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The early PaleozoicWuyi–Yunkai orogeny resulted in extensivemagmatism in the Cathaysia and eastern Yangtze
blocks, South China. Identifying the nature of relatedmagmatism is essential for understanding the orogeny that
remains enigmatic with regard to its tectonic setting and geodynamic driving force. The Zhangjiafang pluton
(438 ± 3 Ma) in western Jiangxi province is composed of predominant granodiorite with abundant coeval
mafic-intermediate microgranular enclaves (MMEs) (~433 ± 5 Ma). The granodiorite samples are weakly
peraluminous (A/CNK = 1.05–1.09) and have low SiO2 (61.9–64.9 wt.%) and high Fe2O3 (4.6–5.6 wt.%), MgO
(2.2–2.8 wt.%) and CaO (4.3–4.8 wt.%), belonging to I-type suite due to abundant amphibole in the rocks. They
exhibit strongly negative whole-rock εNd(t) values (−11 to −9) and zircon εHf(t) values (−14 to −4), similar
to the basement of the Cathaysia Block, but distinguishable from simultaneous I-type granites of the Banshanpu
and Hongxiaqiao plutons in eastern Yangtze Block in much lower Sr, Ba, Th and U. The MME samples show pro-
nounced negative Nb–Ta–Ti anomalies and have overall less negative whole-rock εNd(t) (−9 to−7) and zircon
εHf(t) values (−9 to −4) than the host granodiorite, which are best interpreted as products of mantle-derived
melts that mixed insufficiently with crust-derived magma.
The block boundary between the eastern Yangtze and Cathaysia blocks should pass through the nearbywest area
(i.e., Pingxiang City) of the Zhangjiafang pluton. The Early Paleozoic I-type granitic rocks near the block boundary
have all negative εNd(t) and εHf(t) values, demonstrating an overall ancient basement of the two blocks prior to
the Wuyi–Yunkai orogeny, preferring an intracontinental orogeny model. However, the early Paleozoic mafic
rocks and I-type granites with coeval MMEs were frequently present along the Jiangshan–Shaoxing–Pingxiang
Fault zone, illustrating widespread modification of the ancient basement adjacent to the block boundary by
mantle-derived melt during the orogenic collapse. The pre-existing block boundary might have promoted as-
thenosphere upwelling and basaltic underplating during the intracontinental orogenic collapse.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The South China Block (SCB) consists of the Yangtze Block in the
northwest and the Cathaysia Block in the southeast, which have distinct
basements (e.g., Zhang et al., 2012; Zhao and Cawood, 2012) and were
amalgamated during the Early Neoproterozoic (e.g., Li et al., 2006,
2008, 2009; Wang et al., 2007). After that, it underwent at least three
major tectonothermal events of theWuyi–Yuankai orogeny (early-mid-
dle Paleozoic), Indosinian event (Triassic) and Yanshanian event (Juras-
sic–Cretaceous) (e.g., Charvet, 2013; Charvet et al., 2010; Faure et al.,
2009; Li et al., 2010; Shu et al., 2014; Wang et al., 2013a). The early Pa-
leozoic Wuyi–Yunkai orogeny, as the first extensive tectonothermal
event in South China since the Neoproterozoic break-up of the Rodinia
supercontinent (e.g., Chen et al., 1991; Li et al., 2010; Shu et al., 2014;
Wang et al., 2011), resulted in the remobilization of basement of the
eastern Yangtze and Cathaysia blocks. The reactivation would be due
to orogenic collapse, which is progressively revealed by recent investi-
gation on early Paleozoic mafic rocks (Fig. 1b) (Wang et al., 2013b;
Yao et al., 2012; Zhang et al., 2015) and I-type granites in the eastern
SCB (Fig. 1b) (Guan et al., 2014; Huang et al., 2013; Xia et al., 2014;
Zhang et al., 2015). Alternatively, the Wuyi–Yunkai orogeny has been
regarded as a consequence of continental or arc collisions with closure
of a proposed Huanan Ocean between the eastern Yangtze and
Cathaysia blocks (Guo et al., 1989; Hsü, 1994; Hsü et al., 1990; Shui,
1987). However, the most recent work interpreted it as an intraplate
orogenic event (e.g., Charvet et al., 2010; Faure et al., 2009; Li et al.,
2010; Wang et al., 2007, 2011, 2013a,). Nevertheless, the orogeny re-
mains enigmatic with regard to its tectonic setting and geodynamic
driving force (Li et al., 2010; Wang et al., 2013a, 2013b). Identifying
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Fig. 1. (a) Simplified regional map highlighting the tectonic framework of the South China Block (SCB) that is made of the Yangtze and Cathaysia blocks (revised from Li et al., 2010).
(b) Sketch map showing the known extent of the early Paleozoic Wuyi–Yunkai orogen, the metamorphic core of the orogen, the early Paleozoic granitic rocks of the eastern SCB and
the location of known mafic rocks (revised from Li et al., 2010; Wang et al., 2011; Huang et al., 2013). Insert geochronology histogram show the age range of the early Paleozoic mafic
and granitic rocks in the eastern SCB. Geochronology data are according to the literatures (Chen et al., 2008; Gan et al., 1993; Guan et al., 2014; Huang et al., 2013; Li et al., 2010; Lou
et al., 2005; Peng et al., 2006; Shen et al., 2008; Wan et al., 2007; 2010; Wang et al., 2007, 2011; 2013b; Wu and Zhang, 2003; Xia et al., 2014; Xie and Yang, 2000; Xu and Xu, 2015;
Xu et al., 2009; Zhang et al., 2012, 2015; Zhong et al., 2014).
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the nature of related magmatism and tectonic boundary between the
eastern Yangtze and Cathaysia blocks is essential for understanding
the processes responsible for the orogeny.

