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Whether the formation of early Paleozoic granites in the South China Block was related to intracontinental oro-
genic processes or oceanic subduction continues to be debated. Here, we present whole-rock major element,
trace element, and Sr\\Nd isotopic data, as well as secondary ion mass spectrometry and laser ablation–
inductively coupled plasma–mass spectrometry zircon U\\Pb geochronological and Hf\\O isotopic data, from bi-
otite, two-mica, and muscovite granites in the Baiyunshan and Maofengshan areas of Guangzhou City, South
China. Zircon U\\Pb ages reveal that these rocks were formed during the early Paleozoic (446–438 Ma). These
muscovite- and biotite-bearing granites have high SiO2 (69.0–80.4 wt%) and K2O (3.19–5.32 wt%) contents,
and low MgO (0.46–1.17 wt%) contents. The granites are enriched in Rb, Th, U, and Pb, and depleted in Ba, Sr,
Nb, and Ti. The Baiyunshan muscovite granites and Maofengshan biotite granites are slightly to moderately
enriched in light rare-earth elements [LREEs; (La/Yb)CN = 2.27–15.1] with slight to pronounced negative Eu
anomalies (Eu/Eu* = 0.27–0.72), whereas the Baiyunshan two-mica granites are significantly enriched in
LREEs [(La/Yb)CN = 19.6–32.1] with moderate negative Eu anomalies (Eu/Eu* = 0.42–0.58). These muscovite-
and biotite-bearing granites have enriched whole-rock Nd and zircon Hf isotopic compositions (εNd(t) =
−12.1 to −7.6; εHf(t) = −11.4 to −0.8), and high zircon δ18O values (8.5‰–10.0‰). We suggest that the
Baiyunshan granites were formed by partial melting of metasedimentary rocks, as they contain primary musco-
vite and have high zircon δ18O values. The Maofengshan granites were formed by partial melting of a hybridized
crustal source containing metasedimentary rocks with subordinate amphibolites, as they have high zircon δ18O
values, variable whole-rock SiO2 contents, and biotite compositions similar to those crystallized in I- and
S-type magmas. These granites, along with the widespread early Paleozoic S-type granites in the Wuyi–Yunkai
orogen, are distributed across a broad area rather than in a narrow belt. In addition, early Paleozoic S-type gran-
ites in the South China Block generally do not show younging trends from east to west or south to north. More-
over, the Baiyunshan–Maofengshan granites show geochemical characteristics similar to syn- or post-collisional
granites and different from volcanic arc granites.We therefore propose that thesemuscovite- and biotite-bearing
granites were formed in an intracontinental orogenic setting.

© 2020 Published by Elsevier B.V.
1. Introduction

Orogenic belts can form through subduction and accretion, subduc-
tion and collision, or as intracontinental orogenic belts (Cawood et al.,
2009). Unlike accretionary and collisional orogens, intracontinental oro-
genic belts form far from plate boundaries (Pirajno et al., 2009).
tope Geochemistry, Guangzhou
uangzhou 510640, China.
gig.ac.cn (L. Ma).
Intracontinental orogenic belts are closely related to the reactivation
of ancient thrust structures or pre-existing lithospheric weak zones,
such as the Damara orogen in southwestern Africa (Nex et al., 2001),
the Alice Springs orogen in central Australia (Raimondo et al., 2011),
the Laramide orogen in western North America (Copeland et al.,
2017), the Cenozoic Tianshan orogen in central Asia (Li et al., 2016),
and the Pyrenean orogen in western Europe (Choukroune, 1992). The
early Paleozoic Wuyi–Yunkai orogen in South China is considered to
be an important intracontinental orogen (Li et al., 2010; Shu et al.,
2015;Wang et al., 2010). Study of theWuyi–Yunkai orogen is important
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for understanding the formation and evolution of eastern Asia, as well
as global geodynamics during the early Paleozoic (Wang et al., 2011b,
Wang et al., 2013a). The large volumes of early Paleozoic magmatic
rocks found in the Wuyi–Yunkai orogen, including granites, ultramafic,
mafic, and intermediate intrusive rocks, and basalts, andesites, and
dacites were thought to have been generated either by intracontinental
orogenic processes (e.g., intracontinental subduction or thrusting;
Faure et al., 2009; Li et al., 2010; Wang et al., 2011b; Zhang et al.,
2012;Wang et al., 2013a; Shu et al., 2015), or by lithospheric delamina-
tion or extension following an intracontinental orogeny (Feng et al.,
2014; Huang et al., 2013; Xia et al., 2014; Yao et al., 2012; Yu et al.,
2016; Zhang et al., 2015; Zhong et al., 2014, 2016). However, in a recent
study, Lin et al. (2018a, 2018b) used zircon U\\Pb ages, Hf isotopic data,
and structural data to propose that theWuyi–Yunkai orogenic belt was
formed by oceanic subduction and the subsequent collision between
the west Cathaysia Terrane and a yet-unidentified terrane that rifted
away after the collision. Therefore, whether the formation of the
early Paleozoic granites in South China was related to intracontinental
orogeny or oceanic subduction remains uncertain.

We present detailed petrological, whole-rock major and trace ele-
ment and Sr\\Nd isotopic, and zircon U\\Pb age and Hf\\O isotopic
data for the biotite, two-mica, andmuscovite granites in the Baiyunshan
andMaofengshan areas of Guangzhou, Guangdong Province, southeast-
ern China. These data are used to constrain the time of formation of the
granites and to infer their petrogenesis and tectonic setting.
2. Geological setting and sample descriptions

The South China Block (SCB) comprises the Yangtze Block to the
northwest and the Cathaysia Block to the southeast, which collided dur-
ing the Neoproterozoic along the Jiangshan–Shaoxing Fault (Fig. 1b;
Zhao, 2015). The area between the Jiangshan–Shaoxing and Anhua–
Luocheng faults is known as the eastern Yangtze Block (Fig. 1b). The
basement of the eastern Yangtze Block is composed of Neoarchean
and Paleoproterozoic tonalite–trondhjemite–granodiorite (TTG), felsic
gneiss, and amphibolite (Wang et al., 2011b, and references therein).
The basement of the Cathaysia Block is composed of Paleoproterozoic
to early Neoproterozoic metamorphic rock (Chen and Jahn, 1998, and
references therein). The Paleoproterozoic basement crops out mainly
in southwestern Zhejiang Province (the Badu and Longquan groups)
and in northwestern Fujian Province (the Mayuan and Mamianshan
groups; Li et al., 1998). The Badu and Mayuan groups consist mainly
of biotite plagioclase granulite, mica (quartz) schist, andminor amphib-
olite, whereas the Longquan and Mamianshan groups are composed
chiefly of metamorphic volcanic and sedimentary rocks (Li et al.,
1998). The Mesoproterozoic to Neoproterozoic basement crops out
mostly in the center of Jiangxi Province (the Zhoutan Group) and con-
sists of metasedimentary rock and metabasalt (Jiang and Zhu, 2017,
and references therein).

