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Strongly peraluminous (SP) granites have A/CNK (molecular Al;03/(CaO+Na,0+K,0)) ratios >1.1, indicat-
ing a predominant origin from the partial melting of metasedimentary rocks. However, an increasing
number of studies have documented that mantle-derived magmas can also be involved in the petrogen-
esis of some SP granites. This is the case in the Dulong batholith in the southeastern Yunnan province,
southwestern South China Block, which is typically composed of SP granitic rocks with high A/CNK values
(>1.1). Zircon U-Pb dating of four samples from this batholith yielded consistent crystallization ages of ca.
430 Ma, synchronous with the widespread late-orogenic magmatism (including S- and I-type granites
and mafic igneous rocks) in the Wuyi-Yunkai orogen, South China Block (SCB). All the granites have frac-
tionated REE patterns ((La/Yb)y=1.28-12.3) and conspicuous negative Eu anomalies (Eu*/Eu=0.07-
0.43) with a similar depletion in HFSE (Nb, Zr, Hf), P, Ba and Sr, suggesting that these granitic magmas
had a dominantly crustal source, likely the Neoproterozoic metasedimentary rocks (i.e., the Danzhou
or Banxi groups) that are dominated by pelitic rocks with minor interlayered siltstones in the western
Yangtze Block. However, their zircon Hf isotopic results also reveal an important input of the mantle-
derived melts into their parental magma. Taken together, their geochemical and isotopic compositions
reflect a derivation by magma mixing between the crust- and mantle-derived (~10% in volume) magmas.
Their chemical variations resulted from the fractionation process during the emplacement from the
magma chamber after magmatic mixing.

In conjunction with regional data within the SCB, it is most likely that the magmatism younger than
435 Ma was generated in a post-collisional extensional regime related to the partial delamination of
an overthickened lithospheric mantle root without lower crust.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Granites are among the predominant rocks in the continental
crust and their generation reflects the principal mechanism by
which continental material is transferred from the deep crust to
near the surface of the Earth. Despite the relative simplicity in their
rock-forming mineral components (including mainly quartz, feld-
spars and minor amount of mafic minerals), the origin of their
parental magma and the mechanism to form the magma is still a
key subject of study (e.g., Wu et al,, 2007; Wang et al., 2013a;
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Tang et al,, 2014). Notwithstanding strongly peraluminous (SP)
granites (with A/CNK (molecular Al,03/(Ca0 + Na,O + K,0)) ratios
>1.1) that indicate a direct derivation by crustal melting (e.g.,
Chappell and White, 1992; Patifio Douce, 1995), an increasing
number of studies have revealed that some complicate processes
and different source materials may have been involved in their
genesis (e.g., Gray, 1984; Collins, 1996; Healy et al., 2004). It is
likely that mantle-derived magma makes a crucial contribution
to the generation of some SP granitoids (e.g., Belousova et al,,
2006; Phillips et al., 2011), including not only the heat input but
also mafic material incorporation. For example, high CaO/Na,0
ratios (>0.3) along with high (FeOt+ MgO + TiO,) values (>4) in
some SP granites can be ascribed to mixing of basaltic melts with
pelite-derived melts, rather than simple anatexis of psammites
(e.g., Sylvester, 1998). Also, studies on microgranitoid enclaves
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(e.g., Elburg, 1996; Mass et al., 1997; Waight et al., 2001) have
revealed such a likely magma mixing origin for some SP granites.
More importantly, isotopic signatures have evidenced that magma
mixing (between crust- and mantle-derived magmas) play an
important role in the genesis of some SP granites, such as the Lachlan
granites in eastern (e.g., Collins, 1996; Healy et al., 2004; Belousova
et al,, 2006) and southeastern Australia (e.g., Gray, 1984).