The early Paleozoic northeastern boundary between the Yangtze
and Cathaysia blocks is commonly accepted as the northeasterly strik-
ing Jiangshan–Shaoxing Fault (Fig. 1b) for evidence including
Neoproterozoic ophiolites (Chen et al., 1991; Yao et al., 2014), arc-
type granites (Li et al., 2008) and HP/LT blueschists (Li et al., 2009).
However, the middle part of the boundary is still ambiguous and has
been largely debated (Fig. 1b) due to poor exposure and strong modifi-
cation by young tectonic events (Li et al., 2010;Wang et al., 2013a). Re-
cent studies about sedimentology, biofacies and lithofacies suggest that
the tectonic boundary would extend from the Shaoxing–Jiangshan–
Pingxiang fault zone to the Hengyang and Longsheng areas (Fig. 1b)
(Chen et al., 2012; Shu et al., 2015). Whereas, Wang et al. (2003) pro-
posed that the Chenzhou–Linwu Fault could represent the southwest-
ern part of the boundary between the two blocks (Fig. 1b) because the
mafic rocks across the fault show distinct geochemical characteristics
and define different lithosphere mantle sources across the fault. This is
also consistent with recent geophysical data that exhibit different geo-
physical properties in the crust across the Chenzhou–Linwu Fault (Rao
et al., 2012). The early Paleozoic I-type granites in the eastern Yangtze
and Cathaysia blocks could record geochemical characteristics of the
basements of the two blocks becausemost of themhave resisted the im-
pacts of the later tectonic-thermal events. A cluster of early Paleozoic I-
type granites, including the Banshanpu and Hongxiaiqiao plutons to the
west, Xinyu pluton to the north and Zhangjiafang pluton to the east of
Pingxiang City, are likely outcrops along the middle part of the bound-
ary between the Yangtze and Cathaysia blocks (Fig. 1b), which would
be a good opportunity for investigation of the block boundary. Guan
et al. (2014) had proposed that the Banshanpu andHongxiaqiao plutons
were derived from partial melting of lower crust with residual garnet in
the eastern Yangtze Block. The Zhangjiafang plutonwas suspected to be
an early Paleozoic I-type granite in the Cathaysia Block (Fig. 1b) (Zhang
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et al., 2012). If so, the middle part of the block boundary between the
eastern Yangtze and Cathaysia blocks would pass through the narrow
area between the Zhangjiafang pluton and the Banshanpu and
Hongxiaqiao plutons. However, there is still no geochemical data avail-
able for the Zhangjiafang pluton. In this study, we report both the geo-
chronological and geochemical characteristics of the granites and
coexisting mafic microgranular enclaves (MMEs) of the Zhangjiafang
pluton in order to elucidate the magma sources and petrogenetic pro-
cesses of the rocks. The results allow us to explore geochemical differ-
ence of the basements and outline the block boundary between the
eastern Yangtze and Cathaysia blocks, which would also offer new per-
spectives on the early Paleozoic magmatism associated with theWuyi–
Yunkai orogenic collapse in the SCB.

2. Geological background and sample descriptions

The SCB is bounded by the Qinling–Dabie–Sulu orogenic belt to the
north, the Longmenshan Fault to the northwest, the Red River Fault to
the southwest, and the continental slope of the East China Sea and the
South China Sea to the southeast (Fig. 1a). The basement of the Yangtze
Block in the northwest of the SCB consists predominantly of Proterozoic
and a small amount of Archean rocks known as the Kongling Complex
(e.g., Gao et al., 2011; Qiu et al., 2000). The Archean–Paleoproterozoic
crystalline basement was surrounded by Late Mesoproterozoic to
Early Neoproterozoic strata, which are locally unconformably overlain
by weakly metamorphosed Neoproterozoic strata (i.e., the Banxi
Group) and unmetamorphosed upper-Neoproterozoic to Paleozoic suc-
cession (Zhao andCawood, 2012; and references therein). In the eastern
Yangtze Block, the oldest outcropped rocks are represented by early
Neoproterozoic metamorphosed volcanic-sedimentary units, such as
Sibao Group in north Guangxi, Fanjingshan Group in northeast Guizhou,
Lengjiaxi Group in central Hunan, Shuangqiaoshan/Jiuling Group in
northwest Jiangxi and Shangxi Group in south Anhui (Zhao and
Cawood, 2012; and references therein). The Precambrian basement of
the Cathaysia Block can be divided into the Wuyishan terrane to the
northeast and the Nanling–Yunkai terrane to the southwest (Fig. 1b)
(Xu et al., 2005; Yu et al., 2010). Paleoproterozoic granites, meta-
sedimentary and volcanic rocks outcropped in northeastern Wuyishan
Fig. 2. Simplified geological map of the Zhangjiafang pluton (modified after Yichun and Zh
were supposed to be the basement of the Wuyishan terrane (Liu et al.,
2014; Yu et al., 2010). The Silurian strata were missing, and a wide-
spread angular unconformity between the overlying upper Paleozoic
terrestrial deposits (Devonian and younger) and the lower Paleozoic
meta-sedimentary successions (typically Ordovician and older) could
be recognized in the southeast part of the SCB (Shu et al., 2014).

The Zhangjiafang pluton to the east of Pingxiang City (Fig. 1b) in-
truded into the Neoproterozoic metasedimentary sequence or early Pa-
leozoic gneissic granites (Fig. 2) with ages mainly of 440–456 Ma
(Wang et al., 2011). The Zhangjiafang pluton is predominantly com-
posed of granite in the eastern part and granodiorite in the western
part (Fig. 2) that show gradual transition without sharp boundary.
There are abundant mafic microgranular enclaves (MMEs) hosted in
the granodiorite (Fig. 3a, b). The granodiorite samples are porphyritic,
and plagioclase phenocrysts are mostly euhedral–subhedral and
zoned (Fig. 3c). The common mineral assemblage is biotite (20–30%),
amphibole (~15%), plagioclase (25–30%), K-feldspar (10–15%) and
quartz (10–15%) (Fig. 3c), with minor accessory minerals of apatite,
sphene and magnetite. The fine-grained MMEs are generally elliptic
and contact sharply with the host granodiorite (Fig. 3a, b). However,
the MMEs often contain variable amounts of large-grained xenocrysts
or clots of quartz and feldspars, and some locally show intrusion of
host granitoid veinlets (Fig. 3b). The mineral assemblage of MMEs is
similar to that of the host granodiorite but has higher proportions of bi-
otite (25–30%), amphibole (~20%) and plagioclase (30–35%) with equal
K-feldspar (10–15%) and lower quartz (~10%) (Fig. 3d).

