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Article history: Monzonites can provide important information about the nature of the mantle sources and the mecha-
Recewed }4JUQE 2015 nism of crust-mantle interactions. However, details on the origin of Late Mesozoic monzonites in the
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Available online 18 September 2015 topic and zircon U-Pb and Hf isotopic data for two monzonitic plutons (Huangtanyang and Kanggu) in

eastern Zhejiang Province, with the aim of elucidating their petrogenesis, and providing important
insights into the process of crust-mantle interaction. LA-ICP-MS zircon U-Pb dating results imply that
the Huangtanyang and Kanggu quartz monzonites were emplaced in Cretaceous (104-109 Ma). All
Mafic microgranular enclaves quartz monzonites are intermediate to acidic, metaluminous to weakly peraluminous, subalkaline, and
Geochemistry K-rich in composition. They are enriched in large ion lithophile (e.g., Rb, Ba and Pb) and light rare earth
Magma mixing elements, depleted in high-field strength elements (e.g., Nb, Ta, and Ti), and show weakly negative or no
Southeast China Eu anomalies (8Eu=0.78-1.02). All quartz monzonites have homogeneous initial Is; values (0.7084-
0.7090) and &nq(t) values (—7.50 to —6.84). They are characterised by highly variable zircon Hf isotopic
compositions, with eyg(t) values ranging from —13.3 to —5.7. The combined geochemical evidences (such
as high Mg# values, low Nb/U and Ta/U ratios, and variable zircon Hf isotopic compositions) suggests that
both depleted asthenospheric and metasomatically enriched mantle components were involved in the
formation of the monzonites. The existence of some zircons with unusually low eyf(t) values (low to
—13.3) and Palaeoproterozoic two-stage Hf model ages from the Huangtanyang and Kanggu quartz
monzonites also argues strongly for Palaeoproterozoic crustal involvement. Magma mixing played a
dominated role in the genesis of these monzonites, as indicated by their wide range in zircon Hf isotopic
compositions and the occurrence of mafic microgranular enclaves (MMEs). The MMEs show spheroidal to
ellipsoidal-ovoidal shapes, and have igneous mineral assemblages and disequilibrium textures, such as
acicular apatite and plagioclase with complex oscillatory zoning and repeated resorption surfaces, which
indicate mingling/mixing of two different magmas. MMEs from Kanggu pluton have obviously similar
trace element and Sr-Nd isotopic compositions to those of the host monzonites, with Is; values of
0.7089 and eng(t) values of —7.16, however, they are distinct in having relatively enriched Sr and P, more
depleted Zr and Hf, and having relatively depleted zircon Hf isotopic compositions with eyt) values
varying from —8.4 to —3.8. We interpret that the Huangtanyang and Kanggu plutons have a mixed origin,
i.e. partial melting of crustal materials triggered by upwelling of mantle-derived magma (including
depleted asthenosphere and subduction-enriched mantle, represented by MMEs) under an extensional
regime, and subsequent mixing of the mantle- and crust-derived melts resulted in the monzonites.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction Tibetan Block to the west, and the Indochina Block to the south.
The Late Mesozoic geology of Southeastern (SE) China is charac-
The South China Block, located on the western Pacific margin, is terised by intensive and widespread magmatism (Fig. 1). Among

surrounded by the Qingling-Dabie orogenic belt to the north, the the igneous rocks formed, granites and rhyolites are volumetrically
predominant, with subordinate basalts and rare intermediate
* Corresponding author. lithologies (Fig. 1b; Zhou et al, 2006). These igneous rocks
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(“Late Yanshanian”) age (Li, 2000; Zhou and Li, 2000; X.H. Li et al.,
2007). Previous studies have provided considerable petrological,
geochemical, and isotopic constraints on the origins and evolution
of these silicic volcanic rocks (e.g., Zhou et al., 2006; Guo et al.,
2012; L. Liu et al., 2012, 2014a) and, in particular, the widespread
granite rocks (e.g., Griffin et al., 2002; Zhou et al., 2006; Qiu et al.,
1999, 2008, 2012; Z. Liet al., 2012; Q. Liu et al., 2012). Most studies
have concluded that Late Mesozoic magmatism in SE China was
triggered by subduction of the palaeo-Pacific plate beneath the
Eurasian plate (Jahn et al., 1990; Zhou et al., 2006; X.H. Li et al,,
2007; Chen et al.,, 2008). However, the Late Mesozoic tectono-
magmatic evolution of the SE China is still a subject of considerable
controversy, especially the nature of magma sources and the crust-
mantle interaction mechanism remain poor constrained (Li and
Jiang, 2014a).

Monzonites commonly belong to subalkaline rocks, and are
sometimes ascribed to potassic calc-alkaline series, with specific
characteristics transitional between those of the calc-alkaline and
alkaline rocks (Pagel and Leterrier, 1980; Pupin, 1980; Debon and
Le Fort, 1983; Castro et al., 2013; Wu et al., 2014). Apart from
widespread Late Mesozoic granitic rocks, there are also some
small-scale monzonitic stocks developed in SE China. Some studies
have examined these monzonitic stocks in recent decades, and two
main different models were proposed for their origins, i.e., the first
suggested that they were formed via fractional crystallisation of
subduction-related enriched mantle source (Li and Jiang, 2014b),
and the second advocated that the monzonites were likely gener-
ated by mixing between depleted mantle-derived mafic magmas
and silicic magmas that originated from partial melting of crustal
materials (Liu et al., 2013). These monzonitic stocks can thus pro-
vide important information about the nature of the mantle sources
and the mechanism of crust-mantle interactions in SE China. How-
ever, the generation and geodynamic setting of most monzonitic
plutons from eastern Zhejiang Province are still poor constrained.
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To better understand the origins of Late Mesozoic magmatism
in SE China and, in particular, the petrogenesis of monzonitic rocks,
two typical monzonitic plutons, i.e., the Huangtanyang (HTY) and
the Kanggu (KG) plutons in eastern Zhejiang Province, SE China
were selected as examples for case studies in this paper. Our study
involved a field-based investigation, followed by petrographic,
geochemical, zircon U-Pb dating and Hf isotope, and whole-rock
Sr-Nd isotope analyses for both monzonites and their enclaves.
We use these data to constrain the nature of crustal and mantle
components involved in the petrogenesis of the monzonites. More
generally, these data offer new insights into the deep processes of
interaction between crustal- and mantle-derived magmas beneath
SE China.

2. Geological background and petrography

The South China Block (SCB) consists of the Yangtze Block to the
northwest and the Cathaysia Block to the southeast (Fig. 1b). The
Jiangshan-Shaoxing Fault is thought to be the boundary between
the two blocks in eastern South China (Z.). Zhang et al., 2005;
Shu et al., 2008), but the southwestern extension of this boundary
is unclear due to poor exposure and multiple intense tectonic mod-
ifications (X.H. Li et al., 2012). Amalgamation between the Yangtze
and the Cathaysia Blocks took place in the early Neoproterozoic
(e.g., Ye et al., 2007; Z.X. Li et al., 2007; Li et al., 2009). In the Tri-
assic, the South China Block collided with the North China Block
in the north, and with the Indochina Block in the southwest
(Zheng et al., 2013). The unified South China Block subsequently
underwent at least three major tectono-thermal events, during
the early-middle Paleozoic (traditionally named as “Caledonian”),
the Triassic (Indosinian) and the Jurassic-Cretaceous (Yanshanian),
respectively. An abundance of igneous rocks, especially granites,
formed in response to these events, with the granites in the eastern
SCB commonly regarded as a large granite province (Wang and
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Fig. 1. (a) Simplified geological map of eastern China (modified after Li and Jiang, 2014a). (b) Simplified geological map of South China showing the distribution of Mesozoic

granitoids and volcanic rocks (modified after Zhou et al., 2006).
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Zhou, 2005). Late Mesozoic magmatism was largely concentrated
in the Cathaysia Block, and the intensity of magmatism increased
toward the ocean (Fig. 1b) (Zhou et al., 2006). Associated granitoids
with Early Yanshanian (Jurassic) ages are mainly distributed in the
inland region, whereas those with Late Yanshanian (Cretaceous)
ages are concentrated in the coastal region. Volcanic rocks were
erupted mainly in the Cretaceous and generally crop out along
the coast (Zhou et al., 2006). Previous studies on the Cathaysia
Block have suggested different crustal evolution histories for this
block on the two sides of the Zhenghe-Dapu Fault, and therefore,
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this block can been further divided into two regions (the Interior
or Western Cathaysia and the Coastal or Eastern Cathaysia, Chen
and Jahn, 1998; Xu et al., 2007).

