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A B S T R A C T

Strongly peraluminous granites are characterized by high A/CNK values (> 1.1) and are important for under-
standing the regional tectonic regime. Here, we present integrated studies of zircon U–Pb ages, trace elements
and Lu–Hf isotopes, whole-rock major and trace elements, and Nd isotope compositions for the newly discovered
Nage granite porphyry in southeastern Guizhou Province. The porphyry has a crystallization age of 852 ± 5Ma
and shows wide ranges in SiO2 (64.5–72.51 wt%) and Al2O3 (13.08–19.34 wt%) contents, with low TiO2

(0.41–0.84 wt%) and P2O5 (< 0.15 wt%) contents. All the samples are strongly peraluminous with A/
CNK >1.1, and they have similar trace element patterns with depletion in high field strength elements (HFSE,
e.g., Nb and Ta) and enrichment in large-ion lithophile elements (LILE, e.g., Rb, Th and U). Initial zircon Hf
isotopes of the porphyry vary from εHf(t)=−7.6 to −0.6, whereas whole-rock Nd isotopes are relatively
uniform with εNd(t)=−6.0 to −6.7. They record high zircon saturation temperatures (Tzr) (786–842 °C,
mostly > 810 °C), but low oxygen fugacity (log fO2=−16 to −25, corresponding to ΔFMQ −3 to ΔFMQ −7)
and emplacement pressure of< 0.5 GPa. Major and trace elements, 10,000 Ga/Al ratios and Zr+Nb+Ce+Y
values, show good correlations with Tzr, indicating that fractional crystallization may have played an important
role. Although these granites show low P2O5 contents that decrease with increasing Rb, the high A/CNK (> 1.1),
K2O/Na2O (0.7–2.6; average 1.4) and CaO/Na2O (0.2–0.8; mostly> 0.5) ratios suggest that clay-poor metase-
dimentary rock were dominant in the source. Combined with the Nd–Hf isotopes, we suggest that the Nage
granite porphyry formed by anatexis of an immature arkose and greywacke source, which was a mixture of
weathered juvenile igneous materials and minor recycled ancient crustal components. The ca. 850Ma strongly
peraluminous granites, along with coeval extension-related magmatism along the southwestern margin of the
Yangtze Block, indicate an extensional environment started as early as ca. 850Ma.

1. Introduction

Strongly peraluminous granitoids are characterized by high A/CNK
values (molar ratio of Al2O3/(CaO+Na2O+K2O) > 1.1) and are
crucial for constraining the regional tectonic history (e.g., Sylvester,
1998; Clemens, 2003; Zhao et al., 2013a; Chappell et al., 2012; Wang
et al., 2013; Peng et al., 2015). However, their petrogenesis still

remains controversial. For example, their high A/CNK ratios can be
derived by fractionation of amphibole and pyroxene, contamination by
surrounding sedimentary rocks, or by loss of alkalis through later
weathering and alteration (e.g., Zen, 1988; Wu et al., 2017a). Previous
study suggested that even partial melting of igneous rocks can also
generate granitic melts with A/CNK>1.1 (e.g., Patiño Douce, 1999).
Therefore, identification of strongly peraluminous granitoids in ancient
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orogenic belts can shed new light on the tectonic history of the orogenic
belt.

The South China Block (SCB) is composed of the Yangtze Block to
the northwest and the Cathaysia Block to the southeast (Fig. 1a). It is
widely accepted that the Yangtze and Cathaysia blocks amalgamated
during the Proterozoic, but the timing and mechanism is hotly debated.
One proposal is that amalgamation was related to the worldwide
Grenvillian orogenic event associated with the assembly of Rodinia
(e.g., Li et al., 1995, 2002, 2007, 2006, 2009, 2008a,b,c; Wang et al.,
2007, 2008, 2009, 2010, 2011), whereas an alternative view is that the
resultant orogenic event lasted until ca. 820Ma or even longer (e.g.,
Zhao and Cawood, 1999, 2012; Zhou et al., 2002; Wu et al., 2006;
Zheng et al., 2007; Zhao et al., 2011). Therefore, magmatism that was
earlier than 820Ma in the SCB is important for understating the
amalgamation history between the Yangtze and Cathaysia blocks.
However, earlier studies have proposed a period of magmatic quies-
cence between ca. 900 and ca. 830Ma in the Yangtze Block (e.g., Li
et al., 2003a,b, 2006, 2008a,b,c). In recent years, more and more ig-
neous rocks with ages of ca. 850Ma have been recognized throughout
the Yangtze Block (Fig. 1b). Geochronological studies of detrital zircons
from Neoproterozoic sedimentary rocks of the Sibao and Lengjiaxi
groups also show a pronounced age peak at 850–860Ma (Yang et al.,
2015; Wang et al., 2012a). This suggests an important magmatic event
at ca. 850Ma in the SCB, which will provide important constraints on
the amalgamation history between the two blocks.

Although many ca. 850 mafic and felsic rocks have been reported in
the southeastern Yangtze Block (Li et al., 2008a,b,c, 2010a,b; Liu et al.,
2015; Lyu et al., 2017), a few igneous rocks have been recognized in the
central and southwestern parts of the block (Zhang et al., 2013; Yao
et al., 2014; Lin et al., 2016) (Fig. 1b). Recently, several granite por-
phyries were discovered in drill holes at Nage, in the southwestern
Yangtze Block (Fig. 2a). In this contribution, we carried out integrated
studies of zircon U–Pb geochronology, trace element and Lu–Hf iso-
topes, whole-rock geochemistry and Nd isotopes on the Nage granite
porphyry. When combined with previous data, we propose that juvenile
igneous materials have been incorporated into the source of these
granitoids and that extensive extension/rift activity along the southern
margin of Yangtze Block, which may be related to the initial break–up
of the Rodinia supercontinent, may have occurred at as early as ca.
850Ma.

2. Geological background

The basement rocks of the Yangtze Block contain high-grade me-
tamorphosed tonalite, trondhjemite and granodiorite gneisses (TTG)
and amphibolites as old as 3.45 Ga (Qiu et al., 2000; Zheng et al., 2006;
Liu et al., 2008; Guo et al., 2014), whereas those of the Cathaysia Block
are composed of schist, gneiss, amphibolite, migmatite and meta–-
volcanic rocks formed during the Paleoproterozoic to Neoproterozoic
(e.g., Yu et al., 2009, 2010; Liu et al., 2008). The recent identified