The South China Block (SCB), which is one of the biggest granite
provinces in the world, is characterized by exceptionally extensive
occurrence of granitoid rocks with different emplacement ages and
with a total exposure area up to 1,000,000 km? (e.g., Sun, 2006;
Hua et al., 2013). It is well documented that numerous economi-
cally important metallic deposits (i.e., W, Sn, Nb, Ta and REE depos-
its) are closely associated with granites in the area (e.g., Hua et al.,
2013 and references therein). Therein, the early Paleozoic grani-
toids that are dominated by SP granitic rocks (e.g., Wang et al.,
2007, 2011; Li et al., 2010; Zhang et al., 2012b) with minor I-type
granites (e.g., Huang et al., 2013; Zhao et al., 2013), are distinctly
different from other granitic generations in the SCB, although the
total exposure is relatively less than those of the Yanshanian gran-
ites (e.g., Sun, 2006; Hua et al., 2013). The existence of such a huge
volume (up to 10,000 km?) of early Paleozoic SP granitoids in the
SCB has triggered extensive discussion about its origin and genesis,
particularly in recent five years (e.g., Wang et al., 2007, 2011, 2012;
Li et al.,, 2010; Zhang et al., 2012b). Nonetheless, the genesis and
tectonic implications of these granites, particularly whether the
mantle-derived magmas were involved in the SP granite formation,
are still unclear due to the lack of contemporaneous mafic rocks,
although some authors have invoked the addition of some basic
materials to account for their geochemical signatures (e.g., Wang
et al,, 2011; Zhang et al., 2012b).

More recently, Yao et al. (2012) and Wang et al. (2013d) have
recognized some early Paleozoic mafic igneous rocks in the
Wuyi-Yunkai orogen. Consequently, it is necessary to reevaluate
the contribution from mantle-derived magma to the resultant for-
mation of SP granites in the area. In particular, for the early Paleo-
zoic SP granites that crop out along the southwestern margin of the
SCB, far away from the core of the Wuyi-Yunkai orogen, whether
they share a common origin and tectonic setting with those in
the core of the Wuyi-Yunkai orogen needs further investigation.
Furthermore, the new identification of the early Paleozoic mafic
igneous rocks in the SCB provides crucial clues to better constrain
the transition timing of tectonic regime from syn-orogen to post-
orogen stages and likely shed light on the mechanism of post-col-
lisional magmatism.

In this paper, we present whole-rock geochemical and Sr-Nd
isotopic compositions, and zircon U-Pb dating and Lu-Hf isotope
results for the early Paleozoic granites in the southeastern Yunnan,
Southwestern SCB. Based on our results along with regional data,
our aims are to: (1) constrain their main emplacement time; (2)
provide an insight into the origin of the early Paleozoic granites,
and their rock-forming regime; (3) decode the geodynamic mech-
anism for their generation; and (4) discuss the space-time rela-
tionships between the early Paleozoic crustal anatexis and the
tectonic evolution of the Wuyi-Yunkai orogeny.

2. Geological background

The SCB consists of the Yangtze Block, in the northwest, and the
Cathaysia Block, in the southeast (Fig. 1 insert), which was amal-
gamated during Neoproterozoic time (e.g., Li et al., 2002, 2009;
Zhao and Cawood, 1999, 2012). The tectonic zone is named as
the Jinning or Sibao orogen (e.g., Li et al., 2007). The present bound-
ary between the two blocks is the northeasterly trending
Jiangshan-Shaoxing Fault (Fig. 1) (e.g., Chen and Jahn, 1998;
Wang et al., 2008; Zhang et al.,, 2012b), but the southwesterly

extension is uncertain due to poor exposure and intensive younger
tectonic modification. The Yangtze basement consists predomi-
nantly of Proterozoic rocks, with minor outcrop of Archean rocks
such as the Kongling complex that was dated up to ca. 3.2 Ga (e.g.,
Qiu et al., 2000). Neoproterozoic igneous rocks crop out widely
around the Yangtze Block (e.g., Wang et al., 2006b). In the Cathaysia
Block, the oldest basement rocks were the amphibolite dated at
~1.80 Ga (LA-MC-ICP-MS method) in the Wuyishan area, mainly in
the northeastern portion (e.g., Li et al., 2011), although some older
detrital zircons (>2.0 Ga) have also been revealed (e.g., Yu et al.,
2008). In addition, minor Mesoproterozoic granitic rocks that were
dated at ~1.43 Ga were also recognized in the Hainan Island, to
the south (Li et al., 2002). Recently, some Neoproterozoic mafic rocks
with similar ages to those around the Yangtze Block were also recog-
nized within the Cathaysia Block (Zhang et al., 2012a).