The Huangtanyang pluton is located in the eastern Cathaysia
Block and exposed at northeastern part of Linhai County, Zhejiang
Province. The pluton has a total outcrop area of ca. 13.6 km?, and
intruded into Lower Cretaceous volcanic or hypabyssal intrusive
rocks of the Moshishan Group (Fig. 2b). The Huangtanyang pluton
is composed mainly of quartz monzonites, and minor quartz
diorites, monzogranites, and alkali-feldspar granite. The quartz
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Fig. 2. Simplified geological map of the Huangtanyang and the Kanggu plutons (modified after the Geological Maps of Sanmen Sheet 1:50,000, Linhai sheet 1:200,000 and

Xianju sheet 1:200,000).
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Fig. 3. (a) Macroscopic images of MME with an irregular shape in the Huangtanyang pluton; (b) macroscopic images of host-enclave relationships in the Kanggu pluton; (c)
mafic minerals with elongate to acicular forms from the MME in the Kanggu pluton; (d) thin section photograph of representative quartz monzonite from the Huangtanyang
pluton; (e) thin section photograph of representative quartz monzonite from the Kanggu pluton; (f) thin section photograph of representative mafic enclave from the Kanggu
pluton. All the thin section photographs were taken using a Nikon microscope under cross-polarised light (Qtz = quartz, Af= alkali-feldspar, Pl= plagioclase,

Amp = amphibole, Bi = biotite).

monzonites are medium- to fine-grained and consist of plagioclase
(40-45%), alkali feldspar (20-23%), quartz (18-20%), hornblende
(8-9%), biotite (6-8%) and minor pyroxene, with accessories of
zircon, apatite, titanite and magnetite (Fig. 3a). Plagioclase occurs
as euhedral to subhedral crystals with compositions ranging
from andesine to oligoclase. Amphibole crystals are subhedral to
euhedral and show characteristic green' to brown pleochroism.
Biotite varies in form from anhedral grains to subhedral blade-
shaped crystals.

The Kanggu pluton is also within the eastern Cathaysia Block,
and occurs from the Zhongmen region of Sanmen County to the
Kanggu region of Linhai County, Zhejiang Province. This pluton is

1 For interpretation of colour in Fig. 3, the reader is referred to the web version of
this article.

exposed as a spindle-shaped body with a total outcrop area of
73 km?, and intruded the Moshishan Group and Cretaceous
volcanic or hypabyssal intrusive rocks of the Yongkang Group
(Fig. 2c). Rocks of Kanggu pluton are mainly quartz monzonite
and minor quartz diorite and monzogranite. The quartz mon-
zonites are volumetrically the most important part of the pluton
and contain abundant MMEs. The quartz monzonites are
medium- to fine-grained, and consist of plagioclase (35-50%),
alkali feldspar (25-38%), quartz (15-18%), pyroxene (1-3%), horn-
blende (2-3%), and biotite (1-2%), with minor accessory minerals
such as zircon, apatite, titanite, and magnetite (Fig. 3b and c).
Mafic microgranular enclaves (MMEs) are abundant and
randomly distributed in both plutons, ranging in shape from
spheroidal to irregular and in size from a few centimetres up to
several decimeters (Fig. 3a and b). All enclaves are notably
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fine-grained and dark-coloured relative to the host rocks
(Fig. 3a and b). The contacts between enclaves and host rocks are
mainly rounded and irregular or diffuse, with no evidence of defor-
mation (Fig. 3a and b). Some mafic enclaves with gulfs and embay-
ments present at their margins are observed (Fig. 3b). It is notable
that enclaves partially enclose feldspar xenocrysts of the host rocks
(Fig. 3a), and MMEs with cores intruded by granitoid magma are
common (Fig. 3b). Mafic minerals in the MMEs from the Kanggu
pluton occasionally show elongate to acicular forms (Fig. 3c).

Compared with the host monzonite, MMEs generally contain
the same mineral assemblage but with higher contents of ferro-
magnesian minerals and plagioclase, and lower contents of quartz
and K-feldspar. The MMEs are mainly monzodioritic in composi-
tion and composed of plagioclase (55-60%), alkali feldspar
(15%+), quartz (5%t), hornblende (10%z%), and biotite (6%), with
accessory minerals of zircon, apatite, titanite, and magnetite
(Fig. 3f). Textures vary from equigranular to fine-grained and
porphyritic. Plagioclase crystals occur as elongate laths both in
phenocrysts and in the groundmass, and the phenocrysts show
complex oscillatory zoning with repeated resorption surfaces
(Fig. 3f). The core or mantle parts from plagioclase crystals are
mainly of labradorites and minor andesines, however, the
resorption surfaces are mainly of alkali feldspar and oligoclase.
K-feldspar and minor quartz occur as anhedral crystals, interstitial
to other minerals. Amphiboles are present as subhedral to euhedral
phenocrysts and invariably show greenish-brown to reddish-
brown pleochroism. Biotite occurs mainly as anhedral to subhedral
blade-shaped crystals. Apatites are common accessory mineral in
the MMEs, displays euhedral acicular habits with crystals
elongated along the “c” crystallographic axis (Fig. 3f), and are
indicative of rapid cooling and crystallisation (e.g., Sparks and
Marshall, 1986; Vernon et al., 1988).

3. Analytical methods

Fresh samples were prepared in three groups: thin sections for
petrography; 200 mesh powder crushed by an agate mill for major,
trace element, and Sr-Nd isotope analyses; 40-60 mesh crushings
for selecting zircon grains to use for U-Pb dating and Hf analyses.

3.1. Zircon U-Pb dating and Hf isotopes

Zircons from five samples were separated by conventional tech-
niques, including crushing, sieving, and magnetic and heavy liquid
separation methods. Single zircon crystals from each sample were
handpicked under a binocular microscope on the basis of size,
clarity, colour, and morphology. The handpicked crystals were
mounted in epoxy resin and polished to expose crystal centres.
Prior to analysis, transmitted and reflected light photomicrographs
and cathodoluminescence (CL) images were taken to reveal any
internal zoning and inheritance. CL images of zircon grains were
obtained using a Mono CL3+ detector (manufactured by Gatan,
USA) attached an electron microscope (Quanta 400 FEG) at the
State Key Laboratory of Continental Dynamics at Northwest
University, Xi’an, in order to identify zircon internal textures and
select target spots for U-Pb dating and Hf analyses. The operating
conditions were 10.0 kV accelerating voltage and 20 nA primary
beam current.

Zircon U-Pb isotopic analyses were conducted by laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-
MS) at the State Key Laboratory for Mineral Deposits Research,
Nanjing University, China, using an Agilent 7500s ICP-MS coupled
to a New Wave Research 213 nm laser ablation system. The laser
system delivers a beam of 213 nm ultraviolet light from a
frequency-quintupled Nd:YAG laser. The ablated material was
transported in a helium carrier gas through PVC tubing (inner

diameter = 3 mm) and combined with argon in a 30 cm® mixing
chamber prior to entering the ICP-MS. Analyses were carried out
with a laser beam diameter of 25 um and repetition rate of 5 Hz.
Data acquisition for each analysis took 100 s (40 s on background,
60 s on signal). The raw count rates for 2°°Pb, 2°7Pb, 298pb, 232Th,
and 238U were collected for age determination. A homogeneous
standard zircon (GEMOC GJ-1; 2°’Pb/2°Pb age of 608.5 + 1.5 Ma;
Jackson et al., 2004) was used to correct for the mass discrimina-
tion of the mass spectrometer and any elemental fractionation.
A near-concordant standard zircon (Mud Tank; intercept age
732 £ 5 Ma; Black and Gulson, 1978) was used as the internal stan-
dard to assess the reproducibility and instrument stability.
Detailed analytical procedures are similar to those described by
Jackson et al. (2004). The raw ICP-MS U-Pb isotopic data were
exported in ASCII format and processed using the GLITTER 4.4
software (van Achterbergh et al.,, 2001). Common Pb corrections
were performed using the method described by Andersen (2002).
Mean age calculations and plotting of concordia diagrams were
performed using Isoplot (version 2.49) (Ludwig, 2001). The concen-
trations of U and Th in each analysis were derived by comparison
of the background-corrected count rates with the mean count rates
on the GJ-1 standard, which has well-defined concentrations of
these two elements.

In situ zircon Hf isotopic analyses were conducted on the same
spots where U-Pb age determinations were made. Hf isotopic
compositions were determined with a Thermo Scientific Neptune
Plus MC-ICP-MS coupled to a New Wave UP193 solid-state laser
ablation system at the State Key Laboratory for Mineral Deposits
Research, Nanjing University. Zircons were ablated with a beam
diameter of 35 pum, an 8 Hz laser repetition rate, and with an
energy of 12.0-13.6]/cm? During Hf isotopic analyses, two
reference standards were also analysed: 91,500 zircon
(Y76Hf/177Hf = 0.282290 + 0.000012, n =21, 2¢); Mud Tank zircon
(Y7®Hf/177Hf = 0.282501 + 0.000005, n =37, 20). Their '"°Hf/'7"Hf
ratios agree with the recommended values within 2¢ error
(Griffin et al., 2007).

3.2. Bulk-rock major and trace element, and Sr-Nd isotope analyses

Whole rock major and trace elements, and Sr-Nd isotopic com-
positions were determined at the State Key Laboratory for Mineral
Deposits Research, Nanjing University. For major element analyses,
mixtures of whole rock powders (0.5 g) and Li,B407 + LiBO, + LiBr
(11 g) were made into glass discs and were analysed using a
Thermo Scientific ARL 9900 X-ray fluorescence (XRF). The analyti-
cal precision is estimated to be better than 10% for all major
elements, with the majority better than 1%. For trace element anal-
yses, about 50 mg of powders were dissolved in high-pressure
Teflon bombs using a HF + HNO3 mixture. Rh was used as an inter-
nal standard to monitor signal drift during counting. Trace element
concentrations were determined using a Finnigan Element II
ICP-MS. The precision of ICP-MS analyses is better than 10% for
all trace elements, with the majority better than 5%. Detailed
analytical procedures for the trace element analyses are described
by Gao et al. (2003).