Fig. 1. (a) Geotectonic map of China showing the location of major tectonic units (modified after Li et al., 2010a,b). (b) Simplified regional geological map of South China. QLS:
Qilianshan fold belt, QDSL: Qinlin-Dabie-Su-Lu orogenic belt, HY: Himalaya fold belt. ZJ–Zhejiang Province; AH–Anhui Province; JX–Jiangxi Province; HN–Hunan Province; GX–Guangxi
Province; FJ–Fujiang Province; GD–Guangdong Province; CQ–Chongqing city; SC–Sichuan Province. Data sources for the ca. 850Ma igneous rocks are: 1. 838 ± 5Ma Chencai bimodal
volcanic rocks and 841 ± 6Ma Lipu diorite (Li et al., 2010a,b); 2. 849 ± 7Ma Shenwu doleritic dyke (Li et al., 2008a,b,c); 3. 848 ± 4Ma Gangbian alkaline complex (Li et al.,
2010a,b); 4. 842 ± 5Ma Jiangshan Pluton (Liu et al., 2015); 5. 845–847Ma Shanhou Pluton (Liu et al., 2015); 6. 849 ± 6Ma Zhenzhushan bimodal volcanic rocks (Li et al., 2010a,b);
7. 847 ± 18Ma Fanxi dolerite (Zhang et al., 2013); 8. 855 ± 5Ma Yuanbaoshan gabbro (Yao et al., 2014); 9. ca. 860Ma Sanligang grantoids (Xu et al., 2016); 10. 844 ± 2Ma
Fangcheng syenite (Bao et al., 2008); 11. 860 ± 5Ma K-rich Shuimo syenites (Gan et al., 2016); 12. 848 ± 4Ma Baoxing gabbro (Meng et al., 2015); 13. 864 ± 8Ma Gezong granite
(Zhou et al., 2002); 14. 851 ± 15Ma Tianquan granite (Lai et al., 2015); 15. 853 ± 42Ma Lugouqiao gabbro (Shen et al., 2002); 16. ca. 860Ma Guangdaoshan dioritic-gabbroic pluton
(Du et al., 2014); and 17. 850Ma Huangling tonalite and trondhjemite (Zhao et al., 2013b).
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Hadean zircons grains may suggest the presence of much older base-
ment in the Cathaysia Block (Xing et al., 2014).

Many Neoproterozoic igneous rocks are present in the southwestern
Yangtze Block (Yao et al., 2014; Wang et al., 2013; Zhao et al., 2013a;
Lin et al., 2016; Wang et al., 2007, 2009). Generally, they show a bi-
modal distribution. The mafic–ultramafic end-member consists of meta-
basalts, meta-basaltic andesite, gabbro, dolerite and olivine pyroxenite,
with formation ages ranging from 860Ma to 750Ma (Zhou et al., 2009;
Yao et al., 2014; Lin et al., 2016; Wang et al., 2007, 2009), whereas the
felsic end-member consists of granitoids with crystallization ages ran-
ging from 836Ma to 794Ma (Li et al., 2003; Wang et al., 2006, 2013;
Zhao et al., 2013a). Granitic plutons are mainly exposed in northern
Guizhou Province, including the Sanfang (∼1000 km2), Bendong
(∼40 km2), Zhaigun (∼11 km2), Tianpeng (∼10 km2), and Fanjing-
shan plutons (composed mainly of small granitic stocks< 1 km2). They
intruded into the Mesoproterozoic Sibao metamorphic basement, and
were covered unconformably by the Neoproterozoic Danzhou sedi-
mentary rocks (Li, 1999). Previous studies have demonstrated that
these granitoids are all strongly peraluminous with A/CNK>1.1 (Li,
1999; Li et al., 2003).

The Nage granite porphyry is located to the west of the Sanfang
pluton (108°29′E; 25°35′N; Fig. 2a) and was intersected in bore holes
drilled for mineral exploration. These felsic rocks occur at> 580m
depth and their base is unconstrained (Fig. 2b). Several samples were
collected from different depths ranging from 586 to 747m (Fig. 2b). All
the samples have porphyritic texture and show various degrees of al-
teration. They contain phenocrysts (30–40 vol%) composed mainly of
quartz (25–30 vol%), plagioclase (5–10 vol%), K–feldspar (∼5 vol%)
and biotite (5–10 vol%) (Fig. 3). Minor accessory minerals include
zircon, apatite and monazite.

3. Analytical methods

Zircon grains were separated from granitic sample NG-627 using
conventional heavy liquid and magnetic techniques, handpicked,
mounted in epoxy resin and then polished to expose the grain centers.
The samples were then carbon coated and cathodoluminescence (CL)
images were taken to select sites for analysis. The U–Pb geochronology
of zircon was conducted by LA–ICP–MS at the State Key Laboratory of
Ore Deposit Geochemistry (SKLODG), Institute of Geochemistry,
Chinese Academy of Sciences (IGCAS), Guangzhou. A GeoLasPro la-
ser–ablation system (Lamda Physik, Gottingen, Germany) and an
Agilent 7700x ICP–MS (Agilent Technologies, Tokyo, Japan) were
combined for the experiments. The 193 nm ArF excimer laser, homo-
genized by a set of beam delivery systems, was focused on the zircon
surface with a fluence of 10 J/cm2. According to the grain size of the
zircon, the ablation protocol employed spot diameters of 44 μm at 3 or
5 Hz repetition rates for 40 s (equating to 120 and 200 pulses). Helium
was used as the carrier gas to efficiently transport aerosols to the
ICP–MS. Zircon 91,500 was used as an external standard to correct
instrumental mass discrimination and elemental fractionation. Zircon
GJ–1 and Plešovice were utilized as quality controls. The Pb abundance
of zircon was externally calibrated against NIST SRM 610 using Si as an
internal standard, whereas Zr was used as an internal standard for the
other trace elements (Hu et al., 2011; Liu et al., 2010). The age cal-
culations and concordia diagrams were made using the Isoplot/Ex v.
3.23 program (Ludwig, 2003). Trace element concentrations were ca-
librated by using 29Si as an internal standard and NIST SRM 610 as an
external standard. Uncertainties on individual and pooled analyses are
reported at 1σ and 2σ level, respectively.

In situ zircon Hf isotope analyses were carried out using a Neptune
Plus MC-ICP-MS (Thermo Fisher Scientific, Germany) in combination

Fig. 2. (a) Simplified geological map of the Nage area (modified after Li, 1999) and (b) drill hole data log showing the location of the dated sample.
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with a Geolas 2005 excimer ArF laser ablation system (Lambda Physik,
Göttingen, Germany) hosted at the State Key Laboratory of Geological
Processes and Mineral Resources (GPMR), Wuhan. We selected the
same CL domains for analysis as where used for U-Pb dating, guided by
the CL images. Detailed operating conditions for the laser ablation
system, MC-ICP-MS and analytical methods were the same as outlined
by Hu et al. (2012).

Major oxides were analyzed by X–ray fluorescence spectrometry
(XRF) at the SKLODG. The analytical errors for major oxides were
generally within± 5%. Trace element and rare earth element abun-
dances were determined using a PE Elan 6000 ICP–MS at SKLODG. The
powdered samples (50mg) were dissolved in high-pressure Teflon
bombs using a HF+HNO3 mixture for 48 h at 190 °C (Qi et al., 2000).
Rhenium was used as an internal standard to monitor signal drift during
analysis. The Chinese National standards GSR-1 and GSR-3 and the

international standards GBPG-1 and OU-6 were used for analytical
quality control. The analytical precision was generally within±10%
for most trace elements.

whole-rock Nd isotope measurements were conducted using thermal
ionization mass spectrometry (TIMS) at the SKLODG. Samples were
dissolved in HF+HClO4. REE were separated using AGW50×12 ca-
tion exchange columns. The REE were further dissolved in 0.1 N HCl,
then Sm and Nd were separated using levextrel resin ion exchange
columns. 147Sm/144Nd ratios were calculated using the Sm and Nd
abundances measured by ICP–MS. The mean 143Nd/144Nd ratios for the
La Jolla and Jndi-1 Nd standards were 0.511544 ± 3 (2σ) and
0.512104 ± 5 (2σ), respectively. 143Nd/144Nd ratios were normalized
to the value of 146Nd/144Nd= 0.7219.