The recognition of an angular unconformity between post-Silu-
rian cover and strongly deformed pre-Devonian strata in the SCB
indicates the occurrence of an orogenic event during early Paleo-
zoic time. Ting (1929) initially defined the event as the Kwangsian
movement, whereas other workers subsequently named it as the
“Caledonian Orogeny” (e.g., Huang, 1978; Ren, 1991) or the
Wauyi-Yunkai orogeny (e.g., Li et al,, 2010; Zhang et al., 2012b).
As for the nature of the orogeny, some researchers believed that
the mountain-building event was the result of the finial closure
of the Huanan/Paleotethys Ocean and subsequent collision of the
Yangtze and Cathaysia Blocks (e.g., Guo et al., 1989; Hsii, 1994;
Chen et al., 2006; Yan et al., 2006). However, the absence of the
subduction-related rock associations (e.g., ophiolites, magmatic
arc, subduction complexes and high-pressure metamorphic rocks)
in the whole SCB convincingly precludes the existence of an ocean
basin between the Yangtze and Cathaysia Blocks during early
Paleozoic time, which led some researchers to propose an intracon-
tinental orogenic event (e.g., Charvet et al., 1996, 2010; Faure et al.,
2009; Li et al., 2010). More recently, on the basis of the fact that the
460-400 Ma event was mainly restricted to the Cathaysia Block,
Zhao and Cawood (2012) further suggested that the early Paleozoic
(460-430 Ma) orogeny in the Cathaysia Block was a continent-
continent collisional event. This resulted in the region occupied
by the present-day southeastern margin (Cathaysia) of South China
to have amalgamated with an unknown continental block, which
later was rifted away along the Zhenghe-Dapu Fault (e.g., Gao,
1991). They thus proposed that the Cathaysia Block represented
a continent-continent collisional belt during early Paleozoic time
(460-430 Ma), similar to the Appalachian-Caledonian belt in
North America and Europe (e.g., Dewey, 1969).

The early Paleozoic granites making up over 30% of exposures
and ranging from Ordovician to Late Devonian in age (ca. 400-
462 Ma; Li et al., 2010; Wang et al., 2007, 2011; Chu et al,,
2012a; Zhang et al., 2012b and references therein), are mainly
exposed in the Wugong, Wuyi, Baiyun and Yunkai areas. Most of
them are located in the core of the Wuyi-Yunkai orogen, with
minor outcrops far away from the orogen (more than 500 km;
Fig. 1), such as the Xuefeng and Dulong-Song Chay granitic batho-
liths (e.g., Roger et al., 2000; Wang et al., 2007, 2011; Li et al., 2010;
Chu et al., 2012a). Overall, all the exposed early Paleozoic grani-
toids show a planar-shaped distribution pattern to the east of the
Anhua-Luocheng Fault, the eastern SCB (e.g., Chu et al., 2012a;
Zhang et al., 2012b). Most recently, minor early Paleozoic mafic
igneous rocks, including high-Mg basalts (Yao et al., 2012) and dia-
bases and gabbros (Wang et al., 2013d) have also been recognized
in the Wuyi-Yunkai orogen (Fig. 1b). These igneous rocks have
been interpreted as the products of the Wuyi-Yunkai orogeny or
Kwangsian orogeny (e.g., Li et al., 2010; Wang et al., 2007, 2011,
2013c; Zhang et al., 2012b; Huang et al., 2013; Zhao et al., 2013).
More detailed information on the geological characteristics and
field relationship in the SCB has been summarized by Li et al.
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Fig. 1. Simplified geological map showing the tectonic framework of the South China

Block (SCB) (modified from Li et al. (2010) and Yao et al. (2012)). Sources for granitic

(shown in black dots and numbers) ages as shown in the figure are: 1 - Liet al. (1989); 2 - Li (1991); 3 - Wang et al. (1998); 4 — Roger et al. (2000); 5 - Xu et al. (2005); 6 - Liu
et al. (2008); 7 - Wang et al. (2007); 8 - Li et al. (2010); 9 - Wan et al. (2010); 10 - Wang et al. (2011); 11 - Zhang et al. (2011); 12 - Zhang et al. (2012b); 13 - Chu et al.
(2012); 14 - Huang et al. (2013); 15 - Zhao et al. (2013); 16 - Yao et al. (2012); 17 - Wang et al. (2013d). The insert shows the relationship between the Yangtze and Cathaysia

Blocks.