Sr isotopic compositions were measured using a Finnigan Triton
TI thermal ionisation mass spectrometer (TIMS) following the
methods of Pu et al. (2004, 2005), whereas Nd isotopic composi-
tions were measured using a Thermo Scientific Neptune Plus
MC-ICP-MS. For whole-rock Sr-Nd isotope analyses, ca. 50 mg of
powder was dissolved in the same way as for trace element
analyses. Rb-Sr and Sm-Nd has been separated by adopting resin
of AG50Wx8 and different eluent reagents. Firstly, REEs are
separated from Rb-Sr by using normal method of cation-
exchange chromatography with eluent of HCL. Then Rb and Sr are
separated and purified by using a mixed eluent of pyridinium
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and DCTA complex. Sm and Nd are separated and purified by using
HIBA as an eluent through a very small volume of cation-exchange
resin (0.6 mL). 87Sr/®5Sr and '#*Nd/'**Nd ratios are reported as
measured, after normalisation to 8°Sr/®¥Sr=0.1194 and
146Nd/144Nd = 0.7219, respectively, to correct for instrumental
fractionation. During the period of this study, measurements of
the Japan JNdi-1 Nd standard gave '*3Nd/'*Nd=0.512096 +
0.000008 (n=18; 20) and for the NIST SRM 987 Sr standard gave
87Sr/86Sr = 0.710248 + 0.000004 (20).

4. Results
4.1. Zircon U-Pb geochronology

Five samples (HTY-2, KG-3h, KG-3g, KG-5 and KG-3e) from the
Huangtanyang and Kanggu plutons are selected for LA-ICP-MS zir-
con U-Pb dating. CL images of representative zircon grains are
shown in Fig. 4. The results of LA-ICP-MS U-Pb isotopic analyses
are given in Appendix 1 and are presented graphically in Figs. 5
and 6. Because of counting statistics, 2°’Pb/2%°Pb isotopic ages are
more precise for older (>1.0 Ga) zircons, while 2°°Pb/238U ages
are more precise for younger zircons (Compston et al., 1992;
Griffin et al., 2004). Therefore, we use the 2°°Pb/?33U ages for the
younger zircons from Appendix 1 in the following discussion.

4.1.1. Huangtanyang quartz monzonites
Zircon crystals from the Huangtanyang quartz monzonites
(HTY-2) are commonly transparent, colourless to pale yellow,
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euhedral to subhedral prismatic, and 80-300 um in length with
length/width ratios of 1:1 to 4:1. All grains exhibit regular mag-
matic oscillatory zoning with no inherited cores in CL images
(Fig. 4a), and have high Th/U ratios (Th/U = 1.37-2.12; Appendix
1), implying a magmatic origin (Hoskin and Schaltegger,
2003; Wu and Zheng, 2004). Twenty-four analyses from HTY-2
form a concordant group with a weighted mean 2°6Pb/238U
ages of 1084:*15Ma (MSWD=1.9; 20) (Fig. 5), which is
regarded as the emplacement age of Huangtanyang quartz
monzonites.

4.1.2. Kanggu quartz monzonites

Zircons grains from the Kanggu quartz monzonites (KG-3h,
KG-3g and KG-5) are colourless to pale brown, transparent,
euhedral prismatic to elongated prismatic, with lengths of
80-350 um and length/width ratios of 1:1 to 4:1. All zircon
grains show typical magmatic oscillatory zoning or occasional
typical absorption zoning in CL images (Fig. 4b), and have
high Th/U ratios (Th/U=0.95-3.16; Appendix 1). Twenty-five
analyses from KG-3h are all concordant or near-concordant,
yielding a weighted mean 2%Pb/?3U ages of 109.0 + 1.4 Ma
(MSWD =1.4; 20) (Fig. 6a). Twenty-four analyses from KG-3 g
give consistent results, with a weighted mean 2°°Pb/?38U ages
of 108.9+1.0Ma (MSWD=1.06; 20) (Fig. 6b). Twenty-one
concordant analyses from KG-5 yield weighted mean 2°°Pb/*8U
ages of 104.6 +0.9Ma (MSWD =0.88; 2¢) (Fig. 6¢). Thus, the
emplacement age of the Kanggu quartz monzonites is suggested
to be 105-109 Ma.
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Fig. 4. Representative cathodoluminescence (CL) images of selected zircons from Huangtanyang and Kanggu plutons. The morphology of zircon grains, 2°Pb/?*8U ages, and
epr(t) values are shown. Small circles indicate the U-Pb dating positions, and large circles indicate the sites for Hf isotope analysis, with circle diameters showing the

approximate laser spot sizes.
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Fig. 5. Zircon U-Pb concordia diagrams for quartz monzonites from the Huangtanyang pluton.

4.1.3. MME within the Kanggu pluton

Zircon grains from mafic microgranular enclave (KG-3e) are
colourless and transparent, euhedral to subhedral, stubby to pris-
matic, 100-400 pum in length with length/width ratios of 1:1 to
2.5:1. All zircon grains generally show typical absorption zoning
and occasional weak magmatic oscillatory zoning in CL images
(Fig. 4c), and have higher Th/U ratios (Th/U = 2.72-5.00; Appendix
1) than those of host rocks. Twenty analyses from KG-3e all plot on
the concordia curve and yield a weighted mean 2°°Pb/?38U ages of
109.9 £ 1.1 Ma (MSWD = 1.3; 20) (Fig. 6d), which is interpreted as
the crystallisation age of MMEs. The results agree with sample
from host rocks (KG-3h), which indicate that the enclave-forming
magmas are coeval with their host monzonitic magmas.

4.2. Major and trace element geochemistry

The whole-rock major and trace element compositions of repre-
sentative samples from the Huangtanyang and Kanggu plutons are
given in Tables 1 and 2. All the monzonites from Huangtanyang
and Kanggu plutons have an intermediate-acidic signature
(SiO, = 61.35-66.22 wt.%) and moderately to relatively high alkali
contents (KO + Na,0 = 7.34-8.22 wt.%), which fall in the quartz
monzonite or monzonite fields and subalkaline series on a total
alkalis vs. silica (TAS) diagram (Fig. 7a). Data for most samples plot
in the alkali-calcic fields on a (K;0 + Na,0-Ca0) vs. SiO, diagram
(Fig. 7b). All the monzonites from Huangtanyang and Kanggu plu-
tons are enriched in K,0 with K,0/Na,O ratios of 0.66-1.04, and
fall within the high-K calc-alkaline series on a SiO,-K,0 diagram
(Fig. 7c). These monzonites have relatively low concentrations of
Ca0 (2.66-4.06 wt.%), TiO, (0.53-0.79 wt.%), and P,0s (0.20-
0.30 wt.%), and have much lower FeQ"/MgO ratios (2.17-2.78) than
A-type granites (mean FeO'/MgO = 13.4; Whalen et al., 1987). They
possess relatively low A/CNK values of 0.89-0.96 (Table 1; Fig. 7d),
and display metaluminous characteristics. Chondrite-normalised
rare earth element (REE) patterns of these monzonites show
relative enrichment of light REEs, and relatively low in heavy REE
concentrations, with variable high (La/Yb)y ratios (6.39-29.59)

and slightly negative or no Eu anomalies (8Eu=0.78-1.02)
(Fig. 8a). In primitive mantle-normalised multi-element plots
(Fig. 8b), all the monzonites have negative anomalies of Nb, Ta, P
and Ti, and pronounced positive anomalies of Ba, Th, U, Pb, Zr
and Hf. In addition, they show similar trace element characteristics
to the Cretaceous basaltic rocks in the coastal region of Cathaysia
Block (100-77 Ma), but have relatively enrichment of light REEs
such as La and Ce (Fig. 8).

In contrast, MME from Kanggu pluton is intermediate in com-
position with SiO, contents of 58.51 wt.%, and plots in the mon-
zonite field (Fig. 7a). It has similar K;O contents and K,O/Na,O
ratios (K;O/Na,O0=0.79) to the host rocks, but show higher
Fe,0} (6.06wt%), MgO (2.29wt%), and P,0s (0.48 wt.%).
Chondrite-normalised REE patterns for the MME is marked by
enrichment in the LREEs and weakly negative Eu anomalies
(8Eu=0.92) (Fig. 8a). Notably, the MME displays similar high
total REE concentrations (> REE=262.4 ppm) and sub-parallel
REE patterns to its host rocks. In primitive mantle-normalised
multi-element plots (Fig. 8b), the sample from MME shows
enrichments in Rb, Th, U, K, and light REEs, and depletions in
Nb, Ta, and Ti, which are similar to those of the host rocks.
However, the MME does not exhibit pronounced negative Sr
and P anomalies.