Fig. 3. Representative photographs and photomicrographs of samples from the Nage granite porphyry. (a) drill core of the Nage granite porphyry; (b) porphyric texture of the granitoids;
(c) and (d) samples collected from 627 and 677m depth, respectively; (e) and (f) mineral assemblages of the porphyry in relatively fresh (e) and altered samples (f). Note: Q, quartz; Pl,
plagioclase.
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4. Analytical results

4.1. Zircon U–Pb geochronology, trace elements and Lu–Hf isotopes

Zircon grains from sample NG–627 are euhedral to subhedral in
crystal shape and are transparent and colorless, ranging from 90 to
150 μm in length, with length/width ratios varying from 1.5:1 to 3:1.
Euhedral oscillatory zoning is common in most crystals in CL images
(Fig. 4). Eighteen zircon crystals were dated (Table 1) and their Th/U
ratios range from 0.1 to 1.4, reflecting a magmatic origin. They have
206Pb/238U ages ranging from 841 to 869Ma and record a weighted
mean age of 852 ± 5Ma (N=18, MSWD=0.036; Fig. 4a).

Zircon trace element analyses were conducted simultaneously with
zircon U-Pb analyses. They display enrichment in HREE, with negative
Eu anomalies (Eu/Eu∗=0.01–0.24; Fig. 4b and Table 2) and positive
Ce anomalies (Fig. 4b). Zircon Lu–Hf isotopes were also analyzed on the
same CL imaged zircon domains (Fig. 4b), and the results are listed in
Table 3. They have a wide range of 176Lu/177Hf (0.000759–0.002673)
and 176Hf/177Hf (0.282049–0.282255) ratios, with corresponding εHf(t)
values ranging from −7.5 to −0.6, and TDM2 model ages of
1.77–2.20 Ga.

4.2. Whole-rock geochemistry

The whole-rock major and trace element data are presented in
Table 4. The fifteen porphyry samples have a wide range of SiO2

(64.5–72.51 wt%), Al2O3 (13.08–19.34 wt%) and Na2O+K2O
(4.66–8.86 wt%) contents. They have low TiO2 (0.41–0.84 wt%) and
P2O5 (< 0.15wt%) contents and are granite and granodiorite in com-
position with a strongly peraluminous affinity (A/CNK=1.1–2.5;
Fig. 5a, b).

In the primitive mantle-normalized spidergram (Fig. 6a), all the
samples show similar trace element patterns, with depletion in high
field strength elements (HFSE, e.g., Nb and Ta) and enrichment in large-
ion lithophile elements (LILE, e.g., Rb, Th and U). They have negative
Ba, Nb, Ta, and Eu anomalies, with exceptionally strong Sr depletion.
They also show LREE enrichment patterns in the chondrite–normalized
diagram, with (La/Yb)N ratios ranging from 7 to 17, and have moderate
negative Eu anomalies (Eu/Eu∗=0.4–0.6; Fig. 6b).

Eight samples were also selected for whole-rock Nd isotope analysis.
The results are listed in Table S1. In contrast to the zircon Lu–Hf iso-
topes, the samples have relatively uniform whole-rock Nd isotopes with
a narrow range of 143Nd/144Nd ratios (0.511875–0.511899) and εNd(t)
values (−6.0 to −6.7).

Fig. 4. (a) Zircon U–Pb concordia diagram of sample NG-627; (b) chondrite-normalized REE patterns of zircons from the Nage granite porphyry and representative cathodoluminescence
(CL) images of zircons, with small and large circles showing areas of U–Pb and Lu–Hf isotope analysis, respectively. Chondrite-normalized values are from Sun and Mcdonough (1989).

Table 1
LA-ICP-MS zircon U-Pb ages of the Nage granite porphyry, southeastern Guizhou Province, South China.

Analysis_No. Contents (ppm) Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 206Pb/238U 207Pb/235U

Th U Ratios 1σ Ratio 1σ Ratio 1σ Age (Ma) 1σ Age (Ma) 1σ Age (Ma) 1σ

NG-01 49 342 0.14 0.069 0.002 1.343 0.024 0.142 0.002 893 66 854 12 865 11
NG-02 123 249 0.49 0.068 0.002 1.327 0.024 0.142 0.002 867 66 854 12 858 10
NG-03 313 368 0.85 0.068 0.002 1.329 0.023 0.142 0.002 869 65 854 12 858 10
NG-04 89 372 0.24 0.067 0.002 1.314 0.024 0.142 0.002 846 66 854 12 852 10
NG-05 60 202 0.3 0.068 0.002 1.317 0.025 0.141 0.002 860 67 851 12 853 11
NG-06 58 206 0.28 0.067 0.002 1.304 0.026 0.141 0.002 832 69 853 12 847 12
NG-07 1222 891 1.37 0.069 0.002 1.354 0.022 0.142 0.002 906 63 855 12 869 9
NG-08 97 241 0.4 0.069 0.002 1.341 0.025 0.142 0.002 887 66 854 12 864 11
NG-09 107 295 0.36 0.068 0.002 1.328 0.031 0.141 0.002 870 72 853 12 858 13
NG-10 64 319 0.2 0.068 0.002 1.332 0.024 0.142 0.002 875 66 854 12 860 10
NG-11 37 322 0.11 0.068 0.002 1.317 0.024 0.141 0.002 854 66 852 12 853 10
NG-12 663 626 1.06 0.067 0.002 1.301 0.024 0.14 0.002 849 66 845 12 846 11
NG-13 58 125 0.46 0.067 0.002 1.308 0.031 0.141 0.002 843 73 851 12 849 13
NG-14 51 355 0.14 0.069 0.002 1.336 0.024 0.141 0.002 889 66 851 12 862 11
NG-15 38 423 0.09 0.068 0.002 1.318 0.023 0.142 0.002 853 66 854 12 854 10
NG-16 54 313 0.17 0.066 0.002 1.29 0.023 0.141 0.002 813 66 852 12 841 10
NG-17 72 206 0.35 0.068 0.002 1.332 0.025 0.142 0.002 873 66 854 12 860 11
NG-18 29 213 0.13 0.068 0.002 1.313 0.028 0.141 0.002 853 70 850 12 851 12
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5. Discussion

5.1. Effects of alteration on whole-rock compositions

Samples from the Nage granite porphyry have undergone some
degree of alteration (Fig. 3). Petrographic examination identified some
altered plagioclase in samples Nage-597, Nage-617, Nage-647, Nage-
669, Nage-742, and Nage-747 (See Fig. 3f), whereas other samples
contain relatively fresh plagioclase (Fig. 3e). Therefore, it is necessary
to evaluate the effects of alteration on whole-rock compositions before
we use them in the following discussion.