(2010) and other workers (e.g.,, Wang et al., 2011, 2012, 2013d;
Zhao et al., 2013).

The Dulong-Song Chay batholith lies in the southwestern Cat-
haysia Block (Fig. 1). The Indochina Block and the Ailaoshan-Red
River Fault are west of it. The batholith is a metamorphic complex
composed mainly of migmatites, porphyroid granites and augen
gneisses resulting from the deformation of these granites (Roger
et al., 2000; Yan et al., 2006). The metamorphism and deformation
took place during the Indosinian and Cenozoic events (YNBGMR,
1976; Yan et al., 2006; Guo et al., 2009). These deformed granitic
rocks are gray to light gray and medium to fine grained with blas-
to-quasiporphyritic textures and augen and gneissic structures.
They have similar mineral assemblages, including main minerals
of quartz, plagioclase, K-feldspar and mica and minor accessory
minerals of zircon, apatite and sulfide minerals. All facies are bio-
tite-bearing, and in some places also muscovite-bearing. K-feldspar
augen are generally ~1 cm long (partly up to 6 cm long; Fig. 3a and
b). In some places the augen granite was strongly mylonitized
(Fig. 3¢), and minor granites give a massive appearance of a rela-
tively uniform, medium-grained, magmatic rock (Fig. 3d).

The Dulong-Song Chay batholith is the largest one in the south-
western part of the SCB. It straddles the Vietnam-Yunnan border
and its total outcrop area is up to ca. 7000 km? (Fig. 2a). The
Dulong and Song Chay batholiths were referred to as the segments
in China (e.g., Yan et al., 2006) and in Vietnam (e.g., Roger et al.,
2000), respectively (Fig. 2a). Roger et al. (2000) obtained an upper

intercept age of 428 + 5 Ma based on seven zircon grains from the
granite in the Song Chay area, representing the age of granite
emplacement. The dated sample is a deformed orthogneiss con-
taining large microcline porphyroclasts (~1 cm), biotites and white
micas. Yan et al. (2006) reported two granitic gneisses within the
Dulong core complex with the ages of 436-402 Ma, which were
generally transformed into moderately deformed gneisses bearing
large (1-10 cm) feldspar augens. To date, no chemical or isotopic
data for these granitic rocks have been reported. The Dulong-Song
Chay batholith experienced multiple tectonothermal modifica-
tions. The geological features and evolution, including the compo-
nents and metamorphic and deformational histories in the whole
complex, have been described in detail by Roger et al. (2000),
Yan et al. (2006) and Hung (2010).

In this study, we conducted a systematic investigation on the
Dulong batholith in southeastern Yunnan, southwestern Cathaysia
Block. The granitic batholith was emplaced into the Lower Paleo-
zoic metasedimentary rocks with a low-grade metamorphism
(Fig. 2b) (e.g., Roger et al., 2000; Yan et al., 2006). These units are
dominated by limestone and dolomitic limestone, more than
9000 m thick, with minor interbedded siltstone, phyllite and slate,
which is of Cambrian age in its upper part (e.g., YNBGMR, 1976;
Roger et al., 2000; Yan et al., 2006). The Ordovician sedimentary
rocks consist of limestone in the lower segment, with a thickness
of ~450 m and >1200 m-thick siltstone in the middle-upper seg-
ment (YNBGMR, 1976).
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Fig. 2. Simplified geological maps of (a) the Dulong-Song Chay batholith (modified

after Roger et al., 2000) and (b) the Dulong Batholith (modified after Maguan Geological

Map at 1:200,000 scale; YNBGMR, 1976), showing rock types and dating sample locations.

3. Sampling and petrography

In this study, four gneissic granite samples were collected for LA-
ICP-MS zircon U-Pb dating from the Dulong batholith, Southwestern
SCB (Fig. 2b). They were sampled from the Malipo-Nanwenhe
(10YN-13B: N22°59.623', E104°41.651’) and Jiaozicheng-Bazi
(10YN-18A: N22°59.923’, E104°46.381’) old roads, and jiaozich-
eng-Mengdong (10YN-22B: N22°57.218, E104°45.997') and
Lancang-Simao (10YN-22D: N22°57.218', E104°45.997’) highways
(Fig. 2b). Three samples of them were generally transformed into
moderately deformed gneisses bearing large (1-10 cm) feldspar
augens (Fig. 3a-c), while the sample 10YN-22D was slightly
deformed and show a missive structure (Fig. 3d).