After the Neoproterozoic Jinningian orogeny, which unified the
Yangtze and Cathaysia blocks, the late Neoproterozoic Nanhua rift
opened in Hunan, Jiangxi, western Guangdong, and eastern Guangxi
provinces (Li et al., 2010; Wang and Li, 2003). The Nanhua basin was
filled with siliciclastic rocks, volcaniclastic rocks, tuff, carbargilite,
shale, and carbonates (Wang et al., 2011a). The lower Paleozoic strata
consist of an interstratified carbonate–siliciclastic succession in the east-
ern Yangtze Block and a siliciclastic succession in the Cathaysia Block
Fig. 1. (a) Simplified regionalmap showing the tectonic framework of China (revised from Li et a
South China Block (SCB). S-type granites are after Zhang et al. (2012) and Yu et al. (2019), I-type
are after Feng et al. (2014), charnockites are afterWang et al. (2013a), ultramafic, mafic, and in
(2017), and Zhao et al. (2019), and basalts, andesites, and dacites are after Yao et al. (2012). C
Chenzhou–Linwu Fault, JSF: Jiangshan–Shaoxing Fault, ALF: Anhua–Luocheng Fault. The solid bl
lines are national borders. Simplified geological maps of the (c) Baiyunshan and (d)Maofengsh
showing rock types and sample locations.
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and are unconformably overlain by an upper Paleozoic succession
(Wang et al., 2010).

Early Paleozoic magmatic rocks occur predominantly in the eastern
Yangtze and Cathaysia blocks and are mostly S-type gneissic and mas-
sive granites that contain muscovite, garnet, or tourmaline (Shu et al.,
2015;Wang et al., 2011b; Zhang et al., 2012). In addition, there are sub-
ordinate I-type (Guan et al., 2014; Huang et al., 2013; Xia et al., 2014;
Xie et al., 2020; Yu et al., 2016) and A-type (Feng et al., 2014) granites,
ultramafic to intermediate intrusive rocks (including diorite, pyroxene
hornblendite, hornblende gabbro, and gabbro; Wang et al., 2013c;
Zhong et al., 2014, 2016; Zhang et al., 2015; Jia et al., 2017; Zhao et al.,
2019), volcanic rocks (basalts, andesites, and dacites; Yao et al., 2012),
charnockites (Wang et al., 2013a), and metamorphic rocks (Li et al.,
2010).

The Baiyunshan and Maofengshan areas lie in the south of the
Wuyi–Yunkai orogen (Fig. 1c–d). The Baiyunshan area contains gneissic
muscovite and massive two-mica granites, whereas the Maofengshan
area contains only gneissic biotite granites. The biotite, two-mica, and
muscovite granites in the Baiyunshan and Maofengshan areas were
formed during the early Paleozoic (439–434 Ma; Yang et al., 2010).
Carboniferous–Permian, Triassic, Jurassic, and Cretaceous sedimentary
rocks are exposed around the Baiyunshan two-mica and muscovite
granites (Fig. 1c), and the Maofengshan biotite granites are surrounded
by a Mesoproterozoic gneissic complex (Fig. 1d).

The Baiyunshan muscovite granites are gray and pink, gneissic, fine
grained (0.5–1.5 mm; Fig. 2a), and composed of quartz (40–45 vol%),
muscovite (10–15 vol%), and feldspar (30–35 vol%) with minor zircon,
apatite, monazite, and Fe\\Ti oxides (Fig. 2d). They commonly have
gneissic banding, with discontinuous quartz and muscovite foliation,
and most of the feldspars have been replaced by sericites (Fig. 2d).
The Baiyunshan two-mica granites are gray, massive, fine grained
(0.5–1.0 mm; Fig. 2b), and composed of quartz (35–40 vol%), feldspar
(30–35 vol%), muscovite (10–15 vol%), and biotite (3–5 vol%) with
minor zircon, apatite, monazite, and Fe\\Ti oxides (Fig. 2e–f). Most of
the feldspars in the two-mica granites have also been replaced by
sericites (Fig. 2e–f).

TheMaofengshan biotite granites are dark gray, gneissic, fine tome-
dium grained (0.5–2.5 mm; Fig. 2c), and composed of plagioclase
(35–40 vol%), quartz (20–25 vol%), K-feldspar (10–15 vol%), and biotite
(10–15 vol%), with minor zircon, apatite, monazite, and Fe\\Ti oxides
(Fig. 2g–h). They also show discontinuous subparallel biotite foliation
(Fig. 2g).

3. Results

The analytical methods used during the study, includingwhole-rock
major element, trace element, and Sr\\Nd isotopic analyses, mineral
composition analyses, zircon U\\Pb age and Lu, Hf, and O isotopic anal-
yses are presented in the Supplementary text 1.

