
et al. (2012, 2014) demonstrated the presence of Cretaceous slab rollback
in the coastal region of Fujian.

In subduction zones, hydrated and altered oceanic slabs are returned
to the mantle by subduction, where water/hydrous fluids and other
volatiles will be released by metamorphic devolatilization of the slabs
and enter the mantle sources of arc volcanoes and back-arc basins
(e.g., Spandler and Pirard, 2013). Incorporation of water from the shal-
low dehydration of subducting slabs (we use ‘shallow’ here to distin-
guish them from the ‘deep’ dehydration of stagnant slabs within the
mantle transition zone; see discussion below) will lower mantle viscos-
ity and may thus facilitate shallow vigorous asthenosphere convection
beneath the back-arc lithosphere (Honda and Saito, 2003). Hyndman
et al. (2005) proposed that the lithospheric architecture in circum-
Pacific arc-backarc systems could have resulted from circulation of
hydrous mantle in the back-arc region (e.g., the Cascadia subduction
zone and back-arc in North America). Such an argument is supported
by three-dimensional (3D) kinematic modelling of mantle flow, in
which both poloidal and toroidal mantle circulations were observed
during the subduction process (e.g., Schellart, 2008).

However, the shallow dehydration of subducting slabs may not
supply enough water to generate the massive crustal melting in the
coastal area of SE China, as demonstrated by the following lines of
evidence. Firstly, slab rollback could explain the local Cretaceous exten-
sional basins (X.M. Zhou et al., 2006), and may also cause large-scale
counter-flow currents in the mantle wedge to account for regional
lithospheric thinning and asthenospheric upwelling (Li et al., 2012).
Evidence from other subduction systems has revealed that H2O and/or
hydrous fluids derived from the underlying subducting slab occurmainly
close to the trench (e.g., island arc areas; Handley et al., 2011), whereas
the SCMB in SE China was located within a back-arc region about
400–500 km from the eastern flank of the Central Ranges in Taiwan (a
speculated location for the suture zone of the Paleo-Pacific slab in the
late Mesozoic; Fig. 1a, upper left inset) (Li et al., 2014; Zhou and Li,
2000). Only minor water and other volatiles produced by shallow
dehydration/melting of the down-going slab would be transferred to
back-arc basins (Spandler and Pirard, 2013). Secondly, although 3D
fluid dynamic experiments of subduction simulations identified both
poloidal flow and quasi-toroidal return flow toward the mantle wedge
during trench retreat and slab rollback, none of the experiments ever
showed rollback induced poloidal flow around the slab tip (Schellart,
2008). These observations are therefore inconsistent with the under-
plating of hydrous basaltic magmas and water-fluxed melting during
regional magmatism in the Fujian coastal area, which is far from the in-
ferred paleo-suture zone. Thirdly, although flat-slab subduction (Li et al.,
2007; Li and Li, 2007) seems to be capable of reconciling these discrepan-
cies, the intensive Early Jurassic mantle melting, the high proportion of
asthenospheric mantle components in ca. 195 Ma basalts, and the
195–190 Ma bimodal volcanic rocks (e.g., Cen et al., 2016) are inconsis-
tent with the presence of a 1000 km diameter flat slab just beneath the
sub-continental lithospheric mantle in SE China. Even if flat subduction
is applicable in the Mesozoic in SE China, the large-scale Jurassic
anorogenic magmatism in the hinterland of SE China requires a much
earlier slab break-off and foundering at ca 190–155 Ma (Li et al., 2007;
Li and Li, 2007). Considering the obvious temporal-spatial differences,
shallow dehydration/partial melting of such foundered slabs would fail
to contribute H2O and/or hydrous fluids required for Cretaceous
magmatism in the coastal area of SE China.

Therefore, a more rigorousmechanism is required to explain the high
heat flow (Chen et al., 2008), lithospheric thinning and asthenospheric
upwelling (Li et al., 2012) along the SE China coast. We need to seek out
an alternative, or at least an additional mechanism, to account for the
supply of both H2O and heat, and to explain the distinctive variation of
Hf–Nd–O isotopes in the Cretaceous granitic magmas (Figs. 9 and 10).