The mineralogy of the four granites is similar and characterized
by K-feldspar (~25-35 vol.%), plagioclase (~27-36 vol.%), quartz
(~16-32 vol.%), biotite (~4-8 vol.%), muscovite (~4-8 vol.%) and

minor amount of zircon, apatite, titanite and iron oxides. Therein,
most of fine-grained muscovites in some samples are secondary,
whereas the coarse-grained ones clearly indicate a magmatic ori-
gin. Based on modal mineral compositions obtained by point
counting and then plotting on a QAP diagram (Fig. 4), most of
the studied samples plot in the monzogranite field, excepting one
sample that straddles the boundary between the monzogranite
and granodiorite fields.

4. Analytical techniques

4.1. Zircon U-Pb isotope analysis

Zircons for LA-ICP-MS U-Pb dating were separated from all
samples by using conventional heavy liquid and magnetic tech-
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Fig. 3. Photographs of the representative granitic rocks from the Dulong area: (a) sample 10YN-13B, augen granite: K-feldspar phenocrysts (up to 6 cm long and 3 cm wide)
are wrapped by bands of quartz, muscovite, and biotite forming augen structures. (b) Sample 10YN-18A augen granite, similar to the sample 10YN-13B. (c) Sample 10YN-22B,
augen granite which is contacted with granitic mylonite. (d) Sample 10YN-22D, a relatively unstrained gneissic granite.

Qtz

MG

AG/ SG % GD

Josf = ] e | ow
[/ ] \

Kfs

Pl
Fig. 4. Modal classification of the granitoids (after Streckeisen, 1967). AG = alkali-
feldspar granite; AS = alkali-feldspar syenite; SG = syenogranite; QS = quartz sye-

nite; MG = monzogranite; QM = quartz monzonite; GD = granodiorite; QD = quartz
monzodiorite.

niques and purified by handpicking under a binocular microscope.
The zircon grains were mounted in epoxy resin, polished to half
their thickness, and gold coated, and then photographed in trans-
mitted and reflected light. The internal structure of zircons was
examined using cathodoluminescence (CL) imaging prior to U-Pb
isotopic analysis. The CL images were obtained using an EMPA-
JXA-8100 scanning electron microscope at the Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences, Guangzhou. U-Pb
dating of zircon was conducted by LA-ICP-MS at the State Key Lab-
oratory of Ore Deposit Geochemistry, Institute of Geochemistry,

Chinese Academy of Sciences, Guiyang, China. A GeoLasPro laser-
ablation system (Lamda Physik, Gottingen, Germany) and Agilent
7700x ICP-MS (Agilent Technologies, Tokyo, Japan) were combined
for the experiments. The 193 nm ArF excimer laser, homogenized
by a set of beam delivery systems, was focused on the zircon sur-
face with fluence of 10 J/cm?. Ablation protocol employed a spot
diameter of 32 um at 5 Hz repetition rate for 40 s (equating to
200 pulses). Helium was the carrier gas used to transport aerosol
to the ICP-MS. Zircon 91500 (2°°Pb/?38U age = 1062.4 + 0.8 Ma;
Wiedenbeck et al., 1995) was used as the external standard to
correct for elemental fractionation, while zircons GJ-1 (2°’Pb/?°°Pb
age = 608.5 + 0.4 Ma; Jackson et al., 2004) and PleSovice (2°°Pb/?*8U
age = 337.3 £ 0.4 Ma; Slama et al., 2008) were also used for quality
control. Lead concentration in zircon was externally calibrated
against NIST SRM 610 with Si as the internal standard, and Zr as
the internal standard for other trace elements (Hu et al., 2011).
Data reduction was performed off-line by ICPMSDataCal (Liu
et al,, 2010a,b). 2?Hg is usually <10 cps in the gas blank, therefore
the contribution of 2°*Hg to 2°*Pb is negligible and is not consid-
ered further. Common Pb was corrected according to the method
proposed by Anderson (2002). The U-Pb ages were calculated
using the U decay constants of Steiger and Jager (1997) and Isoplot
Ex 3 software (Ludwig, 2003). Individual analyses are presented
with 1o error (95% confidence level) in Table 1. U-Pb zircon results
are listed in Table 1, and the representative zircon CL images and
their U-Pb concordia plots are shown in Figs. 5 and 6.