3.1. Zircon U\\Pb ages

Secondary ion mass spectrometry (SIMS) and laser ablation–
inductively coupled plasma–mass spectrometry (LA–ICP–MS) zircon
U\\Pb ages of the biotite, two-mica, and muscovite granites are listed
in Supplementary Table 1 and presented in Fig. 3. Most zircon grains
are 100–200 μm in length and have aspect ratios of 2:1 to 4:1. Prismatic
l., 2018). (b) Sketchmap showing the distribution of early Paleozoicmagmatic rocks in the
granites are afterHuang et al. (2013), Yu et al. (2016), andXie et al. (2020), A-type granites
termediate intrusive rocks are afterWang et al. (2013b), Zhong et al. (2014, 2016), Jia et al.
NF: Changle–Nanao Fault, ZDF: Zhenghe–Dabu Fault, HGF: Heyuan–Guangfeng Fault, CLF:
ue line is the Yangtze River, the dotted black lines are provincial borders, and the solid black
an areas [modified after Guangzhou Geological Maps at 1:250,000 scale (GDGBMR, 1988)],
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Fig. 2. Field photographs and photomicrographs of the Baiyunshan–Maofengshan granites. (a, d)Muscovite granites; (b, e, f) two-mica granites; (c, g, h) biotite granites. (e) and (g) were
taken under plane-polarized light, and (d), (f), and (h) were taken under cross-polarized light. Bt: biotite, Kfs: K-feldspar, Ms: muscovite, Pl: plagioclase, Qtz: quartz, Ser: sericite.
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zircon grains with clear oscillatory zonation (Fig. 3a–f, h) and high Th/U
ratios (0.04–1.26; Supplementary Table 1) are interpreted to have a
magmatic origin (Hoskin and Black, 2000), whereas those with a
4

round or irregular shape (Fig. 3c–e, g) are suggested to be inherited zir-
cons. Both types of zircon have narrow white metamorphic rims
(Fig. 3a–f).



Fig. 3. SIMS and LA–ICP–MS zirconU-Pb concordia diagrams and cathodoluminescence (CL) images. (a, b) 17BY02-1 (Baiyunshanmuscovite granite), (c) 17BY04-2 (Baiyunshan two-mica
granite), (d) 17BY05-1 (Baiyunshan two-mica granite), (e) 17BY06-1 (Baiyunshanmuscovite granite), (f) 17MF02-1 (Maofengshan biotite granite), (g, h) 17MF04-1 (Maofengshan biotite
granite). Red circles on the CL images of zircon grains are SIMS or LA–ICP–MS analysis locations. Yellow numbers are ages and δ18O and εHf(t) values.For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Compositions of minerals in the Baiyunshan two-mica andMaofengshan biotite granites. (a) Feldspar Ab–Or–An diagram. Ab: albite, Or: K-feldspar, An: anorthite. (b) Mica ternary
Mg–(AlVI + Fe3+ + Ti)–(Fe2+ +Mn) diagram. (c) Muscovite ternary Mg–Ti–Na diagram (Miller et al., 1981); PM: primary muscovite, SM: secondary muscovite. (d) FeO/(FeO +MgO)
versus MgO diagram for biotite (after Xia et al., 2014). (e) and (f) Al2O3 versus FeO andMgO diagrams for biotite classification (after Abdel Rahman, 1994). Data for feldspar, biotite, and
muscovite in Cenozoic rhyolites from the Tibetan Plateau are fromWang et al. (2012). Data for feldspar and biotite in Neoproterozoic granites from the Damara orogen, Namibia, are from
Jung et al. (1998).
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SIMS U\\Pb dating of zircons from the Baiyunshan muscovite gran-
ite sample 17BY02–1 yielded 206Pb/238U ages of 459–431 Ma, with a
weighted mean age of 444.4 ± 1.7 Ma (2σ; MSWD = 0.84; n = 14;
Fig. 3a; Supplementary Table 1), and muscovite granite sample
17BY06–1 yielded a weighted mean age of 441.5 ± 4.8 Ma (2σ;
6

MSWD = 1.9; n = 6). The remaining 21 zircon grains yielded
206Pb/238U ages of 2752–783 Ma, which we interpret to be inherited
ages (Fig. 3e; Supplementary Table 1). The two-mica granite sample
17BY05–1 yielded a weighted mean age of 444.9 ± 5.4 Ma (2σ;
MSWD = 0.71; n = 5). Six zircon grains yielded 206Pb/238U ages of



Fig. 5. (a) Chondrite-normalized REE and (b) primitive-mantle-normalized multi-element diagrams for the Baiyunshan–Maofengshan granites. Normalizing values are from Sun and
McDonough (1989). Data for Mesoproterozoic granites in central Australia are from Smithies et al. (2011). Data for Neoproterozoic granites in the Ribeira Belt, Brazil, are from Passarelli
et al. (2019). Data for Neoproterozoic granites in the Damara orogen, Namibia, are from Bergemann et al. (2014), Osterhus et al. (2014), and Stammeier et al. (2015). Data for early Pa-
leozoic granites in the SCB are from Wang et al. (2011b) and Zhang et al. (2012). Data for Cenozoic silicic volcanic rocks from the Tibetan Plateau are from Wang et al. (2016).
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1833–501Ma, whichwe interpret to be inherited ages (Fig. 3d; Supple-
mentary Table 1). The remaining zircon yielded a 206Pb/238U age of
278 Ma, which we suggest is a metamorphic age. The Maofengshan bi-
otite granite sample 17MF02–1 yielded a weighted mean age of
437.9 ± 3.7 Ma (2σ; MSWD = 0.07; n = 14; Fig. 3f; Supplementary
Table 1).

LA–ICP–MS U\\Pb dating of zircons from the Baiyunshan musco-
vite granite sample 17BY02–1 yielded a weighted mean age of
441.6 ± 2.2 Ma (2σ; MSWD = 1.9; n = 15; Fig. 3b; Supplementary
Table 1). The two-mica granite sample 17BY04–2 yielded a
weighted mean age of 446.4 ± 3.9 Ma (2σ; MSWD = 1.2; n = 9).
7

Fifteen zircon grains yielded 206Pb/238U ages of 2132–488 Ma,
which we interpret to be inherited ages (Fig. 3c; Supplementary
Table 1). The remaining zircon grain yielded a 206Pb/238U age of
277 Ma, inferred to be a metamorphic age (Fig. 3c; Supplementary
Table 1). The Maofengshan biotite granite sample 17MF04–1
yielded a weighted mean age of 443.2 ± 1.4 Ma (2σ; MSWD =
0.78; n = 19; Fig. 3g–h; Supplementary Table 1). One zircon grain
yielded a 206Pb/238U age of 1114 Ma, which we interpret to be an
inherited age (Fig. 3g; Supplementary Table 1). In summary, the
Baiyunshan–Maofengshan granites formed during the early Paleo-
zoic (446–438 Ma).