6.3.2. Deep-Earth water cycling: a possible alternative or additional model
Despite release of water/hydrous fluids (possibly including hydrous

melts) from subducting oceanic slabs into the mantle wedge, the slabs
can still retain significant H2O, CO2, and other crustal components to
sub-arc depths (depths greater than arc magma generation depths)
(e.g., Hacker, 2008; Spandler and Pirard, 2013; Wang et al., 2016, and
references therein). Hacker (2008) estimated the amount of H2O carried
in subducting slabs by calculating phase diagrams for subducting bulk
rock compositions and rock fluxes for global subduction zones, and
suggested that about 35% of the global H2O subducted at trenches can
reach sub-arc depths. Subsequently, van Keken et al. (2011) prepared
a global compilation of the thermal structure of subduction zones, yield-
ing similar results with one third of the bound H2O in subducting slabs
recycled to N230 km depth. Such slab water could even survive to
greater depths within the lower crust or lithospheric mantle by forma-
tion of ultra-high pressure (UHP) hydrous phases (Schmidt and Poli,
2003); thewatermay also be transported into the deepmantle by nom-
inally anhydrous minerals (such as omphacite and majorite in the
subducting basaltic crust), eventually forming a hydrous mantle transi-
tion zone (MTZ) at depths between 410 and660 km(Fukao et al., 2009).
The presence of thewater-enriched high-pressure phaseswadsleyite and
ringwoodite (with high H2O storage capacity of 1–3 wt%) demonstrated
that the MTZ could be a large water reservoir in the deep-Earth (Fukao
et al., 2009; Kuritani et al., 2011; Niu, 2014; Wang et al., 2015).
Moreover, both subducted metasediments and mafic crust (Spandler
et al., 2010), as well as carbonate rich lithologies in the slabs (Liu et al.,
2015), may be recycled back into the deeper mantle, at least as deep as
the MTZ.

Notably, those deep-subducted slab components, including H2O,
CO2, and other crustal components, may be mixed gradually into the
ambient mantle in the MTZ, and finally resurface along with mantle
upwelling and accompanied magmatism (e.g., Kjarsgaard et al., 2017;
Spandler and Pirard, 2013; Wang et al., 2016, and references therein).
For example, diamonds sourced from the MTZ were observed widely
in podiform chromitites and peridotites from ophiolites (Das et al.,
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2017). U–Pb ages of euhedral zircon grains and Re–Os isotopes of
Ru–Os–Ir sulphides in Tibetan chromitites indicate the survival of zircon
in theMTZ and its subsequent return to the near surface in oceanic crust
(now ophiolite) (McGowan et al., 2015). Additionally, some Cenozoic
basalts derived from the hydrous MTZ were identified in east China
(Wang et al., 2015), demonstrating the recycling of slab components
via subduction to the MTZ. Recently, a N 4000 km long kimberlite corri-
dor in North America suggests mid-Cretaceous kimberlite magmatism
was related to water-fluxed decompression melting of C-O-H-bearing
peridotite in the MTZ (Kjarsgaard et al., 2017).

One of the prominent geophysical features of the mantle beneath
eastern China is the presence of a stagnant hydrated Paleo-Pacific slab
within the MTZ (e.g., Huang and Zhao, 2006). The sluggish pyroxene–
garnet transformation (Nishi et al., 2013) and slab viscosity (Nakakuki
and Mura, 2013) in the MTZ would enable the stagnant slab to reside
here for over 100 Ma before collapsing. Furthermore, recent studies
indicate that collapse of the stagnant Paleo-Pacific slabmayhave started
at ca. 24–25 Ma (estimated by calculating the cumulative amount of
total subduction within the MTZ based on regional geophysical tomog-
raphy, and by considering the temporal distribution of volcanism;Wang
et al., 2015). Consequently, the stagnation of the subducted Paleo-
Pacific slab should have occurred no later than ca. 125Ma. This is consis-
tentwith rollback of the Paleo-Pacific slab in the Cretaceous along the SE
China coast (see Section 6.3.1), because slab rollback would strongly
facilitate the stagnation of the subducted oceanic slabs within the MTZ
(e.g., Niu, 2014). Since H2O, CO2, and other crustal components derived
from the subducted slabs can reach the MTZ in subduction zones, it is
possible that the stagnant Paleo-Pacific slab in eastern China contained
a considerable proportion of hydrous phases.