4.2. Zircon Hf isotope analysis

All Hf isotopic compositions of single-grain zircons were
determined at the Department of Earth Sciences, the University
of Hong Kong. The detailed analytical procedure follows that
reported by Xia et al. (2011). Standard zircon 91500 was used as
the reference standard, with a weighted mean '7®Hf/!””Hf ratio of
0.282314 +0.000018 (n=50, 20) in this study. Correction for
isobaric interference of 7°Lu on '7°Hf and !7°Yb on '7®Hf was



Table 1
LA-ICP-MS U-Pb data for zircons from the Dulong granites in the western SCB.
Analysis Content (ppm) Th/U Corrected isotope ratios Isotope ages (Ma)
Th U Pb* 27pb?2%%Pb?  tlg 27pbPPy 1o 20pp?2By +lo 27pb?2%%pb? 420 2UPBPPU +20  2PHYPPU £20

10YN-13B

YN13B-01 136 1040 63.5 0.13 0.0552 0.0012 0.5250 0.0093 0.0687 0.0008 420 53 428 6 429 5
YN13B-02 58.7 321 20.8 0.18 0.0554 0.0019 0.5268 0.0172 0.0688 0.0012 432 78 430 11 429 7
YN13B-03 76.9 341 22.6 0.23 0.0551 0.0014 0.5260 0.0127 0.0689 0.0006 417 53 429 8 429 4
YN13B-04 122 1302 78.7 0.09 0.0551 0.0007 0.5272 0.0073 0.0688 0.0006 413 28 430 5 429 4
YN13B-05 134 476 33.2 0.28 0.0555 0.0018 0.5450 0.0161 0.0709 0.0008 432 68 442 11 442 5
YN13B-06 749 675 75.6 1.11 0.0548 0.0014 0.5252 0.0136 0.0687 0.0006 406 57 429 9 428 4
YN13B-07 58.7 413 25.9 0.14 0.0554 0.0019 0.5418 0.0170 0.0705 0.0008 428 76 440 11 439 5
YN13B-08 98.7 1535 90.2 0.06 0.0545 0.0014 0.5309 0.0135 0.0694 0.0007 391 56 432 9 432 4
YN13B-09 70.6 289 314 0.24 0.0603 0.0019 0.9023 0.0284 0.1065 0.0015 613 69 653 15 652 9
YN13B-10 158 1280 78.8 0.12 0.0540 0.0025 0.5253 0.0183 0.0692 0.0017 372 106 429 12 431 10
YN13B-11 112 962 59.3 0.12 0.0543 0.0033 0.5260 0.0281 0.0688 0.0009 383 140 429 19 429 5
YN13B-12 159 956 60.6 0.17 0.0541 0.0031 0.5258 0.0257 0.0689 0.0007 376 131 429 17 429 4
YN13B-13 234 820 61.1 0.29 0.0546 0.0037 0.5490 0.0305 0.0713 0.0013 398 150 444 20 444 8
YN13B-14 93.9 1366 81.5 0.07 0.0543 0.0066 0.5308 0.0622 0.0690 0.0007 383 278 432 41 430 4
YN13B-15 106 498 33.2 0.21 0.0553 0.0054 0.5341 0.0407 0.0693 0.0018 433 218 435 27 432 11
YN13B-16 140 379 29.7 0.37 0.0550 0.0044 0.5649 0.0409 0.0730 0.0018 409 184 455 27 454 11
YN13B-17 133 223 18.4 0.60 0.0549 0.0042 0.5274 0.0415 0.0684 0.0021 409 172 430 28 426 13
YN13B-18 104.6 419 293 0.25 0.0550 0.0034 0.5257 0.0303 0.0687 0.0015 413 105 429 20 429 9
YN13B-19 102.7 281 20.6 0.37 0.0552 0.0026 0.5267 0.0235 0.0687 0.0011 420 106 430 16 428 7
YN13B-20 54.9 302 19.5 0.18 0.0547 0.0015 0.5244 0.0148 0.0686 0.0006 467 58 428 10 428 4
10YN-18A