3. Analytical methods

Zircons were separated using conventional heavy liquid and mag-
netic techniques and purified by the handpicking under a binocular mi-
croscope, and cast into an epoxy mount. The mount was then polished
to exposure the grain centers and carbon-coated. The internal structures
of the zircons were examined using cathodoluminescence (CL) image
prior to U–Pb isotopic analysis. Zircon U–Pb analyses were performed
using an Agilent 7500a ICP-MS, equipped with a RESOlution M-50
laser-ablation system at the Guangzhou Institute of Geochemistry, Chi-
nese Academy of Sciences (GIG-CAS). Spot sizes of 30 μm with a laser
uzhou Geological Maps at 1:200,000 scale), showing rock types and sample location.
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Fig. 3. Field photographs and petrographic characteristics of the Zhangjiafang granodiorite and coexisting mafic microgranular enclave (MME): (a, b) outcrops of elongated MME in the
granodiorite; (c) petrographic characteristics of granodiorite (XQ-1); and (d) petrographic characteristics of MME (XQ-15). Mineral abbreviations: Amphibole (Amp), Biotite (Bt),
Plagioclase (Pl), K-feldspar (Kfs) and Quartz (Qz). The length of the marker pen in (a) and (b) is ca 14 cm.
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frequency of 8 Hzwere used. U–Th–Pb ratios and U concentration were
determined relative to TEMORAzircons (Black et al., 2003) and the stan-
dard NIST610 (Pearce et al., 1997), respectively. Raw count rates were
measured for 29Si, 204Pb, 206Pb, 207Pb, 208Pb, 232Th and 238U,
207Pb/206Pb, 206Pb/238U, 207Pb/235U and 208Pb/232Th ratios, and then cal-
culated using the ICP-MS DataCal 6.7 (Liu et al., 2008). The detailed an-
alytical techniques are described in Tu et al. (2011). Uncertainties of
individual analyses are reported at the 1σ level, and data reduction
was carried out using Isoplot (ver. 3.23) (Ludwig, 2003).

In situ zircon Hf isotopic analyses were carried out on the dated sites
using a NeptuneMC-ICPMS, equipped with a 193 nm laser, at the Insti-
tute of Geology and Geophysics, Chinese Academy of Sciences (IGG-
CAS). Spot sizes of 44 μm with a laser repetition rate of 8 Hz were
used, which obtained a signal intensity of ~ 5 V at 180Hf mass with the
energy density of 15 J/cm2. The detailed analytical technique and data
correction procedures are described in Wu et al. (2006). The mean βYb

(172Yb/173Yb) value obtained from zircon itself was applied for the in-
terference correction of 176Yb and 176Lu on 176Hf (Wu et al., 2006).
176Yb/172Yb = 0.5886 and 176Lu/175Lu = 0.02655 were used for the el-
emental fractionation correction. Due to the extremely low 176Lu/177Hf
in zircon (normally b 0.002 in the studied samples), the isobaric inter-
ference of 176Lu on 176Hf is negligible (Iizuka andHirata, 2005). No rela-
tionship between 176Yb/177Hf and 176Hf/177Hf ratioswas observed in the
studied samples, indicating that the correction of 176Yb interference on
176Hf is precise for obtaining accurate 176Hf/177Hf values. During analy-
sis of the unknown samples, the zircon standard (GJ-1) and
Mud Tank gave 176Hf/177Hf ratios of 0.282002 ± 25 (2σ; n = 9) and
0.252496 ± 18 (2σ; n = 9), respectively, which are identical
with the preferred mean values measured using the LA-MC-ICPMS
method (Gerdes and Zeh, 2006; Woodhead et al., 2004). The uncer-
tainties of calibrated isotope ratios, including those from the sample,
standards, and reference values, are given at ±2σ. The measured
176Lu/177Hf ratios and the 176Lu decay constant of 1.865 × 10−11 yr−1

(Scherer et al., 2001) were used to calculate initial 176Hf/177Hf ratios.
The chondritic values of 176Hf/177Hf = 0.0332 and 176Lu/177Hf =
0.282772 (Blichert-Toft and Albarede, 1997) were used for the calcula-
tion of εHf values.

Whole rock geochemical and Sr–Nd isotopic analyses were carried
out at the GIG-CAS. Major element oxides were analyzed using a Rigaku
RIX 2000 X-ray fluorescence spectrometer (XRF), and analytical uncer-
tainties are mostly between 1% and 5% (Li et al., 2006). Trace elements
were obtained by inductively coupled plasma-mass spectrometry
(ICP-MS) after acid digestion of samples in high-pressure Teflon vessels,
and detailed procedures are same as those described by Li et al. (2006).
The USGS andChineseNational standards AGV-2, GSR-1, GSR-2,MRG-1,
BCR-1,W-2 andG-2were chosen for calibrating element concentrations
of the analyzed samples. Analytical precision of REE and other incom-
patible element analyses is typically 1–5%. Sr and Nd isotopic ratios
were measured on a subset of whole-rock samples using a Micro mass
Isoprobe multicollector ICP-MS (MC-ICP-MS). Detailed procedures of
sample preparation and chemical separation are same as those de-
scribed by Liang et al. (2003) and Wei et al. (2002). The procedure
blanks were in the range of 200–500 pg for Sr and ≤50 pg for Nd. REEs
were separated using the cation exchange columns, and the Nd frac-
tions were further separated by HDEHP-coated Kef columns. Measured
143Nd/144Nd ratios were normalized to 146Nd/144Nd = 0.7219. Refer-
ence standards were analyzed along with samples and gave
87Sr/86Sr = 0.710273 ± 18 (2σ) for NBS987 and 143Nd/144Nd =
0.512094 ± 11 (2σ) for Shin Etsu JNdi-1, which are comparable to the
recommended values of NBS987 (87Sr/86Sr = 0.710248; McArthur,
1994) and Shin Etsu JNdi-1 (143Nd/144Nd = 0.512115 ± 7; Tannaka
et al., 2000).
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4. Results

4.1. Zircon U–Pb geochronology and Hf isotope

Two granodiorite samples (XQ10-3 and XQ10-13) and one MME
sample (XQ10-15) were selected for zircon U–Pb dating (Supplemental
Table 1) and Hf isotope analysis (Supplemental Table 2). Zircons are all
euhedral prismatic grains, and CL images show strong oscillatory zon-
ing, indicating the magmatic origin.