The following lines of evidence further show that large-scale stagnant
hydrated oceanic slabs within the MTZ would release water and hydrous
fluids/melts to the upper mantle. Investigations of lead and oxygen iso-
topes and the chemical composition of late Cenozoic basalts (Kuritani
et al., 2011; Wang et al., 2015), as well as magnesium and zinc isotopes
ofMesozoic-Cenozoic basalts (Huang et al., 2015; Liu et al., 2016), suggest
that volatiles (water + CO2) released from the stagnant Pacific slabs
strongly hydrated the upper mantle beneath eastern China from 120 to
110 Ma (or even earlier). Subduction of the Paleo-Pacific slab and its
stagnation in the deep Earth would lead to lower temperatures relative
to those in the ambient MTZ, hence the fluid phases released by stagnant
slabs should have large water contents and lower densities than the
ambient mantle minerals (Jing and Karato, 2012). Subsequently, positive
buoyancy can be expected to lead to upward percolation of water and
other hydrous fluids or mantle melts, as confirmed by discovery of
oxidized majorite inclusions from the deep asthenosphere (from at least
~380 km depth) within an orogenic carbonatite in the Trans–North
China Orogen in eastern China (Xu et al., 2017).

Therefore, we propose that the MTZ at 410–660 km depth possibly
offers an alternative (or additional) H2O supply to generate hydrous
basaltic underplating and water-fluxed crustal melting in SE China.
Analogous to the Late Cretaceous Southwest Pacific region (Schellart
et al., 2006), rollback of the subducted Paleo-Pacific slab occurred
since the Early Cretaceous in the coastal region of SE China. Slab rollback
may not only result in the formation of the upper crustal extensional
basins in SE China (X.M. Zhou et al., 2006), but also lead to return flow
in the mantle wedge to induce regional lithosphere thinning and possi-
bly asthenospheric upwelling (Li et al., 2012). Over time, the hydrated
slab subducted and stagnated in the MTZ (Fig. 11), then released fluid
(or supercritical fluid) that induced extensive wet upwelling located
atop or within the MTZ beneath SE China (Wang et al., 2015, and refer-
ences therein). Water and hydrous melts (or supercritical fluid) may
have ponded at the base of the continental crust and later provided
H2O to trigger, or more likely facilitate the water-fluxed melting of
previously-underplatedmafic rocks (possibly derived from shallow par-
tial melting of previous low-angle or flat subducted slabs, considering
the arc-like signatures of these mafic rocks), leading to the production
of granitic melts within the continental crust (Fig. 11a). Experimental
studies demonstrate that addition of even small amounts of free water
(1–2%) can produce voluminous granitic melts by melting of crustal
rocks (Weinberg and Hasalová, 2015). Thus, the addition of small
amounts of water into the crust was capable of producing the huge
volumes of Cretaceous granitoids in Fujian Province (Fig. 1). To facilitate
the separation and emplacement of granitic melts into the middle to
upper crust in SE China, water-fluxedmeltingmight have been rock buff-
ered (Weinberg and Hasalová, 2015) to produce H2O-undersaturated
melts capable of upward migration. Mingling between the underplated
mafic and crustal granitic melts occurred, as attested by the presence of
enclaves in some granitoids (see Section 6.1).