4.3. Sr-Nd isotopic compositions

Whole-rock Sr-Nd isotopic compositions of representative sam-
ples from the Huangtanyang and Kanggu plutons are given in
Table 3 and Fig. 9. Initial 87Sr/86Sr ratios (Is;) and &nq(t) values were
calculated using their zircon U-Pb ages obtained in this study. The
Huangtanyang and Kanggu quartz monzonites have uniform initial
Is; values (0.7084-0.7090) and é&ng(t) values (—7.50 to —6.84). In
addition, MME from Kanggu pluton has similar Sr and Nd isotopic
compositions to its host tocks, with Is. values of 0.7089 and enq(t)
values of —7.16. All of the rocks have relatively young two-stage
Nd model ages (Tpm2; 1.47-1.53 Ga). It is notable that the Sr-Nd
isotopic compositions of the Huangtanyang and Kanggu plutons
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Table 1

Major element contents (wt.%) of representative samples from the Huangtanyang and the Kanggu plutons.

Rock type Huangtanyang quartz monzonites Kanggu quartz monzonites Kanggu enclaves
Sample HTY-1 HTY-2 HTY-3 HTY-4 KG-1 KG-2 KG-3h KG-3g KG-4 KG-5 KG-7 KG-8 KG-3e
SiO, 63.77 64.73 66.22 63.30 64.33 63.48 61.35 64.71 62.33 64.15 64.94 65.32 58.51
TiO, 0.69 0.64 0.53 0.71 0.64 0.71 0.79 0.60 0.74 0.65 0.64 0.63 0.83
Al,05 15.37 15.20 15.04 15.91 15.95 15.84 16.48 15.39 15.77 15.70 15.49 15.62 16.15
Fe,0% 4.74 4.45 3.67 4.83 4.08 4.59 5.22 3.80 5.19 4.38 4.18 4.13 6.06
MnO 0.10 0.11 0.08 0.10 0.07 0.10 0.11 0.08 0.10 0.08 0.11 0.17 0.12
MgO 1.82 1.64 1.36 2.00 1.45 1.70 1.79 1.31 2.02 1.60 1.45 1.34 2.29
Cao 3.82 3.47 3.26 4.06 2.90 3.70 3.99 2.66 3.99 3.79 3.26 3.20 4.84
Na,O 3.83 3.87 3.70 3.95 443 3.95 4.63 4.50 3.90 4.18 417 3.89 4.08
K;0 3.52 4.01 3.79 3.39 3.78 3.63 3.04 3.72 3.60 3.39 3.82 3.89 3.21
P,05 0.25 0.22 0.20 0.26 0.23 0.26 0.30 0.22 0.25 0.23 0.22 0.21 0.48
LOI 0.90 0.49 0.84 0.61 1.16 0.98 1.52 2.16 0.96 0.70 0.78 1.08 231
Total 98.81 98.83 98.68 99.14 99.02 98.94 99.22 99.15 98.84 98.85 99.06 99.48 98.90
FeO'/MgO 2.35 245 243 217 2.53 243 2.62 2.60 231 2.47 2.60 2.78 2.38
Mg# 43.2 42.1 423 45.1 41.3 42.3 40.4 40.7 43.5 41.9 40.7 39.1 42.8
K;0/Na,0 0.92 1.04 1.02 0.86 0.85 0.92 0.66 0.83 0.92 0.81 0.92 1.00 0.79
ALK 7.35 7.89 7.49 7.34 8.21 7.58 7.67 8.22 7.50 7.57 7.99 7.78 7.30
A/CNK 0.90 0.89 0.93 0.91 0.96 0.92 0.91 0.94 0.90 0.90 0.91 0.95 0.85
AKI 0.66 0.71 0.68 0.64 0.71 0.66 0.66 0.74 0.65 0.67 0.71 0.68 0.63
A/NK 1.52 1.42 1.47 1.56 1.40 1.52 1.51 1.34 1.53 1.49 141 147 1.58
AR 2.24 242 2.36 2.16 2.54 2.27 2.20 2.67 2.22 2.27 2.49 241 2.07
D.L 73.23 76.12 77.45 71.53 77.96 73.65 71.77 79.92 71.48 74.49 77.32 76.88 66.88

Fe,03, total Fe; LOI, loss on ignition; Mg# = 100 = mol MgO/(mol MgO + FeO); A/CNK = mol Al,05/(mol Na,0 + K,0 + Ca0); AKI = (mol Na,O + K,0)/mol Al,0s.
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Trace and rare earth element (ppm) analyses of representative samples from Huangtanyang and Kanggu plutons.
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Rock type Huangtanyang quartz monzonites Kanggu quartz monzonites Kanggu enclaves
Sample HTY-1 HTY-2 HTY-3 HTY-4 KG-1 KG-2 KG-3h KG-3g KG-4 KG-5 KG-7 KG-8 KG-3e
Sc 10.15 9.69 8.49 11.27 7.74 9.41 10.61 7.20 11.84 9.29 9.00 8.43 10.57
\% 116 104 89 125 100 115 125 86 145 112 99 94 141
Cr 12.89 12.10 14.80 13.83 291 3.98 3.27 5.02 9.16 5.32 3.12 3.58 5.04
Co 10.45 10.48 8.22 10.40 8.67 11.37 11.86 7.37 12.17 9.31 8.63 8.36 14.58
Ni 7.26 7.47 8.78 7.61 2.71 4.50 2.93 3.49 6.89 4.74 2.77 3.22 4.38
Ga 22.23 21.12 20.32 22.92 22.07 22.03 24.35 2217 23.24 22.73 22.57 23.05 24.42
Rb 165 188 190 164 163 137 119 164 178 148 185 191 132
Sr 498 473 442 568 618 640 735 542 593 558 526 540 790
Y 19.75 17.11 17.61 19.76 17.68 18.76 19.07 18.09 18.75 19.69 18.72 19.78 22.21
Zr 261 277 222 284 317 340 366 336 277 285 315 335 256
Nb 14.26 12.25 12.67 12.80 12.64 12.51 12.37 12.89 11.89 12.64 13.11 14.03 11.20
Ba 1096 1105 1021 1204 1343 1302 1212 1197 1114 1036 1199 1207 1181
Hf 6.77 6.61 5.71 6.88 8.02 8.44 9.55 8.71 7.90 7.81 8.43 8.72 6.55
Ta 1.06 0.91 0.98 0.89 0.88 0.86 0.79 0.90 0.84 0.93 0.90 0.99 0.68
Pb 22.03 32.75 14.72 23.62 15.19 15.38 21.07 17.64 15.74 16.90 33.28 63.07 19.73
Th 20.22 20.22 20.73 16.81 19.51 20.30 15.92 21.98 21.23 20.68 21.48 24.06 16.95
§) 4.65 3.27 5.78 3.91 3.93 3.10 2.99 441 4.11 4.83 491 3.76 3.91
La 45.74 21.66 20.65 108.67 52.88 54.19 52.07 51.90 41.38 42.96 57.51 57.15 60.23
Ce 80.06 44.85 43.98 183.48 95.47 103.95 97.46 97.80 83.39 83.29 109.58 107.80 113.69
Pr 9.37 5.11 5.05 18.63 10.45 10.86 10.63 10.39 9.01 9.71 11.46 11.40 12.92
Nd 34.61 21.40 20.76 61.23 37.03 37.21 40.65 37.11 34.80 36.01 40.89 40.88 47.45
Sm 5.67 4.20 421 7.59 5.46 5.88 6.41 5.78 5.83 6.09 6.33 6.22 7.55
Eu 1.48 1.31 1.28 1.64 1.50 1.59 1.80 1.41 1.55 1.53 1.55 1.57 1.95
Gd 4.48 3.69 3.56 5.41 4.23 4.60 4.93 4.26 4.61 4.68 4.77 4.73 5.59
Tb 0.59 0.50 0.49 0.65 0.58 0.61 0.63 0.57 0.62 0.63 0.65 0.62 0.70
Dy 3.83 3.27 3.32 4.12 3.69 3.83 4.10 3.73 4.09 4.04 3.95 3.98 4.64
Ho 0.84 0.72 0.75 0.86 0.78 0.85 0.87 0.81 0.90 0.89 0.91 0.87 1.02
Er 2.56 2.20 2.29 2.60 234 2.54 2.68 2.44 2.69 2.74 2.55 2.63 2.97
Tm 0.36 0.31 0.33 0.37 0.35 0.35 0.36 0.36 0.38 0.39 0.38 0.38 043
Yb 2.61 2.06 2.18 248 230 2.55 2.37 243 2.61 2.67 2.63 2.63 2.87
Lu 0.38 0.31 0.34 0.37 0.33 0.38 0.36 0.37 0.38 0.40 0.39 0.40 0.43
S"REE 192.6 111.6 109.2 398.1 217.4 229.4 225.3 219.4 192.2 196.0 2435 241.2 262.4
SEu 0.90 1.02 1.01 0.78 0.96 0.93 0.98 0.87 0.91 0.88 0.86 0.88 0.92
(La/Yb)y 11.83 7.08 6.39 29.59 15.50 14.35 14.83 14.37 10.68 10.85 14.76 14.68 14.13
(La/Sm)y 5.08 3.25 3.08 9.01 6.09 5.79 5.11 5.64 4.46 444 5.72 5.78 5.02
(Gd/Yb)n 1.39 1.44 1.32 1.77 1.48 1.46 1.68 141 1.42 1.41 1.47 1.45 1.57
Nb/U 3.07 3.75 2.19 3.27 3.22 4.03 4.13 2.92 2.89 2.62 2.67 3.73 2.86
Ce/Pb 3.63 1.37 2.99 7.77 6.29 6.76 4.63 5.54 5.30 493 3.29 1.71 5.76
Ta/U 0.23 0.28 0.17 023 0.22 0.28 0.26 0.20 0.20 0.19 0.18 0.26 0.17
tz (°C) 798 803 793 804 824 824 824 830 799 806 819 831 /

tz: (°C), zircon saturation temperature.

are all similar to those of Cretaceous rhyolites or basalts in
Zhejiang Province (Fig. 9).