4.1.1. Granodiorite
The zircons from granodiorite sample XQ10-3 contain variable Th

and U contents (39–185 ppm and 132–1050 ppm, respectively) with
Th/U ratios of 0.10–0.57 (Supplemental Table 1). Spot 18 on the
inherited zircon has an old 206Pb/238U age of 760 ± 27 Ma with high
U (1050 ppm; Supplemental Table 1). Spots 04, 05 and 21 have slightly
old 206Pb/238U ages ranging from 465 ± 8 Ma to 482 ± 9 Ma (Fig. 4),
whichwould bemixture between inner inherited zircon and outermag-
matic zircon based on the CL images (Fig. 4b). Spots 08 and 11 show
slightly young 206Pb/238U ages (403±6Ma and 415±7Ma, respective-
ly; Supplemental Table 1), possibly due to the later thermal disturbance
of U–Pb isotopic system. The other 18 analyses show similar 206Pb/238U
ages ranging from 427 ± 6 Ma to 451 ± 8 Ma (Supplemental Table 1)
(a)

(c)

Fig. 4. Concordia diagrams for LA-ICP-MS zircon analyses and diagrams for weighted mean
(c) granodiorite (XQ10-13); and (d) MME (XQ10-15). The circles on representative CL ima
analyses (solid line). Uncertainties of individual analyses are at the 1σ level.
with a weighted mean value of 438 ± 3 Ma (MSWD = 0.83; Fig. 4a,
b), identical to the age of biotite granite in eastern part of the pluton
(440 ± 2 Ma; Fig. 2; Zhang et al., 2012) within errors. All zircons have
negative εHf(t) values from −14 to −7 (Fig. 5; Supplemental Table 2).

Twenty-five zircons from granodiorite sample XQ10-13 have vari-
able Th and U contents (50–665 ppm and 165–1805 ppm, respectively)
with Th/U of 0.2–0.8 (Supplemental Table 1). Spots 01, 04 and 13 show
slightly older apparent 206Pb/238U ages (456 ± 7 Ma, 459 ± 7 Ma and
465 ± 9 Ma, respectively; Supplemental Table 1) than the others,
which would be derived from the surrounding gneissic granites that
have abundant zircons with the crystallization age of N 450 Ma (Wang
et al., 2011). The other 22 zircon grains have similar 206Pb/238U ages
(422 ± 6 to 446 ± 7 Ma; Supplemental Table 1) with a weighted
mean value of 438± 3Ma (MSWD=0.98; Fig. 4c), identical toweight-
ed mean 206Pb/238U age of sample XQ10-13 and was interpreted as the
crystallization age of the Zhangjiafang granodiorite. These zircons show
wide range of negative εHf(t) values (−14 to−4; Fig. 5; Supplemental
Table 2).

4.1.2. MME
The zircon grains ofMME sample XQ10-15 contain variable Th andU

contents (37–229 ppm and 93–1049 ppm, respectively) with relatively
low Th/U ratios of 0.1–0.4 (Supplemental Table 1). Spot 09 has older age
(b)

(d)

206Pb/238U age of Zhangjiafang granodiorites and MME: (a, b) granodiorite (XQ10-3);
ges denote the locations for in situ zircon U–Pb dating (dotted line) or Lu–Hf isotopic



(a) (b)

Fig. 5. Diagrams of zircon Hf isotope evolution for Zhangjiafang granodiorites and MMEs. The data sources: the early Paleozoic I-type granites (Zhang et al., 2012) and Precambrian
basements (Liu et al., 2014; Shu et al., 2011; Wang et al., 2012, 2013c; Yu et al., 2009; Zhao et al., 2014) of the eastern Yangtze and western Cathaysia blocks, Zhenghe Neoproterozoic
mafic rocks (Shu et al., 2011; Wang et al., 2013a, 2013b, 2013c), Hongxiaqiao–Banshanpu (HXQ–BSP) granites (Guan et al., 2014) and Zhangjiafang (ZJF) granite (Zhang et al., 2012).
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(462± 9Ma)withmuch higher Th (229 ppm) and U (1049 ppm) com-
pared to the others, andwould be an inherited zircon captured from the
surrounding rocks similar to those in granodiorite samples XQ10-3 and
XQ10-13. The other ten zircon grains give a weighted mean value of
433 ± 5 Ma (MSWD = 1.06; Fig. 4d), interpreted as the crystallization
age of the MMEs, which is equal to the crystallization age of the host
granodiorite (438 ± 3 Ma; Fig. 4b, c) within errors. The zircons of the
MME sample show overall less negative εHf(t) values (−9 to −4;
Fig. 5; Supplemental Table 2) than those of the granodiorite samples.