Fig. 6. (a) Nd isotopic evolution of the Cathaysia Block (modified from Chen and Jahn, 1998). (b) Hf isotopic evolution of magmatic zircons from the Baiyunshan–Maofengshan granites.
Depletedmantle has present-day 176Lu/177Hf and 176Hf/177Hf ratios of 0.0384 and 0.28325, respectively (Griffin et al., 2000), chondrite has present-day 176Lu/177Hf and 176Hf/177Hf ratios of
0.0332 and 0.28277, respectively (Wu et al., 2007, and references therein), continental upper crust has a present-day 176Lu/177Hf ratio of 0.0093, average crust has a present-day
176Lu/177Hf ratio of 0.015, and lower crust has a present-day 176Lu/177Hf ratio of 0.022 (Wu et al., 2007, and references therein). (c) Zircon εHf(t) values versus whole-rock εNd
(t) values for the Baiyunshan–Maofengshan granites. OIB: ocean island basalt, MORB: mid-ocean ridge basalt. The global lower crust and sediment fields are from Dobosi et al. (2003).
Data for early Paleozoic granites in the SCB are fromWang et al. (2011b) and Zhang et al. (2012), respectively. Data for early Mesozoic granites in the SCB are fromWang et al. (2007);
Gao et al. (2014); Shu et al. (2015). Data for global intracontinental igneous rocks are the same as in Fig. 5.
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3.2. Mineral compositions

Mineral composition data for the granites are listed in Supplemen-
tary Table 2. In the Maofengshan biotite granite, the plagioclase
crystals are andesine and oligoclase (An27–31Ab67–72Or1–2; Fig. 4a;
Supplementary Table 2), and the K-feldspar crystals are sanidine
8

(An0–1Ab3–10Or90–97; Fig. 4a; Supplementary Table 2). Feldspar compo-
sitions of the Maofengshan biotite granite are similar to feldspars in
Cenozoic rhyolites from the Tibetan Plateau and Neoproterozoic gran-
ites of the Damara orogen, Namibia (Fig. 4a). Plagioclases in the
Maofengshan biotites have SiO2 (59.3–62.0 wt% and 58.9–66.2 wt%, re-
spectively) and CaO (5.80–6.83 wt% and 1.48–7.48 wt%, respectively)



Fig. 7. O versus Hf isotopic compositions of the zircon in the Baiyunshan–Maofengshan
granites. Data for the Qinghu monzonite, Jiuyishan A-type granite, Darongshan
cordierite granite, Jiuling S-type granite, and Himalayan leucogranite are from Liu et al.
(2020), and references therein. Data for early Paleozoic andesites and dacites in the SCB
are from Yao et al. (2012). The legend is the same as in Fig. 6.
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contents similar to those of Cenozoic rhyolites from the Tibetan Plateau
and Neoproterozoic granites of the Damara orogen, Namibia (Supple-
mentary Fig. 1e; Supplementary Table 2). The biotite crystals in both
the Baiyunshan two-mica and Maofengshan biotite granites are
lepidomelane (Fig. 4b), but the biotite in the latter has higher MgO con-
tents (6.57–8.47wt%) than those in the former (5.07–6.42wt%; Supple-
mentary Table 2). Biotites in the Baiyunshan–Maofengshan granites
have similar Al2O3, FeO (14.8–18.3 and 21.6–24.0 wt%, respectively;
Supplementary Table 2), and MgO contents as those in Cenozoic rhyo-
lites from the Tibetan Plateau (13.9–20.4, 10.8–25.2, and 3.4–10.2 wt%,
respectively; Fig. 4d–f). However, biotites in the Baiyunshan–
Maofengshan granites have higher Al2O3 and FeO and lower MgO con-
tents than those in Neoproterozoic granites of the Damara orogen,
Namibia (12.7–17.0, 17.7–23.8, and 6.1–10.6 wt%, respectively;
Fig. 4d–f). Biotites in the Baiyunshan–Maofengshan granites overall
have lower TiO2 (2.05–2.79 wt% and 1.89–4.43 wt%, respectively) con-
tents than those in Cenozoic rhyolites from the Tibetan Plateau and
Neoproterozoic granites of the Damara orogen, Namibia (Supplemen-
tary Fig. 1f; Supplementary Table 2). The muscovite crystals in the
Baiyunshan two-mica granite are primary, with MgO contents of
0.61–0.85 wt%, TiO2 contents of 0.47–1.1 wt%, and Na2O contents of
0.58–0.91 wt% (Fig. 4c; Supplementary Table 2). Muscovite composi-
tions of the Baiyunshan two-mica granites are also similar to those in
Cenozoic rhyolites from the Tibetan Plateau (Fig. 4c).
3.3. Whole-rock major and trace element compositions

Whole-rock major and trace element data for the biotite, two-mica,
and muscovite granites are listed in Supplementary Table 3. The
Baiyunshan two-mica and muscovite granites have high SiO2

(72.6–80.4 wt%) and K2O (3.19–5.32 wt%) and low MgO
(0.46–0.77wt%) contents (Supplementary Table 3). The two-mica gran-
ites have lower SiO2 (72.6–74.9 wt%) and higher MgO (0.69–0.77 wt%)
and K2O (4.85–5.32 wt%) contents than themuscovite granites (SiO2=
76.7–80.4 wt%, MgO = 0.46–0.61 wt%, K2O = 3.19–4.31 wt%;
9

Supplementary Table 3). The Maofengshan biotite granites have high
SiO2 (69.0–73.5 wt%), K2O (3.40–4.62 wt%), and Na2O (2.02–3.58 wt%)
contents, with K2O > Na2O (Supplementary Table 3). TheMaofengshan
granites have lower SiO2 and higher MgO contents (0.61–1.17 wt%)
than those of the Baiyunshan granites (Supplementary Table 3). The
Maofengshan granites have SiO2, Al2O3 (13.0–15.0 wt%), TiO2

(0.33–0.53 wt%), Fe2O3
T (2.11–3.75 wt%), and MgO contents similar to

those of Neoproterozoic granites in the Ribeira Belt (Brazil) and early
Mesozoic granites in the SCB (68.3–76.5, 12.9–15.0, 0.03–0.83,
0.70–3.80, and 0.04–2.30 wt%, respectively; Supplementary Fig. 1a–d;
Supplementary Table 3). However, the Maofengshan granites exhibit
smaller variation ranges of SiO2, Al2O3, TiO2, Fe2O3

T, and MgO contents
than Mesoproterozoic granites in central Australia, Neoproterozoic
granites in the Damara orogen (Namibia), early Paleozoic granites in
the SCB, and Cenozoic silicic volcanic rocks from the Tibetan Plateau
(60.2–78.1, 10.2–17.6, 0.02–2.06, 0.08–16.3, and 0.02–5.11 wt%, respec-
tively; Supplementary Fig. 1a–d).