4.4. Zircon Hf isotopic compositions

In situ Hf isotopic compositions of zircons from the Huang-
tanyang and Kanggu plutons are listed in Appendix 2 and
graphically presented in Figs. 10 and 11. For the calculation of
eyf(t) and Tpyy values, in situ zircon U-Pb ages of each zircon
were used. It is clear that zircons from the Huangtanyang and
Kanggu quartz monzonites have a similar Hf isotopic nature.
They are characterised by highly variable zircon Hf isotopic
compositions, with eyqt) values ranging from -8.6 to —-5.7
and —-13.3 to -5.8 for Huangtanyang and Kanggu quartz
monzonites, respectively (Appendix 2). In contrast, the MME
samples have relatively depleted zircon Hf isotopic compositions
with eydt) values varying from -84 to —3.8. On a plot of
end(t) vs. t (Fig. 10), most of samples plot above the fields of
the Hf isotope evolutionary area for the crustal basement
in the Cathaysia Block. Moreover, most zircons also have
younger two-stage Hf model ages (Tpmp (Hf); 1.50-1.69 Ga,
1.51-1.97 Ga and 1.38-1.67 Ga for Huangtanyang quartz mon-
zonites, Kanggu quartz monzonites and MMEs, respectively)
than those of the basement metamorphic rocks in Cathaysia
Block (1.8-2.2 Ga; Chen and Zhou, 1999).

5. Discussion
5.1. Origin of the MMESs

There are three main interpretations regarding the origin of
mafic microgranular enclaves (MMEs), including: (1) fragments
of recrystallised, refractory metamorphic rocks or melt residues
from the granite source (e.g., Chappell et al. 1987; Chen et al,,
1989; Chappell and White, 1992; White et al., 1999); (2) cognate
fragments of cumulate minerals or early-formed crystals from
the host magma (e.g., Noyes et al., 1983; Chappell et al., 1987;
Clemens and Wall, 1988; Dahlquist, 2002; Donaire et al., 2005;
[Ibeyli and Pearce, 2005; Shellnutt et al., 2010); (3) globules of a
more mafic magma that were injected into and mingled with the
felsic magma (e.g., Vernon, 1984; Dorais et al., 1990; Blundy and
Sparks, 1992; Wiebe et al., 1997; Kadioglu and Gulec, 1999;
Perugini et al., 2003; Barbarin, 2005; Kocak, 2006; Hawkesworth
and Kemp, 2006; Yang et al., 2006, 2007; Feeley et al., 2008; Chen
et al,, 2009; Kocak et al., 2011; Cheng et al., 2012; Jiang et al.,
2012; Lan et al.,, 2013; Liu et al., 2013, 2014b; Feng et al., 2014).

The resitite model has long been favoured for the origin of
enclaves, which would result in the MMEs having a metamorphic
or residual sedimentary fabric (Chappell et al., 1987; White et al.,
1999). For the studied enclaves from Huangtanyang and Kanggu
plutons, the absence of these fabrics argues against a residual
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Table 3
Rb-Sr and Sm-Nd isotopic data for Huangtanyang and Kanggu pluton.
Sample no. t (Ma) Rb Sr 87Rb/5sr 875r/86sr Is; 1475m/144Nd 143Nd/*4Nd enal(t) Tomz
(x1079) (x1075) (Ga)
Huangtanyang quartz monzonites
HTY-2 108 187.56 472.55 1.148 0.710120+4 0.708357 0.119 0.512214+5 —7.05 1.49
HTY-4 108 163.60 567.56 0.834 0.709788 + 6 0.708508 0.075 0.512194 +7 -6.84 1.47
Kanggu quartz monzonites
KG-3h 109 119.26 735.20 0.469 0.709711+4 0.708984 0.095 0.512174 +5 —7.50 1.53
KG-3g 109 164.41 542.40 0.877 0.710191 + 4 0.708832 0.094 0.512184+5 -7.29 1.51
KG-5 105 147.95 557.58 0.768 0.710021 £ 4 0.708875 0.102 0.512188+5 -7.37 1.52
KG-7 109 185.11 525.83 1.019 0.710345 +4 0.708767 0.093 0.512178 + 6 -7.39 1.52
Kanggu enclave
KG-3e 110 132.13 790.47 0.484 0.709641 +5 0.708885 0.096 0.512191 5 -7.16 1.50

ena(t) values are calculated by granitoid ages and based on '#’Sm decay constant of 6.54 x 10~'2, the '**Nd/"**Nd and '4’Sm/'#*Nd ratios of chondrite and depleted mantle at
present day are 0.512630 and 0.1960, 0.513151 and 0.2136, respectively (Miller and O'Nions, 1985; Bouvier et al., 2008). Tpm ages are calculated according to the two-stage

model as presented by Wu et al. (2003).
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increments.

source origin. In addition, no inherited zircon has been found in
enclaves of the Kanggu pluton, which is inconsistent with the res-
tite model (Chappell et al., 1987; Chappell et al., 2000; Chen et al.,
1989; White et al., 1999). The consistent zircon U-Pb ages between
enclaves and host quartz monzonites from the Kanggu plutons as
described above also rule out this possibility.

The studied MMEs have similar mineral assemblages and iso-
topic ages to their host monzonites, therefore could be ascribed
to either cognate or hybrid origin. Considering that mineral grains
of the studied enclaves are much smaller than those of host mon-
zonites, and no cumulate textures have been observed, we there-
fore suggest that the MMEs were not generated via cumulate
fractional crystallization (Kumar et al., 2004). The similar total
REE concentrations and sub-parallel REE patterns between
enclaves and their host quartz monzonites from Kanggu pluton
are also inconsistent with the autolith model. Furthermore, zircons
from the Kanggu enclaves generally have relatively high eydt)
values on average (mean=—6.1%0.7, n=20; Appendix 2) than
those in host quartz monzonites (—7.8 £ 0.6, n = 70; Appendix 2).
Accordingly, we suggest that the studied enclaves cannot be

cognate fragments of cumulates or early-formed concretionary
bodies from the host magma.

MMEs can also form by a more mafic magmatic component into
a cooler felsic magma chamber via a mixing/mingling process. In
this model, MMEs represent small batches of mantle-derived mafic
melt which once injected into the felsic magma, cool rapidly, par-
tially crystallize and become more viscous to form discrete magma
blobs. Integrated field and geochemical characteristics indicate
that MMEs from the Huangtanyang and Kanggu plutons were
likely generated by this mechanism. Firstly, abundant petrological
observations (e.g., the fine-grained textures and irregular chilled
margins observed from some large enclaves; enclaves with
spheroidal to ellipsoidal-ovoidal shapes and with cores intruded
by felsic magma; mafic minerals in the enclaves show elongate
to acicular forms; Fig. 3a-c) supports the interpretation that the
enclaves represent globules of near-liquidus hot mafic melt that
have been injected into and mingled with the host cooler felsic
magma (Blundy and Sparks, 1992; Lowell and Young, 1999;
Cheng et al., 2012; ].X. Li et al., 2014). Microstructural observations
also demonstrate that the MMEs were globules of mafic magma
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Fig. 10. Histograms of zircon &yf(t) values of Huangtanyang and Kanggu plutons.

that were initially quenched and then crystallised in the host felsic
magma. For example, the MMEs have igneous mineral assemblages
and textural evidence for disequilibrium, such as acicular apatite
and plagioclase with complex oscillatory zoning and repeated
resorption surfaces (Fig. 3f). These are interpreted as being indica-
tive of chemical and/or thermal changes in the melt during crystal
growth, potentially as a result of magma mixing (Baxter and Feely,
2002; Grogan and Reavy, 2002). Secondly, zircon morphology and
Hf isotopic data presented here places even more robust qualita-
tive constraints on the origin of MMEs. As a mineral crystallized
in the early of magma, zircon has high Lu-Hf closure temperature
and hence can record primitive and subsequent isotopic signatures
of the magmatic component during the mixing process (Andersen
et al., 2007; Belousova et al., 2006; Chen et al., 2009; Griffin et al.,
2002; Li et al., 2009; Yang et al., 2007; Zhao et al., 2012). Zircons
from the Kanggu quartz monzonites have the same crystallization
ages as those from the MMEs, but they exhibit different morphol-
ogy and eyf(t) values (Figs. 10 and 11). The morphology of zircon
populations from the host quartz monzonite and enclaves could
reveal the differences in their crystallisation conditions (e.g.,
Pupin, 1980; Wang, 1998; Wang and Kienast, 1999; Belousova
et al., 2002). Zircon crystals from the host quartz monzonites are
elongate prisms and exhibit regular magmatic oscillatory zoning
in CL images, whereas most zircon grains from the MMEs are
stubby and show absorption zoning in CL images, which indicates
an origin from mafic magma. Furthermore, the enclave samples
have relatively depleted zircon Hf isotopic compositions with
higher eyf(t) values varying from —8.4 to —3.8, whereas the host
quartz monzonites have highly variable zircon Hf isotopic compo-
sitions with eyg(t) values varying from —13.3 to —5.8 (Fig. 10). The
difference in zircon eyf(t) values between the MMEs and host rocks,
together with the wide range in zircon Hf isotopic compositions
provides the most direct evidence for mixing between mafic and
felsic magmas from different sources (e.g., Yang et al., 2006,
2007; Zhao et al., 2012). Meanwhile, some zircons (e.g., KG-3e-4)
in the enclaves have similar CL patterns, U-Pb ages, and Hf isotopic
compositions to those in the host rocks and, as stated previously,
many MMEs contain feldspar and quartz megacrysts that were
entrained from the host granites. These observations further sup-
port the inference that magma mixing/mingling occurred during
the genesis of the MMEs (e.g., Griffin et al., 2002).