4.2. Geochemistry

4.2.1. Major and trace elements
Whole-rock major and trace element concentrations of nine granodi-

orite samples and three MME samples from the Zhangjiafang pluton
(Supplemental Table 3) are plotted in Fig. 6, together with surrounding
gneissic granites (Wang et al., 2011) and the I-type granite and MMEs
from the Banshanpu and Hongxiaqiao plutons in the eastern Yangtze
Block (Guan et al., 2014). The Zhangjiafang granodiorites contain low
SiO2 (62–65 wt.%; Supplemental Table 3) and high Al2O3

(16.3–17.3 wt.%; Supplemental Table 3), and show a general trend of de-
creasing TiO2, Al2O3, MgO, CaO, Fe2O3 and P2O5 with increasing SiO2 but
within narrow ranges (Fig. 6). The MME samples have slightly higher
MgO, CaO, Fe2O3 and Na2O but lower P2O5, K2O, SiO2 and K2O/Na2O
than the host granodiorites (Fig. 6). The granodiorite samples are weakly
peraluminous (A/CNK=1.00–1.09; Fig. 7), while threeMME samples are
all metaluminous (A/CNK ≤ 1; Fig. 7), corresponding to higher proportion
of amphibole in the MMEs (Fig. 3d).

The Zhangjiafang granodiorites show fractionated chondrite-
normalized REE patterns ([La/Yb]N = 6–29; Supplemental Table 3)
with moderately to weakly negative Eu anomalies (Eu/Eu* =
0.67–1.0; Supplemental Table 3; Fig. 8a). The MME samples have vari-
able REE concentrations and chondrite-normalized REE patterns ([La/
Yb]N= 3–21; [Dy/Yb]N= 1.8–2.4; Supplemental Table 3)with strongly
negative Eu anomalies (Eu/Eu* = 0.49–0.63; Supplemental Table 3;
Fig.8a). On the primitive mantle-normalized multi-element variation
diagram, all samples exhibit pronounced negative Nb, Ta, Ti, Sr and Ba
anomalies but positive Pb anomaly, similar to the I-type granite and
MMEs from the Banshanpu and Hongxiaqiao plutons (Fig. 8b).

4.2.2. Sr–Nd isotopes
The Zhangjiafang granodiorites have low 143Nd/144Nd ratios

(0.511886–0.511959; Supplemental Table 4) and more negative
εNd(t) values (from −11 to −9; Supplemental Table 4) than coeval I-
type granites in the eastern Yangtze (Guan et al., 2014; Zhang et al.,
2012) and surrounding early Paleozoic gneissic granites (Fig. 9). Initial
87Sr/86Sr ratios of the Zhangjiafang granodiorite samples are high in a
narrow range of 0.7138–0.7145 (Supplemental Table 4). TheMME sam-
ples show higher 143Nd/144Nd ratios (0.512043–0.512163), less nega-
tive εNd(t) values (−9 to −7) and lower initial 87Sr/86Sr ratios
(0.7127–0.7136) than the host granodiorites (Supplemental Table 4;
Fig. 9). All samples likely plot along a mixing curve (Fig. 9) between
the Taishan I-type granites (Huang et al., 2013) and Xinyi gabbro
(Wang et al., 2013b).

5. Discussion

5.1. Petrogenesis of granodiorite: lower crustal dehydration melting

The Zhangjiafang granodiorite samples show negative εNd(t) values
and high (87Sr/86Sr)i ratioswith negative zircon εHf(t) values (Figs. 5, 9),
which is clearly distinguished fromM-type granite that formed from ju-
venile mantle-derived materials (Whalen, 1985). The studied samples
contain abundant early-crystallizing biotite and amphibole but lack of
any peraluminous minerals such as cordierite, muscovite or garnet
(Fig. 3c), indicating an overall hydrated and metaluminous feature of
their initial magma. Therefore, both petrological and geochemical fea-
tures denote clearly that the Zhangjiafang granodiorite is not S- or A-
type granite but belongs to I-type suite.

Weakly peraluminous or metaluminous feature of the Zhangjiafang
granodiorite contradicts with a supracrustal sedimentary source that
generally produces strongly peraluminous melts (Lebreton and
Thompson, 1988; Vielzeuf and Montel., 1994). Evidently, the studied
samples have more negative εNd(t) and higher (87Sr/86Sr)i (Fig. 9)
than the surrounding gneissic granites (i.e., Wugongshan area) that
were generated through partial melting of a supracrustal sedimentary
source (Wang et al., 2011).

The studied granodiorite samples show narrow ranges of all major
elements and uniform trace elements characteristics (Figs. 6, 8), sug-
gesting that they would be products through similar degree of partial
melting of the source and have undergone similar fractional crystalliza-
tion. The rocksmight be derived frompartialmelting of an intermediate
to mafic source (e.g., amphibolite; Beard and Lofgren, 1991) according
to their high MgO and Fe2O3 but low SiO2 (Fig. 6). Hydrous melting of
an intermediate-mafic source usually generates strongly peraluminous
melts with extremely high Al2O3 (generally N20 wt.% at SiO2 =



(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 6.Harker diagrams for Zhangjiafang (ZJF) granodiorites and MMEs. The data of gneissic granites are fromWang et al. (2011), and those of Banshanpu (BSP) and Hongxiaqiao (HXQ)
plutons are from Guan et al. (2014). Gneissic granites include the samples from the Wugongshan, North Wuyi and South Wuyi areas in the Cathaysia Block.
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60wt.%) due to breakdown of plagioclasewith amphibole residue in the
source (Beard and Lofgren, 1991; Wolf andWyllie, 1994). Thus, weakly
peraluminous feature of the Zhangjiafang granodiorite suggests an
overallwater-unsaturated partialmelting of the source. LowSr and neg-
ative Eu anomalies are consistent with insignificant contribution of pla-
gioclase (Fig. 8a, b), which can also attest to a dehydration melting
process.