Addingwater/fluid phases from the stagnant slabsmay not only pro-
mote the further upwelling of asthenospheric mantle beneath eastern
China, similar to the “Great Hydration” event that occurred beneath
the Colorado Plateau (Schulze et al., 2015), butwas likely to cause insta-
bility of the lowermost part of the continental lithosphere (Windley
et al., 2010). We thus speculate that the upward percolation of hydrous
fluid (or supercritical fluid) contributed significantly to facilitate, or
control, lithosphere thinning (Li et al., 2012) and the high Cretaceous
geothermal gradient or high thermal input (Chen et al., 2008) in the
back-arc region of SE China. Furthermore, deep-Earth water cycling
may also provide an additional, or an alternative, mechanism for litho-
spheric thinning and asthenospheric upwelling during the Mesozoic-
Cenozoic in the North China Craton (e.g., Wilde et al., 2003; Windley
et al., 2010).

In this deep-Earthwater cycling process, the contribution of recycled
sediments from subducted oceanic slabs should be limited, although
sediments could have been subducted to the lower part of the MTZ in
some cases (Liu et al., 2015). Firstly, the sedimentary lithologies within
hydrated oceanic slabs are generally characterized by unradiogenic
Nd–Hf isotopes (except for Fe–Mn crusts and nodules; e.g., Handley
et al., 2011) and high δ18O values (up to 10‰–42‰; Eiler, 2001). Thus,
an injection of a large volume of such sediments into the source region
would not only decrease εNd(t) and εHf(t) values in themagma, but also
significantly increase magma oxygen delta values, generating much
higher zircon δ18O values relative to the normal mantle value of 5.3 ±
0.6‰ (Valley et al., 2005); generally N6.5‰ (Cavosie et al., 2005). There-
fore, if the large range of zircon εHf(t) values observed in the Cretaceous
Fujian graniteswasmainly caused bymixing of normalmantlemelts (or
other derivative juvenile components) with partial melts of recycled
sediments from subducted oceanic slabs, high-δ18O values (N6.5‰)
would be widely observed in zircon grains. However, the zircon O iso-
topes of the Cretaceous granitoids in the coastal area of Fujian Province
have predominantly mantle-like or even lower values, precluding
significant involvement of recycled sediments from hydrated oceanic
slabs in the source region (Fig. 10). It is likely that a significant propor-
tion of any potential sediments in the subducted oceanic slabs had
already been scraped off, as suggested by a series of Jurassic–Cretaceous
accretionary prisms/complexes identified along the Median Tectonic
Line in Japan (the likely location of the suture zone during late Mesozoic
subduction of the Paleo-Pacific slab; Fig. 1a, upper left inset) (Li et al.,
2012, and references therein).

The presence of low zircon δ18O values (as low as 3.9‰) and juvenile
Nd–Hf isotopes in some of Early Cretaceous granitoids in Fujian
Province (Figs. 9 and 10) implies that both fluid and melts released
from the subducted Paleo-Pacific slab could be directly involved in the
genesis of granitic magmas (Bindeman et al., 2005). Generally, hydro-
thermal alteration has little effect on Nd–Hf isotopic ratios of altered
oceanic crust (Handley et al., 2011, and references therein). This is
confirmed by the fact that altered basalts from the western Pacific pos-
sess indistinguishable Nd–Hf isotopes compositions when compared to
unaltered Pacific mid-ocean ridge basalt (MORB) (Chauvel et al., 2009).
Thus, juvenile Nd–Hf isotopes and lower zircon O isotope values than
the typical mantle value (close to 5.3‰) in some of the Early Cretaceous
granites suggest that their source regionmay contain a large proportion