It is worth noting that when a more mafic magma is injected
into a felsic magma chamber and then breaks up into globular
enclaves, both magma mingling and chemical diffusion act to mod-
ify the original composition of the enclave magma. The mafic
enclaves are characterised by higher contents of hydrous minerals
(hornblende and biotite) than their host rocks, strongly suggests
that the migration of fluids from the host felsic magma to enclaves
was effective (Wiebe, 1973; Orsini et al., 1991; Blundy and Sparks,
1992). During the processes of fluid influx, chemical transfer of
some mobile elements would be inevitable. As such, we speculate
that the similar trace element and Sr-Nd isotopic compositions of
the MMEs and host quartz monzonites were caused by diffusion
and partial re-equilibration, as a natural consequence of the mix-
ing/mingling model (e.g., Xiong et al., 2011; Zhao et al., 2012; Liu
et al., 2013).

5.2. Petrogenesis of quartz monzonites

There are several hypotheses proposed for the origins of mon-
zonite magmas, including: (1) partial melting of crustal rocks (Xu
et al., 2004; Koksal et al., 2013); (2) fractional crystallization from
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mantle-derived basaltic magmas with or without crustal assimila-
tion (Rapela and Pankhurst, 1996; Jiang et al., 2002; Wang et al.,
2007; Liu et al.,, 2008; Li et al., 2009; Aghazadeh et al., 2010,
2011); and (3) magma mixing between mantle-derived mafic
and crustally derived silicic magmas (Neves and Mariano, 1997;
Ferré et al., 1998; Yaliniz et al., 1999; Gagnevin et al., 2004;
Ackerman et al.,, 2010; Yang et al., 2011; Lan et al,, 2011, 2012,
2013; Cheng et al., 2012; Donskaya et al., 2013; Mao et al., 2013;
Wang et al., 2013; Liu et al., 2013, 2014b). Both the Huangtanyang
and the Kanggu quartz monzonites possess similar geochemical
features, such as similar zircon U-Pb ages, major elements and
Sr-Nd-Hf isotopic compositions, suggesting that they were
derived from similar sources and generated by similar petrogenetic
processes, therefore in the following sections we will discuss their
petrogenesis together.

5.2.1. Crustal contamination and crystal fractionation

The Huangtanyang and the Kanggu quartz monzonites have
relatively constant Sr-Nd isotopic compositions over the SiO,,
which could argue against crust assimilation-fractional crystallisa-
tion (AFC) processes and may reflect a simple fractionation
crystallization (FC) process. However, the negative correlation of
SiO, vs. Al,03 (Fig. 12a) in the monzonites requires the fractiona-
tion of plagioclase and/ or K-feldspar if FC occurs. This process
would decrease Na,O and/or K,O with increasing SiO, in these
quartz monzonites, and would also result in significant Eu anoma-
lies, which is contrary to what is actually observed (Fig. 12b-d).

The constant Ni and Cr contents with increasing Zr concentra-
tions suggest that the fractionation of pyroxene was negligible
during magma evolution of the Huangtanyang and the Kanggu
quartz monzonites. The observed high Zr and Hf contents and
marked positive Zr and Hf anomalies (Fig. 8b) preclude titanite
and/or rutile FC in the parental magmas, because either titanite
or rutile FC wound not only yield negative anomalies in Nb, Ta,
and Ti but also lead to depletion of Zr and Hf (Klemme et al.,
2005). Therefore, the characteristics of Nb, Ta and Ti depletion
are likely to be intrinsic to their parental magma sources. Insignif-
icantly negative Eu or Sr anomalies indicate that feldspar (plagio-
clase or K-feldspar) could not have been a major fractionating

phase. Meanwhile, 3Eu values remain constant with increasing
SiO, (Fig. 12d) and decreasing CaO (not shown), which also sug-
gests that fractionation of plagioclase was negligible. It is worth
noting that all quartz monzonites have relatively low differentia-
tion index (D.I. = 71.5-79.9; Table 1). Collectively, we thus suggest
only a subordinate role of FC during magmatic evolution of Huang-
tanyang and Kanggu quartz monzonites.

5.2.2. Potential magma sources

As discussed above, the effects of fractional crystallisation (FC)
or crustal assimilation are most likely negligible in the formation
of the Huangtanyang and the Kanggu quartz monzonites. Mean-
while, the SiO, contents of the quartz monzonites from the both
plutons are relatively high (61.35-66.22 wt.%) to represent
magmas derived by direct partial melting of the mantle, as the
latter cannot yield melts more silicic than andesitic compositions
with <57% SiO, (Lloyd et al., 1985; Baker et al., 1995). Therefore,
the crustal materials must have been involved in the formation
of the Huangtanyang and the Kanggu quartz monzonites. Further-
more, the existence of some zircons with unusually low &yt)
values (low to —13.3) and Palaeoproterozoic two-stage Hf model
ages (Tpmz (Hf); up to 1.97 Ga) from the Huangtanyang and the
Kanggu quartz monzonites argues strongly for Palaeoproterozoic
crustal involvement (Griffin et al., 2000; Xu et al., 2007).

On the other hand, elemental and isotopic data also support
that a significant amount of mantle-derived component was
involved in their magma genesis. Firstly, Rapp and Watson
(1995) have proposed that melts from the basaltic lower continen-
tal crust are characterised by low Mg# values (<40) regardless the
degree of melting, whereas those with higher Mg# values (>40) can
only be generated by involvement a mantle component. In this
study, both the Huangtanyang and the Kanggu quartz monzonites
have higher Mg# values than those generated solely by partial
melting of crustal materials (Fig. 13), implying the input of
mantle-derived components (e.g., Jiang et al., 2013). Secondly, a
majority of zircons from the Huangtanyang and the Kanggu quartz
monzonites plot above the isotope evolution field for crustal
basement of the Cathaysia Block (Fig. 11), and two-stage Hf model
ages of most zircons (1.50-1.69 Ga for the Huangtanyang and
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Fig. 12. SiO, vs. major element oxides and Sr-Nd isotopes for the Huangtanyang and Kanggu plutons.

1.51-1.97 Ga for the Kanggu quartz monzonites) are younger than
that of the basement (>1.85 Ga; Xu et al., 2007). Moreover, Yu et al.
(2010) suggested that there were five important episodes of
juvenile crust generation (3.6 Ga, 2.8 Ga, 2.6-2.4 Ga, 1.85 Ga, and
0.8-0.7 Ga) in this area. The majority of zircon Hf model ages are
inconsistent with any proposed episode of regional crust genera-
tion, thus indicating mantle components have been involved in
their genesis.

Nb/U or Ta/U ratios are useful indexs for discriminating magma
sources, because these values are not significantly affected by vari-
able degrees of partial melting or subsequent fractional crystalliza-
tion (Hofmann, 1988; Xu et al., 2005; Ma et al., 2014). Nb/U ratios
from the Huangtanyang and the Kanggu quartz monzonites
(Nb/U = 2.2-4.1) are significantly lower than those of mid-ocean
ridge and ocean island basalts (MORB and OIB, Nb/U 47,
Hofmann et al., 1986) and the lower crust (Nb/U ~ 25; Rudnick
and Gao, 2003), and are even lower than the mean value of upper
crust (Nb/U ~ 4.5; Rudnick and Gao, 2003), implying that such
signatures cannot be solely generated by melting of continental
crust or depleted mantle. Noteworthily, as the HFSEs are likely to
be stored in residual rutile and ilmenite in the subducted slab,
fluids dehydrated from a subducted slab could have very low
Nb/U ratios (~0.22) that reflect the transfer of significant amounts
of LILEs into the slab-derived fluids (Ryerson and Watson, 1987,

Ayers, 1998). The Huangtanyang and the Kanggu quartz mon-
zonites are characterised by strong fractionation between LREE
and HREE, enrichment of LILEs, and depletion of HFSEs with nega-
tive Ta, Nb, and Ti anomalies. These characteristics are similar to
those of the contemporary Cretaceous mafic suites in the Cathaysia
Block which are widely considered to be derived from a metasom-
atized mantle source (Chen et al., 2008; Meng et al., 2012; Li and
Jiang, 2014a,b). Li et al. (1997) advocated that the lithospheric
mantle beneath SE China was modified by an ancient, recycled,
subducted plate during the Mesozoic. Therefore, we argue that
the very low Nb/U ratios of the Huangtanyang and the Kanggu
quartz monzonites were likely inherited from lithospheric mantle
metasomatised by fluids released from a dehydrating slab during
a past subduction event. The relatively low Ta/U ratios of the
Huangtanyang and the Kanggu plutons (0.17-0.28) also favour this
hypothesis.