Many chemical weathering indices have been proposed, such as the
CIA (Nesbitt and Young, 1982), CIW (Harnois, 1988) and PIA (Fedo
et al., 1995), etc. All of them were developed based on the assumption
that Al was relatively immobile during weathering (Price and Velbel,
2000). However, for the Nage granite porphyry, hydrothermal altera-
tion may also play an important role. Recent research has shown that Al
shows high mobility during hydrothermal alteration of deeply fractured
granite (Nishimoto and Yoshida, 2010). Therefore, it is unsuitable to
use these chemical weathering indices to evaluate the mobility of major
and trace elements in the case of the Nage granite porphyry. For
granite, TiO2, Th, Nb, Ta, Zr and Hf have been proposed as immobile

Table 2
Trace elements for the zircons from Nage porphyry.

Analysis spot NG-1 NG-2 NG-3 NG-4 NG-5 NG-6 NG-7 NG-8 NG-9 NG-10 NG-11 NG-12 NG-13 NG-14 NG-15 NG-16 NG-17 NG-18

Ti 4.5 9.6 10.4 7.6 6.3 6.4 13.7 6.5 16.9 5.8 2.9 327 7.6 3.5 2.6 3.8 7.3 4.3
Y 2260 3078 2681 3379 1642 1752 3170 2069 2230 1470 1764 2841 1396 2178 2041 2172 1656 594
Nb 1.04 0.97 1.69 0.98 1.03 0.97 5.39 0.81 0.99 1.10 0.97 5.47 0.72 1.02 0.95 1.03 1.29 0.77
La – 0.041 0.038 0.027 – – 0.971 0.015 0.016 0.062 – 0.206 – – – – 0.093 –
Ce 0.48 1.14 3.48 0.80 0.95 0.79 30.40 1.28 1.24 1.96 0.44 14.30 1.00 0.51 0.42 0.59 1.24 0.92
Pr 0.023 0.150 0.293 0.072 0.047 0.067 1.020 0.101 0.117 0.106 0.014 0.387 0.076 0.018 – 0.030 0.131 –
Nd 0.61 2.73 5.09 1.56 0.89 1.14 10.80 2.19 1.96 1.16 0.36 5.90 1.40 0.55 0.29 0.56 1.97 0.35
Sm 2.41 8.05 8.52 5.77 3.22 3.42 18.80 5.87 5.69 2.98 1.66 12.00 3.88 2.29 1.87 2.15 4.17 1.63
Eu – 0.061 0.383 0.068 0.065 0.105 3.12 0.152 0.058 0.248 0.046 0.255 0.248 0.054 0.0531 0.069 0.202 0.061
Gd 21.3 53 52.4 42.2 22.6 23.7 85.5 37.2 34.3 21.8 15.6 63.8 28.5 20.5 17.5 22.1 26.6 13
Tb 11.9 22.3 20.4 20.7 10.1 10.9 30.6 14.9 15.1 10.0 8.8 23.1 11 11.3 10.2 11.4 11.3 5.5
Dy 174 281 248 286 139 148 322 189 193 130 133 274 130 169 158 169 145 58
Ho 77 110 97 118 58 62 104 75 79 51 61 105 52 77 70 76 61 20
Er 370 472 410 524 265 285 407 334 354 221 304 454 230 373 347 373 282 83
Tm 85 101 83 113 58 63 83 71 76 48 71 96 48 85 80 84 61 18
Yb 812 913 741 1018 557 601 725 671 712 467 706 898 469 825 794 819 596 166
Lu 146 159 130 179 101 110 125 123 128 88 133 162 91 155 150 156 116 31
Nb 1.04 0.97 1.69 0.98 1.03 0.97 5.39 0.81 0.99 1.10 0.97 5.47 0.72 1.02 0.95 1.03 1.29 0.77
Ta 0.705 0.484 0.695 0.561 0.564 0.548 2.165 0.46 0.561 0.693 0.835 1.849 0.242 0.83 0.898 0.814 0.546 0.443
Th 49 123 313 89 60 58 1222 97 107 64 37 663 58 51 38 54 72 29
U 342 249 368 372 202 206 891 241 296 319 322 626 125 355 423 313 206 213
0 wt% H2O
log fO2 −26 −23 −21 −24 −23 −24 −18 −23 −21 −23 −27 – −23 −26 −27 −26 −23 −24
ΔFMQ −9 −8 −6 −8 −7 −8 −3 −7 −8 −6 −9 – −7 −9 −9 −8 −7 −7
1 wt% H2O
log fO2 −25 −22 −21 −23 −23 −23 −17 −23 −21 −22 −26 – −22 −25 −26 −25 −22 −24
Δ FMQ −8 −7 −6 −8 −7 −7 −3 −7 −7 −6 −8 – −7 −8 −8 −8 −7 −7
3 wt% H2O
log fO2 −24 −21 −20 −22 −22 −22 −16 −22 −20 −21 −25 – −21 −24 −25 −24 −21 −23
ΔFMQ −7 −6 −5 −7 −6 −6 −2 −6 −6 −5 −7 – −6 −7 −7 −7 −6 −6
6.5 wt% H2O
log fO2 −23 −20 −18 −21 −21 −21 −15 −20 −18 −20 −24 – −20 – −24 −23 −20 −21
ΔFMQ −6 −5 −3 −5 −5 −5 −1 −4 −5 −4 −6 – −4 – −6 −5 −4 −4

Note: αSiO2= 1, αTiO2=0.63, the Hf contents of zircon were calculated by using the Partition Coefficient from Mahood and Hildreth, 1983.

Table 3
Lu-Hf isotope analyses for zircons from the Nage porphyry, southeastern Guizhou Province, South China (t= 850Ma).

Sample 176Yb/177Hf 2σ 176Hf/177Hf 2σ 176Lu/177Hf 2σ εHf(t) TDM1 2σ TDM2 2σ f(Lu/Hf)

(Ma) (Ma)

NG-01 0.077417 0.003413 0.282180 0.000023 0.001579 0.000038 −3.1 1536 64 1926 101 −0.95
NG-02 0.095319 0.001789 0.282187 0.000021 0.001863 0.000078 −3.0 1537 60 1919 94 −0.94
NG-03 0.099796 0.004042 0.282203 0.000019 0.002008 0.000042 −2.5 1521 55 1889 85 −0.94
NG-04 0.036974 0.006733 0.282158 0.000014 0.000759 0.000149 −3.4 1533 38 1945 60 −0.98
NG-05 0.092513 0.005419 0.282196 0.000020 0.001798 0.000062 −2.6 1523 57 1898 88 −0.95
NG-06 0.079614 0.003671 0.282196 0.000020 0.001652 0.000101 −2.6 1516 56 1892 88 −0.95
NG-07 0.066831 0.006184 0.282049 0.000037 0.001249 0.000083 −7.5 1706 103 2204 163 −0.96
NG-08 0.084046 0.003701 0.282175 0.000021 0.001729 0.000046 −3.3 1550 60 1942 94 −0.95
NG-09 0.098065 0.007364 0.282149 0.000026 0.001958 0.000100 −4.4 1596 73 2007 113 −0.94
NG-10 0.094263 0.005235 0.282163 0.000021 0.001854 0.000049 −3.8 1571 59 1972 92 −0.94
NG-11 0.092074 0.006630 0.282094 0.000037 0.001765 0.000075 −6.2 1666 106 2121 166 −0.95
NG-12 0.083911 0.004086 0.282222 0.000023 0.001688 0.000057 −1.6 1481 65 1836 101 −0.95
NG-13 0.099374 0.001844 0.282255 0.000029 0.001905 0.000059 −0.6 1442 84 1770 130 −0.94
NG-14 0.081729 0.003018 0.282162 0.000020 0.001607 0.000043 −3.7 1563 56 1966 87 −0.95
NG-15 0.142838 0.009002 0.282196 0.000031 0.002673 0.000203 −3.1 1558 89 1927 136 −0.92
NG-16 0.112959 0.004592 0.282199 0.000023 0.002132 0.000121 −2.7 1532 66 1903 102 −0.94
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elements during chemical weathering and all subsequent alteration
(Panahi et al., 2000). In this study, the TiO2, Nb, Hf, Ta, Th and U show
good correlations with Zr, which indicates that these elements were
immobile (Fig. 7). As a consequence, we use selected major elements vs.
TiO2 and selected trace elements vs. Zr to evaluate the effect of al-
teration.