TheMaofengshan biotite and Baiyunshanmuscovite granites exhibit
slight to moderate enrichment in light rare-earth elements (LREEs)
[(La/Yb)CN = 2.27–15.1, where “CN” indicates chondrite-normalized
values] and slight to pronounced negative Eu anomalies (Eu/Eu* =
EuCN/(SmCN × GdCN)1/2 = 0.27–0.72) in a chondrite-normalized REE
variation diagram (Fig. 5a). The Baiyunshan two-mica granites are
more clearly enriched in LREEs [(La/Yb)CN = 19.6–32.1] compared
with the biotite or muscovite granites and have moderate negative Eu
anomalies (Eu/Eu*=0.42–0.58; Fig. 5a). In a primitive-mantle-normal-
izeddiagram, both of these granites are enriched in Rb, Th, U, and Pb and
depleted in Ba, Sr, Nb, and Ti (Fig. 5b). The Baiyunshan–Maofengshan
granites have similar REE and trace element compositions as
Neoproterozoic granites in the Ribeira Belt (Brazil) and Damara orogen
(Namibia) (Fig. 5a–b). However, the Baiyunshan–Maofengshan granites
have lower ΣREE contents (44.2–302.3 and 43.7–1995 ppm, respec-
tively; Supplementary Table 3; Smithies et al., 2011) and trace element
contents than Mesoproterozoic high-temperature granites in central
Australia (Fig. 5a–b). In addition, the Baiyunshan–Maofengshan gran-
ites also exhibit less fractionated REE patterns than Cenozoic, thickened
crust-derived, silicic volcanic rocks from the Tibetan Plateau (Fig. 5a–b;
(La/Yb)CN = 6.75–94.8; Wang et al., 2016).

3.4. Sr–Nd–Hf–O isotopic compositions

Whole-rock Sr\\Nd and zircon Hf\\O isotopic data for the granites
are listed in Supplementary Tables 3 and 4. On the basis of the zircon
U\\Pb ages, initial Nd isotopic ratios were calculated at 444 Ma for the
Baiyunshan granites and at 438Ma for theMaofengshan granites. Initial
Hf isotopic ratioswere calculated using the corresponding zircon single-
crystal ages. The granites have variable εNd(t) values (−12.1 to −7.6)
(Fig. 6a, c; Supplementary Table 3). As the granites have exceptionally
high 87Rb/86Sr ratios (6.29 to 124; Supplementary Table 3), we did not
calculate their initial 87Sr/86Sr ratios. Magmatic zircon grains in the
granites have variable initial 176Hf/177Hf ratios (0.282172–0.282477)
and εHf(t) values (−11.4 to −0.8; Figs. 6b–c, 7; Supplementary
Table 4), and the inherited zircon grains have a wider range of initial
176Hf/177Hf ratios (0.280825–0.282595) and εHf(t) values (−27.0 to
+10.7; Supplementary Table 4). The magmatic zircon has high and rel-
atively homogeneous δ18O values (8.5‰–10.0‰; Fig. 7; Supplementary
Table 4) with an average of 9.23‰ ± 0.39‰ (SD).

4. Discussion

4.1. Effects of metamorphism and alteration

The granites have undergone low-grade metamorphism, as shown
by the common narrow white rims on zircon crystals (Fig. 3a–f), and
have been weathered at the surface (Fig. 2a–c), which means that it is
important to evaluate the effects of metamorphism and alteration on
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their compositions before using geochemistry to investigate their petro-
genesis. The transition elements (e.g., Cr and Ni), REEs, high-field-
strength elements (HFSEs; e.g., Nb, Ta, Zr, and Hf), and Th remain stable
during low-grade metamorphism and alteration (Wang et al., 2006).
Large-ion lithophile elements (LILEs; e.g., Rb, Ba, and Sr) are usuallymo-
bile during low-temperature alteration (Hawkesworth et al., 1997). The
SiO2, TiO2, Al2O3, Fe2O3

T, and MgO contents of the Maofengshan biotite
granites show no obvious variation with increasing loss-on-ignition
(LOI; Supplementary Fig. 2a–d, f), indicating that they represent original
compositions. In contrast, the CaO, Na2O, and K2O contents of the
Maofengshan biotite granites and the SiO2, TiO2, Al2O3, Fe2O3

T, K2O,
and MgO contents of the Baiyunshan two-mica and muscovite granites
are correlated with LOI (Supplementary Fig. 2a–h). In particular, the Ca
andNa in the Baiyunshan two-mica andmuscovite graniteswere nearly
completely leached during low-grade metamorphism and alteration
(Supplementary Fig. 2g, h). The two Baiyunshan muscovite granites
that have abnormal SiO2 and K2O contents (89.0–89.1 wt% and
1.50–1.96 wt%, respectively; Supplementary Table 3) possibly
underwent the most intense supergene weathering of all the studied
samples. Here, we focus on immobile elements, including SiO2, TiO2,
Al2O3, Fe2O3

T, MgO (only in the Maofengshan biotite granites), HFSEs
(Nb, Ta, Zr, and Hf), REEs, Th, and transition elements (Cr and Ni) in
our discussion of the petrogenesis of the granites.

TheNd isotopic compositions ofmagmatic rocks are little affected by
low-grade metamorphism and alteration, whereas Sr isotopic composi-
tions are susceptible to change (Wang et al., 2006). Given that the εNd
(t) values of the granites show almost no correlation with LOI (Supple-
mentary Fig. 2i), we suggest that the Nd isotopic compositions of these
granites represent primary compositions. In addition, zircon is a stable
accessory mineral that preserves the O and Hf isotopic and trace ele-
ment compositions of its host magma during crystallization (Li et al.,
2009). Therefore, we used whole-rock Nd isotopic data and zircon
Hf\\O isotopic and Ti data to reveal the petrogenesis of the granites.