Most quartz monzonites samples from the Huangtanyang and
the Kanggu plutons have higher and constant K;O contents than
those typically observed in the continental upper crust (3.4 wt.%;
Taylor and McLennan, 1985), suggesting a potassic phase such as
phlogopite, potassic amphibole or K-feldspar in the source region.
The positive correlation between the La concentrations and
La/K ratios (not shown) further supports that a potassic phase of
phlogopite or potassic amphibole is present in the magma source



L. Liu et al./Journal of Asian Earth Sciences 115 (2016) 183-203 197

80
m Huangtanyang quartz monzonite
70 b » Kanggu quartz monzonite
@ Kanggu mafic enclave
60 -
50 F
)
o > =
p= 40 > h
30
20 | Pure crustal partial melt
2t leharanaeo-So CPure crustal partial melt
10 | at 7-13 kbar and 825-950°C
Pure crustal partial melt
at 8-16 kbar and 1000-1050°C
0 " 1 " 1 " 1 1 " 1 " 1 M
45 50 55 60 65 70 73 80
Si0, (Wt%)

Fig. 13. Mg# vs. SiO, diagram for the Huangtanyang and Kanggu plutons. Also shown are the fields of pure crustal partial melts determined in experimental studies on
dehydration melting of low-K basaltic rocks at 8-16 kbar and 1000-1050 °C (Rapp and Watson, 1995), of moderately hydrous (1.7-2.3 wt.% H,0) medium- to high-K basaltic
rocks at 7 kbar and 825-950 °C (Sisson et al., 2005), and of pelitic rocks at 7-13 kbar and 825-950 °C (Patino Douce and Johnston, 1991).

region. However, the absence of significant Eu anomalies of these
rocks (Fig. 8a) suggests a K-feldspar-free source. Meanwhile, the
rocks have significantly high Rb/Sr (0.16-0.43) and low Ba/Rb
(5.37-10.16) ratios, similar to those of the melts in equilibrium
with phlogopite (Rb/Sr > 0.1, Ba/Rb < 20), but different from those
of amphibole-bearing mantle sources (Rb/Sr<0.06, Ba/Rb > 20,
respectively), strongly suggesting phlogopite rather than potassic
amphibole as the main potassic phase (Feldstein and Lange,
1999). The presence of phlogopite in the source region is consistent
with the metasomatized mantle, in which phlogopite is a common
metasomatic volatile-bearing phase (e.g., lonov et al., 1997). Fluid
metasomatism or melt hybridization would involve the formation
of phlogopite in the lithospheric mantle. The quartz monzonites
from Huangtanyang and the Kanggu plutons are enriched in LILE
(e.g.,Ba=1021-1343 ppm; Sr = 442-735 ppm) (Fig. 8b), at concen-
trations that are higher than those in the continental crust
(Ba=390 ppm and Sr =350 ppm; Rudnick and Fountain, 1995). It
has been suggested that metasomatic volatile-bearing phases
(phlogopite or amphibole) are the major repositories for LILE in
the lithospheric mantle (e.g., lonov et al., 1997), and thus could
account for such an enrichment. Nevertheless, as suggested by
Wang et al. (2005, 2008) and He et al. (2010), the subcontinental
lithospheric mantle of South China is isotopically of EM-II type,
and can be represented by the Yangfang aegirine-augite syenite
in western Fujian (Fig. 9). Most zircons from the Huangtanyang
and the Kanggu quartz monzonites have higher eydt) (up to
—5.7) than average values for enriched mantle (approximately
—10.3, Fig. 10; He et al., 2010), which also provides evidence for
participation of some depleted mantle components in their petro-
genesis. Recent studies with systematic Nd-Hf isotope analyses
also show that melts from a depleted mantle source have been
involved during the generation of some Late Yanshanian rocks
along the Zhejiang and Fujian coastal area (He and Xu, 2012; Liu
et al., 2014b; Z. Li et al., 2014).

From another point of view, the La/Nb ratios and Sr-Nd isotopes
can also help to elucidate secular changes in the mantle source
region (e.g., Meng et al., 2012), and here support that both depleted
and metasomatically enriched mantle components were involved

in the petrogenesis of Huangtanyang and the Kanggu quartz mon-
zonites. The quartz monzonite samples (HTY-2 or HTY-3) from
Huangtanyang plutons have the lowest La/Nb ratios (1.6-1.8), sug-
gesting a subcontinental lithosphere mantle-origin with a small
contribution from the asthenosphere (Fig. 14). The majority of
the Huangtanyang and the Kanggu quartz monzonites have
elevated La/Nb ratios (3.2-8.5) which deviate significantly from this
asthenosphere-lithosphere mantle mixing trend (Fig. 14). The
overall heterogeneity is explained either by involvement of crustal
materials or a subduction component. Considering that their La/Nb
ratios are much higher than those in the continental crust (~3.8;
Rudnick and Gao, 2003), a subduction component is required for
their magma sources. In fact, the coeval basaltic rocks in the coastal
region of Cathaysia Block show similar characteristics (Figs. 8 and
15), which were suggested to be mixing products between mantle
melts and a subduction-related component (Chen et al., 2008;
Meng et al., 2012). Meng et al. (2012) also suggest that such
characteristic can be generated by partial melting of subcontinental
lithosphere mantle (SCLM) at the base of lithosphere that was
metasomatised by slab-induced melts and fluids. In addition, MMEs
from the Kanggu pluton have higher La/Nb ratios (La/Nb =5.4) and
Sr concentrations (790 ppm) than their host quartz monzonites
(La/Nb = 3.4-4.4; Sr = 526-735 ppm), implying more enriched litho-
spheric mantle components had been involved.

5.2.3. A hybrid origin

Consequently, we conclude that both mantle components (i.e.,
depleted and metasomatically enriched mantle) and Palaeopro-
terozoic crustal materials were involved in the formation of the
Huangtanyang and the Kanggu quartz monzonites. It is important
to note that Nb/Ta ratios of the Huangtanyang and the Kanggu
quartz monzonites vary from 13.0 to 15.6, which fall in the range
of those for continental crust (12-13; Barth et al., 2000), MORB
(16.7 £ 1.8; Kamber and Collerson, 2000), and primitive mantle
(17.5 £ 2.0; Green, 1995; Sun and McDonough, 1989). Moreover,
the Hf-Nd isotopic compositions of the Huangtanyang and Kanggu
quartz monzonites are intermediate between those of depleted
mantle and crustal basement (Figs. 9 and 10). These features
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suggest that the Huangtanyang and Kanggu quartz monzonites
formed from mixing between mantle-derived basaltic magmas
and ancient crust-derived melts. The following two lines of
evidence also favour this interpretation:

(1) Abundant MMEs from the Huangtanyang and Kanggu pluton
are considered to be globules of near-liquidus mafic melt that
was injected into and mingled with the host felsic magma.

(2) The quartz monzonites exhibit a wide range of zircon Hf
compositions with a multi-peak distribution (Fig. 10),
especially for the Kanggu plutons, which precludes a simple,
cogenetic evolution via closed-system fractionation and
necessitates a magma mixing model (e.g., Yang et al., 2006,
2007; Zhao et al., 2012; Liu et al., 2013, 2014b).

5.3. Record evidence for crust-mantle interaction

As discussed above, the Huangtanyang and Kanggu quartz
monzonites were derived from mixing between mantle-derived
basaltic magmas and ancient crust-derived melts. Magma
mixing has been extensively indicated by evidence from several
Cretaceous intrusions in SE China, such as the occurrence of
hybrid origin enclaves from Muchen quartz monzonite (Liu
et al, 2013), Matou quartz monzonites (Liu et al., 2014b),
Putuoshan granite (Xie et al, 2004; X.L. Zhang et al., 2005),
Xiaojiang granite (Hsieh et al., 2009; Wang et al.,, 2013), and
Pingtan granite (Griffin et al., 2002), and by mingling structures
in the Pingtan igneous complex (Dong et al, 1998; Xu et al,
1999).
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To estimate the proportions of mantle and crustal components
involved in the genesis of the quartz monzonites during this study,
we used a mixing model similar as Liu et al. (2014b). A typical
Qinghu monzonite was selected to represent the depleted mantle
end-member, as this monzonite has the most radiogenic Sr, Nd,
and Hf isotope compositions recorded to-date for Mesozoic
igneous rocks in south China (Chen and Jahn, 1998; Li et al,
2004, 2009). We used a typical Darongshan S-type granite from
Guangxi Province to represent the crustal end-member, as it is
thought to have formed by remelting of purely silicic crust
(Hsieh et al., 2008). The Yangfang aegirine-augite syenite from
western Fujian Province was selected to represent the enriched
lithospheric mantle end-member (Wang et al., 2005). Our calcula-
tions show that the Huangtanyang and Kanggu quartz monzodior-
ites can be modelled isotopically by mixing 30-33% of depleted
mantle melts and 67-70% of enriched mantle melts, or mixing
43-49% of depleted mantle melts and 51-57% of crustal melts.
Thus, a proportion of 30-49% of depleted mantle melts is required
for the formation of the Huangtanyang and Kanggu quartz mon-
zonites, which is less than that involved in formation of the
Muchen quartz monzonite, Matou quartz monzonite and Dalai
quartz monzodiorite in western Zhejiang Province (Fig. 9; Liu
et al.,, 2013, 2014b). The Late Mesozoic crust-mantle interaction
in SE China has been also widely recognised by previous studies,
with an increasing contribution of contemporaneous underplated
hot mantle-derived magmas as both a heat source inducing crustal
melting and a source of materials that variably mixed with the
local crustal melts (e.g., Xue et al., 1996; Chen and Jahn, 1998;
Xu et al., 1999; Guo et al.,, 2012; L. Liu et al.,, 2012; Hong et al.,
2013; Liu et al,, 2013, 2014a; Z. Li et al., 2014), suggesting that
these magmatic activities were controlled by a common geody-
namic mechanism rather than independent tectonic events.