During dehydration melting of an intermediate-mafic rock
(e.g., amphibolite; Beard and Lofgren, 1991), the hydrous phase such
as amphibole would break down following different reactions under
varying P–T conditions (Wolf and Wyllie, 1994; Wyllie and Wolf,
1993) and supply water for initial melting (Beard and Lofgren, 1991;
Douce and Beard, 1995; Wolf and Wyllie, 1994). Garnet together with
plagioclase and orthopyroxene would be major residual phase at a
high pressure (N8–11 kbar; the pressure varies with the temperature
and source composition; Beard and Lofgren, 1991; Wolf and Wyllie,
1994; Wyllie and Wolf, 1993). Nevertheless, the possibility of a high
pressure (N8–11 kbar) magma source can be excluded for relatively
flat HREE pattern ([Dy/Yb]N = 1.22–1.52; Supplemental Table 3) and
high HREE concentration in the Zhangjiafang granodiorite (Fig. 8a).
For a mafic source such as amphibolite, amphibole would be a residual
phase in the source if thermal gradient is low (Rapp and Watson,
1995; Wolf and Wyllie, 1994), which will induce concave-upward REE
patterns between the middle and heavy REEs in the melts (e.g., Huang
et al., 2009). The Zhangjiafang granodiorite show a progressive decrease
from middle to heavy REEs with increasing atomic number (Fig. 8a),



Fig. 7. A/NK vs. A/CNK plots showing metaluminous to weak peraluminous nature of
Zhangjiafang (ZJF) granodiorites and MMEs. The data of gneissic granites are fromWang
et al. (2011), and those of Banshanpu (BSP) and Hongxiaqiao (HXQ) plutons are from
Guan et al. (2014). Gneissic granites include the samples from the Wugongshan, North
Wuyi and South Wuyi areas in the Cathaysia Block.

Fig. 9. Initial εNd(t) vs. (87Sr/86Sr)i for Zhangjiafang granodiorites and MMEs. The data
sources: appinites from the Wugongshan area (Zhong et al., 2014), gneissic granites
from the Wugongshan, North Wuyi and South Wuyi areas (Wang et al., 2011), I-type
granites and coexisting mafic enclave from the Banshanpu and Hongxiaqiao plutons
(Guan et al., 2014), other I-type granites of the eastern Yangtze Block (Zhang et al.,
2012) and the Taishan pluton (Huang et al., 2013), Xinyi gabbros, and mafic rocks in the
inner Cathaysia Block (Wang et al., 2013b; Yao et al., 2012; Zhang et al., 2015). The
curve show mixing between mantle derived melts (represented by Xinyi gabbros: Sr =
60 ppm, Nd = 15 ppm, (87Sr/86Sr)i = 0.7049, εNd(t) = −0.6) and crustal magma
(represented by average value of Taishan I-type granite at Shamaoshi: Sr = 163 ppm,
Nd = 33.3 ppm, (87Sr/86Sr)i = 0.7158, εNd(t) = −11.2).
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thus suggesting the breakdown of amphibole in the source. For a water-
unsaturated source in themiddle to lower crust (b8 kbar), an extremely
high temperature (thermal gradient N 35 °C/km) would be required for
the breakdown of amphibole (Huang et al., 2013). However, the
Zhangjiafang granodiorite samples have low Zr contents, corresponding
to low zircon saturation temperatures (722–780 °C; Supplemental
Table 3). Therefore, the Zhangjiafang granodiorite would not be a typi-
cal dehydration melting product of the crustal source. The water and
heat from mantle-derived melts might have triggered partial melting
in the crustal source, which is consistent with variable εNd(t) values of
the granodiorite samples (Fig. 9) and abundant MMEs in the pluton
(Fig. 3).

5.2. The block boundary between the eastern Yangtze and Cathaysia blocks

The eastern Yangtze and Cathaysia blocks amalgamated during the
Early Neoproterozoic (e.g., Li et al., 2006, 2008 2009) and have distinct
basements (e.g. Zhang et al., 2012; Zhao and Cawood, 2012). Guan
et al. (2014) proposed that the Banshanpu and Hongxiaqiao plutons
were derived from partial melting of lower crust of the eastern Yangtze
Block in the garnet stability field. In general, the lower crust has low Sr,
Ba, Th and U contents because previous partial melting may have ex-
tracted such incompatible elements (Rudnick and Fountain, 1995).
However, the Banshanpu and Hongxiaqiao plutons show particular
(a)

Fig. 8. Chondrite-normalized REE patterns and primitive mantle-normalized trace elements
normalization factors from Taylor and McLennan (1985) and Sun and McDonough (1989), re
and Hongxiaqiao (HXQ) plutons are from Guan et al. (2014).
high Sr, Ba, Th and U (Fig. 10). In addition, the Daning I-type granite
nearby west of Chenzhou–Linwu fault (Fig. 1b) is also characterized
by relatively high Ba, Th and U (Fig. 10). The eastern Yangtze Block
had been highly modified by extensive juvenile materials during the
Neoproterozoic time (e.g., Li et al., 2008 2009; Wang et al., 2004; Yao
et al., 2014). The juvenile materials are probably related to the activity
of mantle plume associatedwith breakup of the Rodinia supercontinent
(e.g., Li et al., 2009) or breakoff of subducted slab during the post-
collision of the Jiangnan orogeny (e.g.,Wang et al., 2004). Such a process
would be responsible for particular enrichment of Sr, Ba, Th and U in the
Banshangpu and Hongxiaqiao plutons (Fig. 10) and overall higher
εNd(t) and εHf(t) values of the I-type granites in the eastern Yangtze
Block than those in the western Cathaysia Block (Figs. 5, 9).