For the relatively fresh samples (with fresh plagioclase), the selected
elements Fe2O3, MnO, MgO, K2O, Nb, Y, Rb and Ba are well correlated
with TiO2 and Zr, whereas for those samples containing altered plagi-
oclase, no such correlation was observed (except for the HFSE elements
like Nb and Y; Fig. 8e, f). Therefore, only those immobile elements
(HFSE elements like Nb, Th, Y, and REE) and relatively fresh samples
were used in the following discussion.

5.2. I-, S- or A-type granites?

S-type granites have higher A/CNK (>1.1) values than those of
typical I-type granites (A/CNK<1.1) because of leaching out of Na and
Ca from sedimentary/supracrustal source rocks by alteration and
weathering (Chappell and White, 1992). Generally, there are three
major processes that can generate high A/CNK (Zen, 1988), i.e., 1)
differentiation of metaluminous magma, whatever its origin, with or
without assimilation; 2) late-stage, but super-solidus, metasomatic loss
of alkalis through vapor phase transport; or 3) partial melting, espe-
cially of peraluminous sedimentary rocks. Fractional crystallization of
hornblende can account for the development of peraluminous compo-
sitions (Cawthorn et al., 1976). However, as pointed out by subsequent
studies, generation of peraluminous compositions by such a process is
inefficient for large bodies of magma (Zen, 1988; Chappell, 1999).
Furthermore, fractional crystallization of amphibole will cause deple-
tion of MREE in the melt (e.g., Wu et al., 2014a), but this was not
observed in the Nage granite porphyry (Fig. 6b). Alteration has played a
limited role in the whole-rock geochemistry of the relatively fresh
samples, because of the tight correlations between the major and trace

elements with TiO2, Zr, respectively (Figs. 7 and 8). All samples have A/
CNK greater than 1.1. Thus, high A/CNK values (> 1.1) in the samples
from the Nage granite porphyry are most probably inherited from their
source.

Typical A-type granites show high 10,000∗Ca/Al ratios (> 2.5),
FeO/(FeO+MgO) ratios (mostly > 0.8), and high Zr contents
(> 250 ppm) (e.g., Whalen et al., 1987; Frost et al., 2001; Wu et al.,
2014b). The Nage granite porphyry is not a A–type granite because of
the low 10,000∗Ca/Al (2.05–2.57), FeO/(FeO+MgO) ratios (0.6–0.8)
and Zr contents (148–240 ppm). Their samples also plot out of the field
of A–type granites in the (K2O+Na2O)/CaO and FeOt/MgO vs.
Zr+Nb+Ce+Y diagrams (Fig. 9a, b). They have low P2O5

(< 0.15 wt%) that decreases with increasing Rb content (Fig. 8i), which
is a characteristic of I-type granites. Because previous studies have
shown that the P2O5 contents of S-type granite would increase with
increasing Rb, whereas those of I-type granites decreased (Chappell and
White, 1992; Chappell et al., 1998). However, typical I-type granites,
such as those from the Lachlan Fold Belt that were used to define I-type
granites, have A/CNK lower than 1.1 (e.g., Chappell, 1999; Chappell
and White, 2001). Therefore, the Nage porphyry granitoids cannot be
typical I-type granites. Experimental petrology shows that per-
aluminous I-type melts can be generated by partial melting of metalu-
minous basaltic to andesitic rocks under crustal conditions (e.g., Beard
and Lofgren, 1991; Patino Douce and Beard, 1995; Sisson et al., 2005).
However, most of these melts have K2O/Na2O<1 (Zhao et al., 2015
and references therein). Samples from the Nage granite porphyry ex-
hibit high K2O/Na2O ratios (0.7–2.6; average 1.4), which is also in-
consistent with such an interpretation. Additionally, some highly-frac-
tionated I-type granites can also have A/CNK>1.1 (Wu et al., 2003).
However, nearly all of the samples plot outside of the field of fractio-
nated granite (Fig. 9a, b). Therefore, their high A/CNK (>1.1) and
K2O/Na2O (0.7–2.6; average 1.4) ratios suggest a dominantly metase-
dimentary source.

Table 4
Whole-rock Nd isotopic data for selected samples of Nage granite porphyry, southeastern Guizhou Province, South China.

Sample No. Sm Nd 143Nd/144Nd 2σ 47Sm/144Nd (143Nd/144Nd)i εNd (t) TDM (Ga) T2DM (Ga)

NG-597 7.38 36.6 0.511875 4 0.1219 0.511194 −6.7 2.1 1.9
NG-609 5.64 27.5 0.511899 4 0.1240 0.511206 −6.5 2.1 1.9
NG-647 8.01 41.4 0.511886 8 0.1169 0.511233 −6.0 2.0 1.8
NG-669 8.59 42.9 0.511897 4 0.1210 0.511221 −6.2 2.1 1.8
NG-685 6.35 32.3 0.511892 6 0.1188 0.511228 −6.1 2.0 1.8
NG-710 6.34 31.9 0.511883 4 0.1201 0.511212 −6.4 2.1 1.9
NG-733 7.26 36.7 0.511878 2 0.1196 0.511210 −6.4 2.1 1.9
NG-747 7.16 36.7 0.511876 4 0.1179 0.511217 −6.3 2.0 1.8

Fig. 5. (a) Total alkali vs. silica (TAS) diagram (after Le Bas et al., 1986) and (b) molar Al/(K+Na) vs. Al/(Ca+Na+K) diagram for the Nage granite porphyry.
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Fig. 6. (a) Primitive-mantle normalized trace element patterns and chondrite-normalized REE patterns of the Nage granite porphyry samples. Chondrite and primitive mantle-normalized
values are from Sun and Mcdonough (1989).