The geodynamic mechanism of the widespread Late Mesozoic
magmatic rocks in SE China have become an important topic of
international research interest (Zhao et al., 2015). Despite some
controversy, a growing number of researchers consider that Creta-
ceous magmatism along the coastal area of SE China was formed in
an active continental margin due to subduction of the Palaeo-
Pacific plate beneath the Eurasian continent (Zhou et al., 2006;
X.H. Li et al., 2007; Li and Li, 2007; Chen et al., 2008).

In this study, we also recognise the involvement of mafic melts
from both depleted and enriched mantle during this magmatism.
The involvement of mafic melts from both depleted and enriched
mantle during magmatism leads us to suggest an upwelling of
the asthenospheric mantle. The asthenosphere-derived magma
can cause small degrees of partial melting of phlogopite-bearing
lithospheric mantle which could resulted in the generation of the
mafic magma for Huangtanyang and Kanggu quartz monzonite.
However, the asthenosphere is unlikely to melt significantly on
decompression unless it rises to depths less than 50km
(Atherton and Ghani, 2002), which may need the extension of
lithospheric beneath SE China. Actually, the thinning of the litho-
spheric mantle from the Palaeozoic to the Cenozoic in SE China
had been supported by Xu et al. (2000), and they proposed that
at least 100 km of Archaean to Proterozoic lithospheric mantle
has been removed since Late Mesozoic times. In fact, the
extension-related igneous rocks, mainly in the coastal SCB, include
bimodal volcanic rocks, A-type granites, aplites and diabase dikes
(Dong et al., 1997, 2006; Wang, 2002; Qiu et al., 2004, 2008;
Chen et al., 2008, 2013; Zhao et al., 2015), accompanied with a ser-
ies of pull-apart basins (Xing et al., 2009; Zhou et al., 2006),
strongly suggest that SE China was in an extensional setting during
Cretaceous times. What’s more, it has been suggested that the tim-
ing of the transition from a compressional subduction regime to an
extensional regime in SE China occurred at ca. 110 Ma (Tao et al,,
2000; He and Xu, 2012). The Huangtanyang and Kanggu plutons

are located in the coastal area of SE China and formed in the Creta-
ceous (104-109 Ma), which corresponds to the extensional regime.
In the Nb-Y or Rb-(Y+Nb) tectonic discrimination diagram
proposed by Pearce et al. (1984), data for all samples from these
plutons plot in the VAG (volcanic arc granites) field (Fig. 15).
Furthermore, all samples plot in the post-collisional granite
(post-COLG) field on Rb-(Y+ Nb) diagram (Fig. 15b; Pearce,
1996), as do data for several other monzonitic or syenitic plutons
(e.g., the Terlemez, Muchen, Shahewan, Jianping and Camibogazi
monzonites), which are interpreted to have formed in a post-
collisional extensional setting (Yaliniz et al., 1999; Wang et al,,
2007, 2013; Liu et al., 2013, 2014b; Kaygusuz et al., 2014). In com-
parison, the Qinghu monzonite (Li et al., 2004), the Errakonda and
Uppalapadu syenites (Kumar et al., 2007), and the Yangfang
and Tieshan syenites (Wang et al, 2005), which formed in
intra-continental extensional environments, plot in the WPG
(within-plate granite) field in Fig. 15. Consequently, both the
Huangtanyang and Kanggu quartz monzonites were most likely
generated in a post-collisional extensional tectonic setting. In
contrast, the Muchen pluton was emplaced at 112 Ma, with
samples plotting in both the VAG and WPG field, which corresponds
to the tectonic transition period from compression to extension
(Liu et al., 2013).

Lithospheric extension can be caused in a various ways. The
Mesozoic lithospheric extension in SE China was previously con-
sidered to be related to rollback and delamination of the subducted
Paleo-Pacific slab (Li and Li, 2007; Wong et al., 2009), southwest-
ward ridge subduction (e.g., Ling et al., 2009; Sun et al., 2007) or
oblique subduction of the Pale-Pacific Ocean (Wang et al., 2011).
A back-arc extension has also been proposed to explain the
Mesozoic A-type granitic magmatism in SE China (e.g., Wong
et al., 2009). All these processes could trigger decompression
melting of the mantle reservoirs and underplating of hot mantle-
derived magmas in the crust. Based on systematical researches
on the Cretaceous volcanic rocks and a series of granitoid plutons
in Zhejiang, Liu et al. (2014a) identified that the juvenile compo-
nent involvement gradually occurred from the inland to the coast
under an enhanced lithospheric extensional tectonic setting. Note
this migration and the enhance of lithospheric extension, an
increasing dip angle of the subducted slab, i.e. slab rollback, is
suggested to account for the Cretaceous geodynamics in the area,
since the slab rollback would consequently have led to the retreat
of the trench oceanward and generated the back-arc extensional
environment (Stern, 2002).

Accordingly, we propose a simplified genetic model for the
Huangtanyang and Kanggu quartz monzonites, which is sum-
marised as follows: (1) as the dip angle of the subducted slab
increased and the trench retreated oceanward, the lithosphere
was thinned by extension; (2) this resulted in asthenospheric
upwelling and melting which transferred energy and magma into
the continental lithosphere, and; (3) this then triggered partial
melting of the enriched lithospheric mantle. Asthenospheric melts
mixed with enriched lithospheric mantle melts thus generated the
primary mantle magmas of the Huangtanyang and Kanggu plutons.
At the same time, larger amounts of basaltic magma derived from
variable amounts of mixing between melts of asthenospheric and
enriched lithospheric mantle ascended to the base of the lower
crust and triggered partial melting of crustal materials. Crust-
derived melts then mixed with the basaltic magmas, forming the
Huangtanyang and Kanggu quartz monzonitic magma. Sparks
et al. (1977) mentioned that magma is quickly superheated when
mixed with mafic magma resulting in increased temperature pro-
ducing a significant lowering of its viscosity. If mafic magma is
introduced before of crystallization of the felsic magma, it may
result in homogeneous hybrid magmas. This type of mixing often
occurs at depth and is usually favoured by convection. However,
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if it is introduced slightly later, then the viscosities of two magmas
may be sufficiently contrasting to only allow mingling. The mafic
magma may also break up into blobs and can be scattered in the
felsic magma to form enclaves. Therefore, injection of successive
pulses of mafic magma into the ascending monzonitic magma
would have formed the MMEs in this study (e.g., Fernandez and
Barbarin, 1991). The calculated zircon saturation temperatures
(tz;) of Huangtanyang and Kanggu quartz monzonites are in the
range of 793-804°C and 799-831°C (Table 2; Watson and
Harrison, 1983), indicating generation for both plutons at relatively
high temperatures, which is consistent with the above interpreta-
tion. What's more, previous studies show that there may be a
4-5 km thick mafic magma layer storing in the middle and lower
crust of SE China (Li and van der Hilst, 2010; Xu et al., 1996,
1999; Zhang and Wang, 2007; Zhang et al., 2008; Liu et al.,
2014a), which could offer the channel for mixing between compo-
nents of asthenospheric and enriched lithospheric mantle.

6. Conclusions

The following conclusions can be reached based on the compre-
hensive petrological, geochemical, and Sr—Nd-Hf isotopic investi-
gation of the Huangtanyang and Kanggu quartz monzonites in
eastern Zhejiang Province, SE China:

(1) LA-ICP-MS zircon U-Pb dating results imply that the Huang-
tanyang and Kanggu quartz monzonites were emplaced in
Cretaceous (104-109 Ma), whereas MMEs from Huang-
tanyang crystallised at 109.9 £ 1.1 Ma, and are coeval with
their host monzonites (109.0 + 1.4 Ma).

(2) Abundant petrological and microstructural observations,
and zircon Hf isotopic data indicate that the MMEs were
globules of mafic magma that were initially quenched and
then crystallised in the host felsic magma.

(3) Whole-rock chemical and isotopic data and zircon Hf iso-
topic compositions support that the Huangtanyang and
Kanggu quartz monzonites were derived from mixing
between mantle-derived basaltic magmas and ancient
crust-derived melts under an extensional regime.
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