Fig. 11. Cartoon diagrams illustrating a possible water-fluxed melting model facilitated by deep-Earth water cycling to explain the Cretaceous tectono-magmatic evolution of the Fujian
coastal area of SE China (modified after Wang et al., 2015). (a) Early Cretaceous scenario where intensive deep-Earth water cycling triggered by subduction and stagnation of the Paleo-
Pacific slab may have induced massive wet upwelling to provide an alternative or additional H2O supply to hydrous basaltic underplating and water-fluxed crustal melting beneath SE
China that finally led to large-scale granitic magmatism. (b) Upward migration of water via wet upwelling decreased in the Late Cretaceous, whereas influx of heat from the mantle
into continental crust remained high in this less-hydrous stage, due to continuous heat flow accompanying by asthenosphere upwelling (Chen et al., 2008). This would provide sufficient
energy to result in the “hotter” Late Cretaceous A-type granites and voluminous felsic volcanics, alongwith reworking and/or recycling of evolved crustal components or some hydrother-
mally altered volcanics (possibly rhyolites) in the Late Cretaceous granitic magmas.
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of components derived from Paleo-Pacific oceanic crust. Unfortunately,
in this study we cannot determine the origin and proportions of these
oceanic slab-derived melts. For example, were they derived from water-
fluxed melting of previously-underplated mafic rocks? Was there any
contribution from deep melting of the stagnant slab in the MTZ? Both
the gabbroic and granitic rocks investigated here are intrusive rocks,
which generally underwent complex crustal processes, such as crustal
contamination, fractional crystallization, and magma mixing. Their pri-
mary source characteristics, whether attesting to deep melting or not,
was probably obscured by the above-mentioned complex geological pro-
cesses. Thus, further work is necessary to investigate the exact origin of
the oceanic slab-derived melts.

Furthermore, the upward transport of hydrous fluid/melt via wet
upwelling appears to have been reduced during the Late Cretaceous,
possibly due to the decrease in supply of water following the decompo-
sition/transformation of hydrous phases in the MTZ into anhydrous
phases (Wang et al., 2015), and/or the increasing densities of any
hydrous fluid/melt produced under higher temperatures (Jing and
Karato, 2012). Following the decrease in wet upwelling, fewer oceanic
crustal materials were involved in the genesis of the Late Cretaceous
granites in Fujian Province. However, the influx of heat from the under-
lying mantle into the continental crust continued in this area, due to
continuous heat flow accompanying asthenosphere upwelling
(Fig. 11b) (Chen et al., 2008). Continued heat supply and its effect on
the continental crust would provide energy to produce the “hotter”
Late Cretaceous A-type granites (Chen et al., 2008) and felsic volcanics
(e.g., Shimaoshan Formation; Guo et al., 2012) in Fujian, along with
reworking and/or recycling of evolved crustal components and igneous
rocks (e.g., hydrothermally altered rhyolite) in the generation of
the Late Cretaceous felsic magma with diverse zircon δ18O values
(Bindeman and Simakin, 2014; Wei et al., 2008) (Figs. 10 and 11b).
These observations demonstrate that deep-Earth water cycling could
be an important mechanism that links the variation of Hf–Nd–O iso-
topes with change in magma H2O contents in the Cretaceous granites
along the Fujian coast.

7. Conclusions

We have presented petrographic, whole-rock geochemical and
in situ zircon U–Pb and Lu–Hf isotopic data for mafic and felsic rocks
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in the Pingtan and Tong'an complexes of Fujian Province in SE China.
These results demonstrate the close spatial-temporal relationships and
similar trace elemental and isotopic signatures between Cretaceous
felsic and mafic magmas along the SE China coast. The juvenile Nd–Hf
isotopic compositions of the granitic intrusions cannot be directly
ascribed to massive mantle input. Hence, water-fluxed melting most
likely contributed significantly to the complex geochemical features of
these granites with juvenile isotopic compositions. Through combining
our new data with the available published databases, we present a case
that water-fluxed melting drove large-scale granitic magmatism,
whereby the variation of magmaH2O contents coincided with a change
in Hf–Nd–O isotopic characteristics. Our work demonstrates that
rollback of the Paleo-Pacific slab and its shallow dehydration/partial
melting in the subduction zone cannot alone directly account for the
regional Cretaceous tectono-magmatic evolution. Deep-Earth water
cycling provides an alternative (or additional) mechanism to supply
H2O and possibly other fluid phases for Cretaceous water-fluxed crustal
melting in SE China, and also contributes to the underplating of hydrous
basaltic magmas at the base of the crust, where they could later become
mobilized and incorporated into subsequent intra-continental crustal
differentiation. Deep-Earth water cycling also explains the variation of
Hf–Nd–O isotopes and their coupling with change in magma H2O
contents. We therefore emphasize the link between deep-Earth water
cycling and young continental crustal growth in eastern China, and
note it may have a much wider global application.
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