Fig. 7. Plots of TiO2, Nb, Hf, Ta, Th and U vs. Zr for the Nage granite porphyry. They are all well corrected with Zr.
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5.3. Magmatic conditions

Zircon saturation thermometry (TZr) provides a simple and robust
way to estimate magma temperatures (Watson and Harrison, 1983). It
was developed based on the observation that solubility of zircon is
strongly sensitive to temperature and magma composition, but, in most
cases, insensitive to other factors (Watson and Harrison, 1983; Hanchar
and Watson, 2003; Miller et al., 2003). In our study, following the
methods of Watson and Harrison (1983) and Miller et al. (2003), the
Nage granite porphyry has relatively high zircon saturation

temperatures of TZr = 786 °C to 842 °C, mostly> 810 °C (Table S1),
similar to those of “hot granites” (Fig. 10; Miller et al., 2003). Com-
bined with the observation that no inherited cores are present in the
zircons from the Nage porphyry, it suggested that their primary magma
may be Zr–undersaturated. In this case, the calculated TZr of the Nage
porphyry provides a minimum estimate for magma temperature at a
time before extensive crystallization, probably effectively upon em-
placement (Miller et al., 2003). Oxygen fugacity (fO2) is also an im-
portant thermodynamic parameter of magma (Arató and Audétat, 2017
and references therein). Recently, a newly developed Ce-in-zircon

Fig. 8. (a)–(d) Plots of major, trace elements vs. TiO2 and (e)–(h) plots of selected trace elements vs. Zr diagrams. (i) plot of P2O5 vs. Rb. The I- and S-type granite trends are from Chappell
and White, 1992.

Fig. 9. A-type granite discriminant diagrams of (a) FeOT/MgO vs. Zr+Nb+Ce+Y, and (b) (K2O+Na2O)/CaO vs. Zr+Nb+Ce+Y (after Whalen et al., 1987). FG: fractionated felsic
granites; OGT: unfractionated M-, I- and S-type granites. Only the fresh samples are plotted.
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oxygen barometer (Smythe and Brenan, 2016) has been developed. If
using this method, the water content of the granitic magma is needed.
However, quantification of H2O contents of natural granites has been an
on–going challenge owing to the extremely fugitive character of H2O
during cooling and ascent of melts and magmas (Bartoli et al., 2014).
Here, we use water-free (0 wt%), 1 wt%, 3 wt% and 6.5 wt% water
contents to calculate the fO2 of the porphyry samples. The results de-
monstrate that there are only small differences between them (Table 2).
Therefore, the Nage granite porphyry has low log fO2 values ranging
from −16 to−25 (3 wt% water), corresponding to ΔFMQ −3 to ΔFMQ
−7, indicating a low oxygen fugacity (Table 2). Perple_X is widely used
for constraining the crystallization conditions of metamorphic systems,
however, it has also been successfully applied to granitic rocks (e.g.,
Clemens et al., 2011; Clemens and Phillips, 2014; Zhao et al., 2017).
Here we also used the Perple_X thermodynamic modeling package
(Connolly 2009; http://www.perplex.ethz.ch/) to calculate the P-T
mineral stability fields for the bulk composition of sample Nage-710.
The models of minerals (feldspar, garnet, orthopyroxene, olivine, bio-
tite, muscovite, cordierite and ilmenite) that were chosen in this study
are the same as in Clemens et al., 2011. We calculated our sample under
H2O=1wt% and 3wt% respectively (Fig. 11a, b). Although the Nage

granite porphyry shows strongly peraluminous affinities, common
peraluminous minerals like garnet, cordierite and muscovite were not
present in the rock. The mineral assemblage of Nage-710, as well as
other samples from the Nage granitoids, is quartz+ plagioclase+ k-
feldspar+ biotite (Fig. 3). Therefore, if the thermodynamic modeling
that we used is reliable, the mineral assemblage of Nage-710 suggests a
low pressure (< 0.5 GPa) and narrow crystallization temperature
conditions (640–680 °C; grey shaded area in Fig. 11a, b). It should be
noted that TZr provides minimum estimates of temperature Nage por-
phyry, whereas the crystallization temperature describes the tempera-
ture at which the minerals crystallized. They are two different para-
meters and will be discussed below. Based on the discussed above, the
Nage granite porphyry has high Tzr but low fO2, and was emplaced at
middle-upper crust levels.

5.4. The effect of fractional crystallization on granitoid composition

Although the source is considered to be the primary control on
granite magma chemistry (Clemens and Stevens, 2012), the geochem-
ical composition of granitoids can also be determined by subsequent
magmatic processes, such as magma mixing, fractional crystallization,
and assimilation of country rocks, as well as the fundamental control of
partial melting (Wu et al., 2017b; Zhao et al., 2015 and the references
therein). Magma mixing is unlikely, because no mafic microgranular
enclaves were observed in the drill core. As zircon is the major con-
tainer of Zr, fractional crystallization of zircon would decrease the Zr
concentration of the residual magma. Therefore, the Tzr calculated by
whole-rock sample with different Zr concentrations can be used to trace
the element variations during fractional crystallization. The errors that
are generated in the original measurements (e.g., EMPA, XRF, etc.) used
in the zircon saturation temperature calculation must be propagated
through. However, as mentioned by Miller et al. (2003), the very strong
temperature dependence of zircon solubility results in a highly robust
geothermometer. Large errors in estimates of Zr and major element
concentration (M) result in relatively small errors in calculated TZr. For
example, large uncertainties in melt composition (tonalite vs. leuco-
granite) only introduce small error in estimated temperature (Miller
et al., 2003). As a consequence, the calculated Tzr of Nage granite
porphyry (786–842 °C) can be used to trace the element variations
during fractional crystallization.

As shown in Fig. 12a–c, the Fe2O3, TiO2 and MgO contents of the
Nage granite porphyry decreased with decreasing Tzr, which suggested
fractionation involving Fe–Ti oxides and some mafic minerals (e.g.,

Fig. 10. P-T diagram showing the P-T conditions of muscovite, biotite and amphibole-
dehydration melting (from Weinberg and Hasalová, 2015). The fields cold granites
(766 ± 24 °C) and hot granites (837 ± 48 °C) are from Miller et al. (2003).

Fig. 11. P-T phase diagrams for sample Nage-710 from the Nage granite porphyry, calculated using Perple_X (Connolly, 2009) at (a) 1 wt% H2O and (b) 3 wt% H2O. Solid curves mark the
phase stability fields. Phases are labeled inside their stability field. “+A” means mineral A was stable in this field.
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amphibole). However, CaO, Na2O and Sr generally increased with de-
creasing Tzr (Fig. 12d, e and f), which indicates that the fractional
fractionation of plagioclase was limited during the interval where
magma temperatures were 780–850 °C. This is also confirmed by the
Al2O3 contents, which slightly decreased and then increased with de-
creasing Tzr (Fig. 13a), because fractional fractionation of plagioclase
will significantly decrease the Al2O3 content of the magma. Further-
more, the K2O and Rb increased rapidly with decreasing magma tem-
perature (Fig. 13b, c), which demonstrates that fractional crystal-
lization of K–feldspar/biotite was also limited during this temperature
interval. This can explain why the crystallization temperatures esti-
mated from the mineral assemblage of quartz+ plagioclase+ k-feld-
spar+ biotite (640–680 °C) are lower than the calculated Tzr

(786–842 °C) and suggest that the thermodynamic modeling used above
is valid.