The Zhangjiafang samples show low Sr, Ba, Th and U contents
(Fig. 10), which contradicts with an origin of partial melting of recently
modified lower crust similar to the Banshangpu and Hongxiaqiao plu-
tons which is enriched in such incompatible elements. Additionally,
(b)

variation diagrams for Zhangjiafang (ZJF) granodiorites and MMEs. Chondrite and PM
spectively. The data of appinites from Zhong et al. (2014), and those of Banshanpu (BSP)



(a)

(b)

(c) (d)

(e) (f)

Fig. 10. The diagrams of SiO2 versus trace elements of Sr, Ba, Th, U, Cr and Co for Zhangjiafang (ZJF) granodiorites andMMEs. The data sources: appinites from theWugongshan (WGS) area
(Zhong et al., 2014), gneissic granites from theWugongshan (WGS), NorthWuyi and SouthWuyi areas in the Cathaysia Block (Wang et al., 2011), Daning granite in northeasternGuangxi
(Cheng et al., 2009), I-type granites and coexisting mafic enclave from the Banshanpu (BSP) and Hongxiaqiao (HXQ) plutons (Guan et al., 2014).
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the Zhangjiafang granodiorite and MME samples have more negative
εNd(t) and εHf(t) values than the Banshanpu and Hongxiaqiao plutons
in the eastern Yangtze Block, but are similar to the Taishan I-type gran-
itoid rocks in the Cathaysia Block (Figs. 5, 9). The latterwas typically de-
rived from partial melting of ancient middle to lower crust of the
Cathaysia Block without significant input of juvenile materials (Huang
et al., 2013). AlthoughNeoproterozoic eventmight have significantly af-
fected the eastern part of the Cathysia Block, as revealed by the
Neoproterozoic bimodal volcanic rocks along the Zhenghe–Dapu Fault
(Shu et al., 2011; Wang et al., 2011), lack of Neoproterozoic rocks in
the studied area also suggests an overall undisturbed basement in the
western part. Therefore, the Zhangjiafang pluton is mostly produced
by partial melting of the basement of the Cathaysia Block. According
to contrastive geochemical characteristics of simultaneous I-type gran-
ites near the Pingxiang City, we speculated that the block boundary be-
tween the Cathaysia and eastern Yangtze blocks would pass through
Pingxiang area between the Zhangjiafang pluton and the Banshanpu
and Hongxiaqiao plutons (Fig. 1b).

5.3. Origin of the MMEs: insufficient digestion of mantle-derived melts dur-
ing mixing process

The MMEs would be restite of the source during partial melting
(e.g., Chappell and White, 1991; Chappell et al., 1987), “cognate”
mafic accumulation in the felsic host (e.g., Dahlquist, 2002; Wall et al.,
1987), or mantle-derived melts that injected into and/or mixed insuffi-
cientlywith felsicmagmas (e.g., Barbarin andDidier, 1992; Clemens and
Stevens, 2012; Silva et al., 2000). If the MMEs are refractory or residual
portions of the source, they should be older than the host rocks and
have complementary compositions to the host (e.g., Chappell and
White, 1991; Chappell et al., 1987). The ZhangjiafangMMEs show iden-
tical crystallization age (Fig. 4d) and similar REE pattern and trace ele-
ment spiderdiagram to the host granodiorite (Fig. 8), which is
inconsistent with the restite model. Themodel of “cognate”mafic accu-
mulationwouldnot be preferred because theMME samples have distin-
guishable higher zircon εHf(t) and whole rock εNd(t) but lower whole
rock (87Sr/86Sr)i than the granodiorite samples (Figs. 5, 9).

The ZhangjiafangMMEs and host granodiorites show significant lin-
ear trends on the Harker diagrams (Fig. 6) and the diagrams of Nd iso-
topes versus MgO/Fe2O3 and K2O/Na2O (Fig. 11), which would
indicate a mixing process between mantle-derived and crust-derived
melts. The Taishan I-type granites in southern Guangdong (~436 Ma;
Fig. 1b) produced by partial melting of ancient middle to lower crust
without significant input of juvenile melts (Huang et al., 2013) would
be regarded as “pure” melt from the basement of the Cathaysia Block.
One Zhangjiafang granodiorite sample has similar εNd(t) value to the
Taishan I-type granites (Huang et al., 2013), suggesting similar ancient
basement in the north and south parts of the Cathaysia Block. The
other granodiorite samples and all MME samples from the Zhangjiafang
pluton show less negative εNd(t) values and higher MgO/Fe2O3 ratios



(a) (b)

Fig. 11. Initial εNd(t) versusMgO/Fe2O3 andK2O/Na2O for Zhangjiafang (ZJF) granodiorites andMMEs. Data source: appinites from theWugongshan (WGS) area (Zhong et al., 2014), I-type
granites and coexisting mafic enclave from the Banshanpu (BSP) and Hongxiaqiao (HXQ) plutons (Guan et al., 2014), Daning granite in northeastern Guangxi (Cheng et al., 2009), Xinyi
gabbros and other mafic rocks in the inner Cathaysia Block (Wang et al., 2013b; Yao et al., 2012; Zhang et al., 2015). The curves show mixing trend between mantle-derived melts
(represented by Xinyi gabbros: Nd = 15 ppm, εNd(t) = −0.6, MgO = 7.0 wt.%, Fe2O3 = 10.0 wt.%, K2O = 0.8 wt.%, Na2O = 2.4 wt.%) and crustal magma (represented by average
value of Taishan I-type granite at Shamaoshi: Nd = 33.3 ppm, εNd(t) = −11.2, MgO= 2.23 wt.%, Fe2O3 = 6.86 wt.%, K2O = 2.49 wt.%, Na2O = 2.29 wt.%).
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but slightly lower K2O/Na2O ratios than the Taishan I-type granites
(Fig. 11), reflecting the input of mantle-derived melt. The reported
early Paleozoic mafic rocks at present include the nearby appinites in
Wugongshan area on the east of Piangxiang (Zhong et al., 2014) and
gabbros and basalts in Guangdong and Fujian provinces (Wang et al.,
2013b; Yao et al., 2012; Zhang et al., 2015) (Fig. 1b). They all have neg-
ative εNd(t) values (Fig. 9) and show pronounced negative Nb–Ta–Ti
anomalies (Fig. 8), indicating that they were derived from partial melt-
ing of predominant metasomatism mantle source. The Wugongshan
appinites, originating from an ancient metasomatised mantle but un-
dergoing crustal assimilation and fractional crystallization (AFC) pro-
cess (Zhong et al., 2014), have relatively lower εNd(t) values than the
gabbros and basalts in Guangdong and Fujian provinces (Fig. 11). The
mafic rocks in the inner Cathaysia Block, including the Dakang gabbros,
Xinchuan gabbros and Chayuanshan basalts (Fig, 1b), are characterized
by variable but overall high MgO/Fe2O3 and K2O/Na2O ratios and nega-
tive εNd(t) values (Fig. 11). The Xinyi gabbros adjacent to the block
boundary in the Yunkai domain (Fig. 1b) show overall lower MgO/
Fe2O3 and K2O/Na2O ratios and less negative εNd(t) values than the
mafic rocks in the inner Cathaysia Block (Fig. 11), indicating a “younger”
lithosphere mantle source beneath the marginal region compared with
the inner Cathaysia Block. The Zhangjiafang granodiorites and MMEs
have relatively low MgO/Fe2O3 and K2O/Na2O ratios and plot on the
mixing trend between the Xinyi gabbros and Taishan I-type granites
(Figs. 9, 11), indicating that theywould be insufficientmixture of similar
ultimate sources. Evidently, the Zhangjiafang MMEs contain irregular
granitoid veinlets (Fig. 3b) and variable amounts of large-grained
xenocrysts or clots of quartz and feldspar. Therefore, the Zhangjiafang
MMEs were likely mantle-derived melts injected into felsic magmas
without complete digestion.