4.2. Petrogenesis

4.2.1. Crustal contamination and magma mixing
The whole-rock εNd(t) values, zircon Hf\\O isotopic compositions,

petrographic characteristics, and mineral compositions of the studied
granites cannot be reproduced by modeling the effects of crustal con-
tamination on mantle-derived magma, or by mixing mantle- and
crust-derived magmas. In general, old crustal rocks and their melts
have enriched Nd isotopic compositions (Ma et al., 2017, and references
therein), whereas juvenile crustal rocks and their melts have depleted
Nd isotopic compositions (Jiang et al., 2018, and references therein);
therefore, crustal contamination or magma mixing during magma as-
cent would lead to variable εNd(t) values. The εNd(t) values of the gran-
ites show no correlation with their SiO2 contents (Supplementary
Fig. 3a). In addition, there is a lack of correlation between
(147Sm/144Nd)s and initial 143Nd/144Nd ratios for the granites (Supple-
mentary Fig. 3b). Although the granites have a wide range of εNd
(t) values (−12.1 to −7.6; Fig. 6a, c; Supplementary Table 3), this
may have resulted from heterogeneity of their source rock (discussed
below) rather than crustal contamination ormagmamixing. In addition,
the granites have a limited range of zircon Hf\\O isotopic compositions
(εHf(t) = −11.4 to −0.8; δ18O = 8.5‰–10.0‰; Fig. 7; Supplementary
Table 4) and smaller variations in εHf(t) values (−16.0 to +9.0) com-
pared with the early Paleozoic I-type granites in the eastern Yangtze
and Cathaysia blocks that are thought to have been formed by mixing
between mantle-derived mafic and crust-derived felsic magmas
(Huang et al., 2013; Xia et al., 2014; Yu et al., 2016; Zhang et al.,
2015). In an εHf(t) versus δ18O diagram, the granites do not fall on a
mixing trend between mafic and felsic magmas (Fig. 7). Moreover, the
early Paleozoic granites in the eastern Yangtze and Cathaysia blocks
that were formed by magma mixing generally contain mafic
microgranular enclaves (Guan et al., 2014; Xia et al., 2014; Xu and Xu,
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2015; Yu et al., 2016), which are absent in the Baiyunshan–
Maofengshan granites (Fig. 2a–c). The Baiyunshan–Maofengshan gran-
ites also havemore enriched Nd\\Hf isotopic compositions and smaller
variations in Nd isotopic compositions when compared with
Mesoproterozoic granites in central Australia (εNd(t) = −4.4 to −0.6;
εHf(t) = −6.3 to +5.3) and Neoproterozoic granites in the Damara
orogen, Namibia (εNd(t) = −17.8 to −0.03), which were formed by
crust–mantle interaction (Jung et al., 1998; Smithies et al., 2011;
Fig. 6a, c). Furthermore, biotites in the studied granites are Fe-rich bio-
tites that crystallized from pure crust-derived magmas (Xia et al.,
2014; Fig. 4d).

4.2.2. Fractional crystallization
The granites may have undergone biotite, plagioclase, K-feldspar,

Fe–Ti-oxide, and REE-enriched mineral fractionation. In Harker dia-
grams, the Al2O3, TiO2, Fe2O3

T, andMgO contents of theMaofengshan bi-
otite granites gradually decrease with increasing SiO2 content
(Supplementary Fig. 1a–d). This trend indicates the separation of biotite
and Fe\\Ti oxides, which are enriched in these elements. Given that pla-
gioclase is enriched in CaO, the negative relationship between the CaO
and SiO2 contents of the plagioclase in theMaofengshan biotite granites
suggests fractionation of plagioclase (Supplementary Fig. 1e). Similarly,
the negative correlation between the TiO2 and SiO2 contents of the bio-
tite crystals in the Baiyunshan two-mica andMaofengshan biotite gran-
ites suggests biotite fractionation (Supplementary Fig. 1f). In addition,
the wide range of REE contents of the granites (ΣREE =
44.2–302.5 ppm; Fig. 5a; Supplementary Table 3) suggests fractionation
of REE-enriched minerals, such as monazite (Yang et al., 2019, and ref-
erences therein). The variable Eu/Eu* (0.27–0.72) values and negative
Ba and Sr anomalies of the granites (Fig. 5b; Supplementary Table 3)
also suggest fractionation of plagioclase and K-feldspar.

4.2.3. Partial melting
Thewhole-rockmajor element, trace element, and Nd isotopic com-

positions and zirconHf\\O isotopic compositions of the granites suggest
that the primary magma was not derived from the mantle or juvenile
crust. The granites have higher SiO2 (69.0–80.4 wt%) and lower MgO
(0.46–1.17 wt%), Cr (1.74–54.6 ppm), and Ni (0.51–6.17 ppm) contents
than those of early Paleozoic ultramafic to intermediate rocks in
the Cathaysia Block (SiO2 = 44.8–65.0 wt%, MgO = 1.87–24.6 wt%,
Cr = 27.0–2328 ppm, Ni = 9.00–805 ppm; Supplementary Table 3;
Yao et al., 2012; Wang et al., 2013c; Zhong et al., 2014, 2016; Zhang
et al., 2015). The removal of a significant volume of mafic minerals
wouldbe required toproduce themajor and trace element compositions
of the granites; however, they do not contain the mafic minerals that
commonly crystallize in mantle-derived mafic magmas such as pyrox-
ene and olivine (Fig. 2d–h). In addition, the granites havemore enriched
whole-rockNd isotopic compositions (εNd(t)=−12.1 to−7.6) relative
to early Paleozoic sub-continental lithospheric mantle-derived rocks in
the Cathaysia Block (εNd(t) = −9.8 to−0.6; Fig. 6a, c; Supplementary
Table 3; Yao et al., 2012; Wang et al., 2013c; Zhong et al., 2014, 2016;
Zhang et al., 2015). Moreover, the granites also have slightly higher zir-
con δ18O values (8.5‰–10.0‰) than the high-Mg andesites that are
thought to be the product of assimilation and fractional crystallization
(AFC) of early Paleozoic basalts in the Cathaysia Block (7.3‰–9.0‰;
Yao et al., 2012; Fig. 7). Furthermore, the granites alsohavehigher zircon
δ18O values than the Paleocene, juvenile crust-derived, Zhengga biotite
and two-mica granites (δ18O=5.5‰–7.3‰;Ma et al., 2017) in southern
Tibet. Therefore, the granites were not formed by fractional crystalliza-
tion of mantle- or juvenile crust-derived magmas.