Based on the study of Mesozoic granitic intrusions in the Nanling
Range, southeastern Jiangxi Province, China, Zhao et al. (2015) found
that the Triassic Caijiang pluton and Jurassic Huangpi, Daguzhai and

Luobuli plutons have similar source regions. However, because of the
different Tzr, the high Tzr Triassic granitoids show A–type affinity,
whereas the low Tzr Jurassic granitoids are similar to S-type granites.
They proposed that melting temperature played an important role in
dictating the composition of granitoids. In the case of the Nage granite
porphyry, the Zr+Nb+Ce+Y values (maybe also the 1000∗Ga/Al
ratios) also show good correlations with Tzr (Fig. 13d and e). According
to Whalen et al. (1987), A-type granites have Zr+Nb+Ce+Y values
and 1000∗Ga/Al ratios higher than 350 ppm and 2.5, respectively. As
discussed above, the calculated Tzr of Nage granite porphyry samples
provide a minimum estimate for the magma temperature. The primary
magma may have had a magma temperature higher than 842 °C. Using
the equation shown in Fig. 13d, the Zr+Nb+Ce+Y values rise to
350 ppm when Tzr= 862 °C. Therefore, the primary magma of the Nage
granite porphyry may have had an A-type affinity. Previous studies
have proposed that the behavior of Zr, REE, Y, Th, and U during felsic
crustal processes is mostly controlled by four accessory minerals
(monazite, xenotime, apatite and zircon) that usually account for at

Fig. 12. Selected major and trace elements vs. Tzr. They are all well-correlated with Tzr. Only fresh samples are plotted. Correlations in (a), (d) and (e) were calculated without samples
Nage-677, Nage-586, Nage-677, and Nage-733.
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least 80–90% of the total budget of these elements in crustal rocks (e.g.,
Bea, 1996; Cámera et al., 2017). Therefore, the evolved magma may
have lost these elements because of fractional crystallization of a cer-
tain amount of related accessory minerals at an early stage. Our study
suggests that fractional crystallization may have played an important
role in determining the composition of granitoid rocks such as the Nage
granite porphyry.

5.5. Petrogenesis of the Nage granite porphyry

Previous studies have demonstrated that the petrogenesis of
strongly peraluminous granitoids was extremely complicated. For ex-
ample, partial melting of metasedimentary or metaigneous rocks, or a
mixture of mantle-derived and crust-derived magma, all are possible
mechanisms (e.g., Gray, 1984; Patiño Douce, 1995, 1999; Collins, 1996;
Sylvester, 1998; Clemens, 2003; Healy et al., 2004; Peng et al., 2015;
Zhao et al., 2015). As discussed above, the magma mixing model is
unsuitable for the Nage granite porphyry and metasedimentary rocks

were likely dominant in the source. Furthermore, the Nage granite
porphyry has Nd–Hf isotopes similar to the 825–815Ma peraluminous
granites in the study area (Fig. 14a, b). Previous studies proposed that
these 825–815Ma peraluminous granites in the central South China
Block were derived from a mixed source that contains both ancient and
young crustal materials (e.g., Wu et al., 2006; Zhao et al., 2013a,b;
Wang et al., 2013). The εNd(t) values of the Nage granite porphyry plot
out of the area of metasediments from Kongling terrain (Fig. 14a),
which are commonly considered as the basement of Yangtze Block (Gao
et al., 1999). It’s therefore reasonable to propose that, like the 825–815
granites in the study area, the source of Nage granite porphyry also
contains some juvenile crustal materials. The CaO/Na2O ratios of
strongly peraluminous granites can reflect the plagioclase/clay ratio of
their source (Sylvester, 1998). Commonly, juvenile materials have high
CaO/Na2O ratios. If the granitoid magma was derived from an ancient
source, but mixed with magma derived from juvenile materials, the
CaO/Na2O ratios calculated for the mixed magma may overestimate
those of the source region. However, as discussed above, magma mixing

Fig. 13. Plots of oxides, elements and ratios against Tzr (°C). (a) Al2O3 vs. Tzr, (b) K2O vs. Tzr, (c) Rb vs. Tzr, (d) Zr+Nb+Ce+Y vs. Tzr, (e) 1000*Ga/Al vs. Tzr and (f) Th vs. Tzr. Only
fresh samples are plotted. The correlation in (e) was calculated without samples Nage-586 and Nage-677.

T. Wu et al. Precambrian Research 308 (2018) 18–34

29



is unlikely in the case of the Nage granite porphyry, and juvenile ma-
terials were likely a part of the source. Therefore, the CaO/Na2O ratios
may still reflect the plagioclase/clay ratios of the source region. Sam-
ples from the Nage granite porphyry have high CaO/Na2O ratios ran-
ging from 0.2 to 0.8 (mostly> 0.5; Table S1), suggesting a clay-poor
source (Fig. 14c). The wide range of CaO/Na2O ratios may reflect the
source heterogeneous of the Nage granite porphyry.

Based on the discussion above, the fundamental observations for the

Nage granite porphyry are: 1) metasedimentary rocks were dominant in
the source; 2) the source rocks were clay-poor and contained some
juvenile materials; and 3) samples from the Nage granite porphyry
show I-type affinity with low P2O5 contents that decreased with in-
creasing Rb (Fig. 8i). Previous studies have proposed that granitic melts
would show some I-type affinities when their source consisted of im-
mature arkose and graywacke that had largely preserved their original
igneous compositions (Zen, 1988; Miller, 1985; White et al., 1986).
Such immature sedimentary rocks underwent some degree of weath-
ering, which would likely result in the loss of a certain amount of Na
and Ca relative to Al. As they may have largely preserved their original
igneous compositions, partial melting would produce peraluminous
magma but showing some I-type affinity (Zen, 1988 and references
therein). Therefore, the source of the Nage granite porphyry may also
have been dominated by immature arkose and greywacke that mainly
consisted of igneous materials.

It is widely accepted that before the final collision between the
Yangtze and Cathaysia blocks, the zone where the study area is located
underwent a period of subduction, although the time of the subduction
still remains controversial (e.g., Li et al., 2008a,b,c; Cawood et al.,
2013; Zhao et al., 2015). It has been suggested that in a supra-sub-
duction zone setting, the time interval between syn-collisional mag-
matism and deposition of its weathered clastics can be very short,
generally less than several million years (Hawkins, 2003). Studies of
granitoids in the Lachlan Fold Belt of southeastern Australia (Keay
et al., 1999) and south Anhui Province, China (Wu et al., 2006) further
provide evidence that young sediments consisting of weathered juvenile
crust can become incorporated into the source of syntectonic granitoids
in a very short time interval.