5.4. Implication for the collapse of the Wuyi–Yunkai orogen

The Wuyi–Yunkai orogen has been regarded as a consequence of
continental or arc collisions with closure of a proposed Huanan Ocean
in the SCB interior (e.g., Guo et al., 1989; Hsü, 1994; Hsü et al., 1990).
But most recent work interpreted the Wuyi–Yunkai orogen as an
intracontinental event (Charvet, 2013; Charvet et al., 2010; Faure
et al., 2009; Guan et al., 2014; Huang et al., 2013; Li et al., 2010; Wang
et al., 2007, 2011, 2013b; Yao et al., 2012). Lack of juvenile component
in the early Paleozoic crust of the SCB (e.g., Huang et al., 2013; Wang
et al., 2011, 2013a) suggests an overall undisturbed crust prior to orog-
eny but distinctly contradicts the model of an early Paleozoic Huanan
Ocean between the Cathaysia and Yangtze blocks (e.g., Guo et al.,
1989; Hsü, 1994; Hsü et al., 1990). A far-field-type intracontinental oro-
genic collapse would have occurred in the early Paleozoic (Li et al.,
2010), which had a strong heat influence on crustal mobilization be-
neath the inner Cathaysia Block (Huang et al., 2013). The Zhangjiafang
pluton adjacent to the block boundary between the eastern Yangtze
and Cathaysia blocks also show insignificant juvenile materials in its
crustal source prior to the orogeny, obviously preferring an
intracontinental orogeny model.

Intracontinental orogeny is closely related to the reactivation of an-
cient thrusting structures or pre-existing lithospheric weak zones
(Hand and Sandiford, 1999; Sandiford and Hand, 1998), such as the Ce-
nozoic Tianshan Belt in Central Asia (Yin et al., 1998), the late
Neoproterozoic Peterman orogen and the Paleozoic Alice Springs
orogen in Central Australia (Hand and Sandiford, 1999; Sandiford and
Hand, 1998). The Wuyi–Yunkai orogen had experienced a clockwise
P–T path with rapid pressure drop from N8 kbar during 460–440 Ma
to ~4 kbar after 440Ma (Li et al., 2010), suggesting a tectonic transition
from compression to extension in accordance with a far-field-type
intracontinental orogenic collapse in the early Paleozoic (Li et al.,
2010). Asthenosphere upwelling during post-orogenic collapse could
input significant heat and mafic melts into the crust and might result
in large-scale granitic magmatism (Gorczyk and Vogt, 2015; Huang
et al., 2013; Smithies et al., 2011). The early Paleozoic I-type granites
and mafic rocks in the SCB all occurred after 440 Ma, which would be
a witness for the remobilization of the crustal basement associated
with partial melting of lithospheric mantle during post-orogenic col-
lapse (Fig. 1b). The mixing process recorded in the Zhangjiafang pluton
reflects the direct modification of mantle-derived melt on the ancient
basement in the northern margin of the Cathaysia Block due to the col-
lapse of theWuyi–Yunkai orogen. It is noteworthy that the early Paleo-
zoic mafic rocks (Wang et al., 2013b; Zhong et al., 2014) and I-type
granites with coeval MMEs (Guan et al., 2014; this study) were fre-
quently present along the Jiangshan–Shaoxing–Pingxiang–Chenzhou–
Linwu Fault zone which would be in juxtaposition with the block
boundary (Fig. 1b). This strongly suggests that the pre-existing block
boundary or fault might have played an important role on the collapse
of the Wuyi–Yunkai orogen. Actually, most of the I-type granites near
the block boundary show the mixing process between mafic and felsic
melts (Guan et al., 2014; Xia et al., 2014; Zhang et al., 2012; this
study). Therefore, the pre-existing block boundary may be a proper lo-
cation for the juxtaposition of asthenospheric upwelling and basaltic
underplating (Fig. 12) during the collapse of an intracontinental orogen.



Fig. 12. Cartoon showing the asthenospheric upwelling, basaltic underplating and associatedmagmatism along the pre-existing boundary between eastern Yangtze and Cathaysia blocks
during the collapse of the Wuyi–Yunkai orogen.
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6. Conclusion

(1) The Zhangjiafang granodiorites in the northern margin of the
Cathaysia Block are typical early Paleozoic I-type granitoid
rocks derived from partial melting of the basement of the
Cathaysia Block.

(2) The MMEs in the Zhangjiafang pluton were ultimately mantle-
derived melts but had experienced incomplete mixing process.

(3) The basement of Cathaysia Block is more ancient than that of the
eastern Yangtze Block. The block boundary between the
Cathaysia and eastern Yangtze blocks passes through the nearby
west area (i.e., Pingxiang City) of the Zhangjiafang pluton.

(4) Pre-existing block boundary is a proper location for juxtaposition
of asthenosphere upwelling and basaltic underplating during the
collapse of an intracontinental orogen.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2016.02.002.
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