We suggest that the Baiyunshan granites were derived by partial
melting of metasedimentary rocks, while the Maofengshan granites
were derived by partial melting of a hybridized crustal source domi-
nated by metasedimentary rocks with subordinate amphibolites. The
compositions of most biotites in the studied granites plot in the field
for biotite from peraluminous granites (i.e., S-type granites) (Fig. 4e).
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In addition, the granites have similar Th contents (5.93–25.2 ppm),
Th/La ratios (0.23–1.02), and Nb/Ta ratios (4.25–14.7) to those of the
metasediment-derived Himalayan leucogranites (Th: 1.35–21.5 ppm;
Th/La: 0.23–1.88; Nb/Ta: 3.74–16.0;Guo andWilson, 2012; Supplemen-
tary Table 3). The granites also have similar trace element and isotopic
compositions as Neoproterozoic granites in the Ribeira Belt, Brazil
(εNd(t) = −13.7 to −11.5), early Paleozoic (εNd(t) = −11.4 to −5.0;
εHf(t) = −15.2 to +2.4) and early Mesozoic (εNd(t) = −11.0 to
−6.4; εHf(t) =−12.2 to−2.8) granites in the SCB, and Cenozoic silicic
volcanic rocks from the Tibetan Plateau (εNd(t) = −8.6 to −5.3; εHf
(t) = −8.5 to +2.9), which were derived from a crustal
metasediment-dominated source (Fig. 6a–c). Moreover, zircons that
crystallized in the Baiyunshan–Maofengshan granites have high δ18O
values (8.5‰–10.0‰; Fig. 7; Supplementary Table 4) that are similar
to those of zircons that crystallized from metasediment-derived Hima-
layan leucogranites, Neoproterozoic Jiuling S-type granites, Triassic
Darongshan cordierite-bearing granites, and Jurassic Jiuyishan A-type
granites in the SCB (δ18O = 8.2‰ to 12.9‰; Fig. 7).

Experimental data indicate that sediment-derived melts have
SiO2 ≥ 70 wt% (Patiño Douce, 1999). However, one Maofengshan bi-
otite granite sample has SiO2 < 70 wt% (17MF02–2; 69.0 wt%; Sup-
plementary Table 3). In addition, biotites in theMaofengshan biotite
granites plot in the fields for peraluminous granites (S-type gran-
ites) and calc-alkaline granites (I-type granites; Fig. 4e–f). There-
fore, in addition to metasedimentary rocks, metaigneous rocks
were possibly involved in the source of the Maofengshan biotite
granites. The metamorphic basement of the eastern SCB consists of
paragneiss, migmatite, schist, and amphibolite (Zhang et al., 2012,
and references therein), and we suggest that amphibolites were
part of the metasedimentary rock-dominated source of the
Maofengshan biotite granites.

Primary muscovite can be used to constrain the pressure of its host
magma (Huang et al., 2015, and references therein). The low FeO-
T + MgO contents of the high-Ti (>0.4 wt%) primary muscovite in the
Baiyunshan two-mica granite are consistent with low proportions of
celadonite (Supplementary Table 2), suggesting that they crystallized
at high temperatures (Miller et al., 1981). The Si-in-muscovite barome-
ter (Anderson, 1996) gives a pressure of 6.2± 0.3 kbar (1σ; ~20 km) as-
suming a magma temperature of 700 °C and a pressure gradient of
3.3 km/kbar. We estimated the crystallization temperature of the
Baiyunshan two-mica granite using the Ti-in-zircon (TTi–Zr) thermome-
ter of Ferry andWatson (2007). Because quartz occurs as a major phase
in the Baiyunshan two-mica granite, we can assume that αSiO2 = 1. Al-
though rutile is absent in the Baiyunshan two-mica granite, most silicic
magmas have αTiO2 values of about 0.6–0.9 (Ferry and Watson, 2007);
therefore, our Ti-in-zircon temperature estimates assume that αTiO2 =
0.7 in the Baiyunshan two-mica granite. The TTi–Zr estimates for the
Baiyunshan two-mica granite are 600–773 °C (mean= 708 °C; Supple-
mentary Table 1). An experimental study of leucogranites suggested
that primary muscovite can crystallize at ~700 °C (Scaillet et al.,
1995), meaning that it is reasonable to estimate the formation pres-
sure of muscovite using a temperature of 700 °C. The Baiyunshan
muscovite and Maofengshan biotite granites (Fig. 3a, b, e–h) were
coeval with the Baiyunshan two-mica granites (Fig. 3c, d), have
similar Nd–Hf–O isotopic compositions (Figs. 6, 7; Supplementary
Tables 3–4), and were derived from a metasediment-dominated
crustal source. Therefore, the melting that produced the Baiyunshan
muscovite and Maofengshan biotite granites might have also oc-
curred in the middle to upper crust.

Experimental studies have shown that mica might start to break
down at above 700 °C and 5 kbar (Patiño Douce and Harris, 1998).
The Maofengshan biotite granite, Baiyunshan two-mica granite,
and Baiyunshan muscovite granite have average Ti-in-zircon tem-
peratures of 687, 708, and 746 °C (Supplementary Table 1), respec-
tively, which represent the minimum temperatures of the magma
source. Therefore, we suggest that the granites were generated
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mainly by partial melting of metasedimentary rocks due to mica
dehydration.

4.3. Geodynamic processes and implications for intracontinental orogeny

Whether the widely distributed early Paleozoic granites in the SCB
were formed in an intracontinental orogenic or an oceanic subduction
setting remains unresolved (Wang et al., 2011b, and references therein;
Shu et al., 2015, Shu et al., 2018; Lin et al., 2018a, 2018b). We suggest
that the Baiyunshan–Maofengshan granites were more likely formed
in an intracontinental setting rather than a subduction–collision setting.
Early Paleozoic, arc-like, mafic intrusive and volcanic rocks in the SCB
originated from Neoproterozoic metasomatized lithospheric mantle
rather than Paleozoic metasomatized lithospheric mantle (Wang et al.,
2013c; Zhang et al., 2015; Zhong et al., 2014, 2016). In addition, the ab-
sence of ophiolites, high-pressure–low-temperature metamorphic
rocks, and turbidites in the SCB is inconsistentwith a subduction setting
(Shu et al., 2015; Shu et al., 2018;Wang et al., 2011b). Moreover, the co-
herent biostratigraphy and paleoecology (Chen et al., 2010), continuous
sedimentary facies, and similar detrital zircon ages (Wang et al., 2010)
across the Cathaysia and Yangtze blocks during the early Paleozoic sug-
gest there was no ocean between these two blocks at that time.