The Nage granite porphyry shows a close spatial relationship with
the Sibao Group. The Sibao Group in the southwestern Yangtze Block is
composed mainly of flysch turbidites (Wang et al., 2012b). Sandstones
from the Sibao Group have intermediate to high SiO2 (58.6–80.0 wt%)
and extremely variable Al2O3 wt.% (7.4–20.6 wt%), typical of im-
mature lithic varieties (Wang et al., 2012b). It is suggested that rocks of
the Sibao Group have experienced intensive chemical weathering with
extremely high A/CNK values (2–4.4; Wang et al., 2012b). Simple
binary mixing between the basement rock and Neoproterozoic arc
volcanic rocks shows that rocks of the Sibao Group may be composed of
60% juvenile crustal material and 40% ancient recycled crustal mate-
rial (Fig. 15a). The samples from the Nage granite porphyry have si-
milar geochemical features to those of the Sibao Group (Fig. 15b). Their
uniform εNd(t) values (−6.0 to −6.7) are also similar to those of the
Sibao Group (εNd(t=852Ma)=−6.1 to −7.3; Li and McCulloch,
1996). Thus, we propose that the Nage granite porphyry formed by
anatexis of crustal rocks that had very similar geochemical composi-
tions to those of the Sibao Group. However, this does not necessarily
mean that these granitoids were directly derived from the Sibao Group.
A similar situation also occurs for the ca. 825Ma granitoids in south
Anhui Province, in the southeastern Yangtze Block, which were con-
sidered to be derived from melting of arc-derived clastic sediments,
similar to the neighboring Shangxi Group (Wu et al., 2006). Also, the
late Paleozoic peraluminous granites of the eastern Urals were inter-
preted by Gerdes et al. (2002) as being related to relatively rapid re-
building of juvenile arc crust together with deeply buried source rocks.
In our study area, arc-continent or continent-continent collision may be
the possible mechanism that caused the sediments derived from
weathered juvenile arc crust to be mixed with ancient crustal materials
that were strongly folded and deeply buried. Wu et al. (2006) used
extensional collapse of the collisional orogen to explain the formation
of the 825Ma granitoids in south Anhui Province, by short-term re-
cycling of juvenile crust (burial and melting). Such an extensional set-
ting may have occurred at least as early as ca. 850Ma in the study area.

Fig. 14. Plots of (a) εNd(t) vs. Age (Ma), (b) εHf(t) vs. Age (Ma), (c) Rb/Ba vs. Rb/Sr (after
Sylvester, 1998). Only fresh samples are plotted. Zircon Hf isotopic data for the
825–815Ma granites in the Sibao Orogen are from Wu et al., 2006; Zhao et al., 2013a;
Wang et al., 2013; Nd isotopic data for Shuangxiwu arc rocks are from Li, 1999; Meta-
sedimentary rocks of the Kongling terrain are from Gao et al., 1999; 825–815Ma granites
in the Sibao Orogen are from Li et al., 2003; Wang et al., 2006; Wu et al., 2006.
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5.6. Implications for ca. 850Ma extension-related magmatism along the
southern margin of the Yangtze Block

In the southeastern Yangtze Block, based on studies of the Shenwu
dolerites (849 ± 7Ma; Point 2 in Fig. 1b) and the Gangbian alkaline
complex (848 ± 4Ma; Point 3 in Fig. 1a), Li et al. (2010a,b) proposed
that the ca. 850Ma magmatism in this area occurred in an anorogenic
setting related to either a post-orogenic event or the onset of Neopro-
terozoic continental rifting. Study on the Zhenzhushan Group (Point 6
in Fig. 1b) has also shown that the meta-volcanic rocks have bimodal
signatures (849 ± 6Ma; Li et al., 2010a,b). After summarizing coeval
anorogenic magmatism in other blocks of the Rodinia supercontinent,
Li et al. (2010a,b) further pointed out that these ca. 850Ma anorogenic
magmatic rocks may represent the early stage of the Rodinia super-
plume in response to a circum–Rodinia mantle avalanche after the
complete assembly of the supercontinent. However, no anorogenic
magmatism at this time has yet been reported in the central and
southwestern Yangtze Block. Therefore, some researchers have pro-
posed that the ca. 825–815Ma strongly peraluminous granitoids
formed in a post-extension setting that marked the final assembly of the
SCB (e.g., Zhao et al., 2013a; Wang et al., 2014; Zhao, 2015 and re-
ferences therein) and argued for an arc setting in these areas at ca.
850Ma (e.g., Zhang et al., 2013; Yao et al., 2014; Zhao et al., 2015; Lin
et al., 2016).

Strongly peraluminous granitoids are commonly generated in a
post-collisional extensional setting (e.g., Sylvester, 1998; Peng et al.,
2015), for example, in the European Alps (e.g., Altherr et al., 1995), the
Caledonides (e.g., Searle et al., 1997), Hercynides (e.g., Finger et al.,
1997), the Lanchlan Fold Belt (e.g., Villaseca et al., 1998) and the
Andean margins (e.g., Atherton, 1990). In this study, the high magma
temperatures (786–842 °C, average 816 °C), low oxygen fugacity
(ΔFMQ −3 to ΔFMQ −7), as well as the low emplacement pressure
(< 0.5 GPa) of the Nage granite porphyry, also suggest an intraplate
setting (e.g., Wu et al., 2016). Therefore, the “bimodal occurrence” of
the ca. 850Ma igneous rocks in the southwestern Yangtze Block and
strongly peraluminous affinity of the Nage granite porphyry suggest
that both the southeastern and southwestern margins of the Yangtze
Block were under extension at ca. 850Ma. The ca. 850Ma anorogenic
magmatism may be more widely distributed along the southern margin
of Yangtze Block than previous proposed, but cannot be identified be-
cause of poor exposure. Therefore, the initial extension/rift along the
southern margin of Yangtze Block may have formed as early as ca.
850Ma. Such an scenario is also supported by other recent studies: 1)
detrital zircon data from our study area indicate that sediments across
the mid-Neoproterozoic unconformity shared similar sedimentary

provenances and were deposited within a similar tectonic setting, with
both the Sibao and Danzhou groups most likely deposited in a con-
tinental rift basin (Yang et al., 2015); 2) a contemporaneous rift basin
was initiated at ∼860Ma in the western Yangtze Block (Luojiamen
conglomerates, our unpublished data); 3) ca. 870–700Ma low δ18O
magmatism in the South China Block (Wang et al., 2011; Yang et al.,
2015) indicates high-temperature water-rock interaction in a rift setting
during this period; and 4) new geophysical data show that the Yangtze
Block has a typical rift middle-lower continental crustal structure,
which were interpreted as a rift basin developed at early Neoproter-
ozoic (Dong et al., 2013, 2015).

Combined with the bimodal occurrence of other ca. 850Ma in-
trusive rocks in the western part and the ca. 850Ma Shuimo syenites in
the northern parts of the Yangtze Block, ca. 850Ma intraplate mag-
matism occurred widely throughout the entire Yangtze Block (Fig. 1b).
These rocks are mostly distributed along the margins of the Yangtze
Block, and most likely signify early continental rifting at ca. 850Ma,
probably corresponding to the initial break-up of the Rodinia super-
continent.

6. Conclusions

)1. The newly identified 852 ± 5Ma Nage granite porphyry has high
A/CNK values (> 1.1) and zircon saturation temperatures, but low
oxygen fugacity. Fractional crystallization may have played an
important role in determining the geochemical composition.

)2. The rocks have high K2O/Na2O and CaO/Na2O ratios, and plot in
the area of clay-poor sources in the Rb/Ba vs. Rb/Sr plot. They also
have low P2O5 contents that decrease with increasing Rb. Combined
with the zircon Hf and whole-rock Nd isotopes, we propose that the
porphyry was derived from partial melting of a mixed source that
consisted of weathered juvenile crust and ancient recycled crustal
materials.

)3. The porphyry was generated in an extensional setting. When com-
bined with the ca. 850Ma extension-related magmatism in the
southeastern margin of Yangtze Block, the initial extension/rifting
along the southern margin of Yangtze Block may have occurred as
early as ca. 850Ma.
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