The Baiyunshan–Maofengshan granites, along with the early Paleo-
zoic S-type granites in the SCB, are distributed over an area of
1200 km× 600 km (Shu et al., 2015, Shu et al., 2018; Fig. 1b), in contrast
to the linear distribution of magmatic rocks typically found in
subduction–collision orogenic belts (e.g., Morris et al., 2019). In addi-
tion, the Baiyunshan–Maofengshan granites have different temporal
and spatial distribution patterns as compared with late Mesozoic gran-
ites and volcanic rocks in the SCB. With roll-back of the Paleo-Pacific
Plate, late Mesozoic magmatism propagated from the inland to coastal
region (Li et al., 2013; Li and Li, 2007; Zhou and Li, 2000). Compared
with the late Mesozoic granites and volcanic rocks, the early Paleozoic
S-type granites in the SCB generally do not show younging trends
from east (coastal provinces) to west (Xuefeng) or from south (Yunkai)
to north (Jiangnan) (Fig. 1b;Wang et al., 2013b). Moreover, on tectonic
discrimination diagram, the Baiyunshan–Maofengshan granites plot ei-
ther in the syn–collisional or post–collisional fields rather than
volcanic arc field (Supplementary Fig. 4). Therefore, the Baiyunshan–
Maofengshan granites were likely formed in an intracontinental setting
rather than a subduction–collision setting.

Several different geodynamic models have been proposed for the
formation and evolution of the early Paleozoic intracontinental orogen
in the SCB: intracontinental subduction of the Cathaysia Block beneath
the Yangtze Block (Faure et al., 2009); northwestward subduction of
the inferred East China Sea Block and southeastward underthrusting
of the Yangtze Block beneath the Cathaysia Block (Shu et al., 2015, and
references therein); northwestward overthrusting of the Cathaysia
Block onto the foreland basin at the southeasternmargin of the Yangtze
Block (Li et al., 2010). Asthenospheric upwelling was triggered by stress
originating from the plate boundary during the break-up of Gondwana
(Xu and Xu, 2015). Further crustal thickeningwas linked to the far-field
response to the amalgamation of the Australian–Indian Plate with the
Cathaysia Block (Wang et al., 2011b; Zhang et al., 2012) and subsequent
post-orogenic lithospheric delamination (Wang et al., 2013c; Yao et al.,
2012; Yu et al., 2016; Zhang et al., 2015). Syn-convergent extension and
asthenospheric upwelling were caused by reactivation of a series of
NW–SE-trending strike-slip faults and a NE–SW-trending rift zone dur-
ing the intracontinental orogeny (Xie et al., 2020).

There were no asthenospheric or lithospheric mantle-derived
magmas involved in the crustal source of the Baiyunshan–
Maofengshan granites. In addition, early Paleozoic intermediate–mafic
igneous rocks and mafic microgranular enclave-bearing granites have
not been discovered in the Guangzhou region. Therefore, we prefer
the intraplate subduction or overthrustingmodels to explain the origins
of the Baiyunshan–Maofengshan granites. The SCB underwent



Fig. 8. Petrogenetic model for the Baiyunshan–Maofengshan granites (modified after Wang et al., 2013c; Shu et al., 2015). (a) The SCB underwent continental rifting during the
Neoproterozoic, and the metasedimentary source rocks of the Baiyunshan–Maofengshan granites may have been deposited in the Neoproterozoic Nanhua rift basin. (b) During the
early Paleozoic (446–438 Ma), far-field stresses possibly resulted from the amalgamation of the Australian Plate, Indian Plate, and SCB along the northernmargin of east Gondwanaland,
which resulted in intraplate subduction or overthrusting in the Baiyunshan–Maofengshan region. Intraplate subduction or overthrusting buried the terrigenous sediments to mid-crustal
levels and the crust was further thickened. Heat generated by the decay of radioactive elements in the sedimentary rocks, and possible heating by mantle-derived mafic magmas in the
adjacent region (not shown), induced dehydration partialmelting of themetasedimentary rocks and subordinate amphibolites, which generated theBaiyunshan–Maofengshan granites in
the Guangzhou region.
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continental rifting during the Neoproterozoic (Wang et al., 2011a;
Wang and Li, 2003), and the metasedimentary source rocks of the
Baiyunshan–Maofengshan granites might have been deposited in the
Neoproterozoic Nanhua rift basin (Wang and Li, 2003; Wang et al.,
2011a; Fig. 8a). Subsequently, during the early Paleozoic
(446–438Ma), intraplate subduction or overthrusting buried these ter-
rigenous sediments to mid-crustal levels and caused crustal thickening
(Fig. 8b). Heat generated through the decay of radioactive elements in
the sedimentary rocks (e.g., Li et al., 2010; Wang et al., 2007), possibly
enhanced by heating from mantle-derived mafic magmas in the
12
adjacent region (Xie et al., 2020; Xu andXu, 2015), induced dehydration
partial melting of themetasedimentary rocks and subordinate amphib-
olites, which generated the Baiyunshan–Maofengshan granites in the
Guangzhou region (Fig. 8b). Geological, geochemical, geochronological,
paleomagnetic, and paleontological evidence suggests that the SCB was
located adjacent to the western Australian and northeastern Indian
plates in east Gondwanaland during the early Paleozoic (Xu and Xu,
2015, and references therein;Wang et al., 2011b, and references therein).
Therefore, the intracontinental orogeny might have formed due to far-
field stresses induced by the amalgamation of the Australian Plate,
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Indian Plate, and SCB along the northern margin of east Gondwanaland
(Shu et al., 2015; Wang et al., 2010; Wang et al., 2011b).

5. Conclusions

(1) SIMS and LA–ICP–MS zircon U\\Pb ages indicate that the biotite,
two-mica, and muscovite granites in the Baiyunshan–
Maofengshan area of Guangzhou, South China, were formed dur-
ing the early Paleozoic (446–438 Ma).

(2) The Baiyunshan muscovite and two-mica granites were formed
by partial melting of metasedimentary rocks, while the
Maofengshan biotite granites were formed by partial melting of
a hybridized crustal source containing metasedimentary rocks
and subordinate amphibolites.

(3) The granites probably formed in an intracontinental orogenic
setting.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2020.105763.
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