YN18A-01 137 570 38.0 0.24 0.0551 0.0015 0.5262 0.0137 0.0689 0.0007 417 61 429 9 429 4
YN18A-02 91.6 971 58.0 0.09 0.0551 0.0010 0.5269 0.0097 0.0689 0.0006 417 41 430 6 429 3
YN18A-03 234 1052 68.7 0.22 0.0550 0.0009 0.5267 0.0088 0.0689 0.0005 413 37 430 6 429 3
YN18A-04 109 664 41.8 0.16 0.0551 0.0009 0.5267 0.0089 0.0689 0.0004 417 39 430 6 430 3
YN18A-05 76.6 793 46.9 0.10 0.0556 0.0017 0.5310 0.0156 0.0688 0.0009 435 69 432 10 429 5
YN18A-06 109 1433 83.1 0.08 0.0552 0.0019 0.5234 0.0139 0.0686 0.0017 420 78 427 9 428 11
YN18A-07 121 528 36.4 0.23 0.0556 0.0012 0.5520 0.0115 0.0717 0.0005 435 48 446 8 446 3
YN18A-08 48.0 578 34.0 0.08 0.0551 0.0022 0.5260 0.0203 0.0688 0.0010 417 91 429 13 429 6
YN18A-09 49.5 439 27.0 0.11 0.0557 0.0016 0.5487 0.0159 0.0713 0.0012 439 65 444 10 444 7
YN18A-10 158 308 26.2 0.51 0.0564 0.0016 0.5844 0.0152 0.0752 0.0007 478 32 467 10 467 4
YN18A-11 110 1505 87.1 0.07 0.0554 0.0024 0.5264 0.0188 0.0685 0.0011 432 96 429 12 427 7
YN18A-12 112 451 34.5 0.25 0.0562 0.0016 0.6034 0.0170 0.0773 0.0007 461 61 479 11 480 4
YN18A-13 61.5 388 23.8 0.16 0.0552 0.0009 0.5268 0.0087 0.0689 0.0006 420 37 430 6 430 3
YN18A-14 109 735 444 0.15 0.0550 0.0009 0.5265 0.0083 0.0689 0.0005 413 40 430 5 429 3
YN18A-15 95.0 811 51.0 0.12 0.0557 0.0012 0.5666 0.0113 0.0733 0.0007 439 46 456 7 456 4
YN18A-16 116 745 43.8 0.16 0.0560 0.0028 0.5341 0.0197 0.0690 0.0030 454 111 435 13 430 18
YN18A-17 75.8 781 454 0.10 0.0550 0.0011 0.5269 0.0098 0.0690 0.0006 413 43 430 7 430 3
YN18A-18 104 726 43.7 0.14 0.0549 0.0011 0.5276 0.0108 0.0690 0.0006 409 46 430 7 430 3
YN18A-19 269 498 40.8 0.54 0.0547 0.0013 0.5260 0.0120 0.0689 0.0005 467 52 429 8 430 3
YN18A-20 79.5 761 444 0.10 0.0549 0.0008 0.5268 0.0075 0.0689 0.0004 409 33 430 5 430 3
YN18A-21 317 824 60.4 0.38 0.0549 0.0008 0.5265 0.0075 0.0689 0.0004 406 33 429 5 430 3
YN18A-22 299 1026 73.1 0.29 0.0553 0.0009 0.5569 0.0090 0.0722 0.0004 433 39 450 6 449 3
10YN-22B

YN22B-01 207.0 120 3749 0.03 0.0546 0.0011 0.5269 0.0127 0.0690 0.0009 394 48 430 8 430 5
YN22B-02 100.9 195 1691 0.12 0.0547 0.0010 0.5257 0.0092 0.0688 0.0005 467 38 429 6 429 3
YN22B-03 26.62 84.6 422 0.20 0.0550 0.0013 0.5233 0.0118 0.0686 0.0006 413 56 427 8 427 4
YN22B-04 68.18 89.9 1192 0.08 0.0548 0.0010 0.5263 0.0096 0.0688 0.0006 406 47 429 6 429 3
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Fig. 5. Cathodoluminescence images of representative zircons from the Dulong granitic rocks. Scale bar = 100 um; small circles are of laser U-Pb analysis and large circles of
Hf isotope analysis; the numbers in the inner and outer circles represent the eyt) values and U-Pb ages, respectively.
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Fig. 6. LA-ICP-MS zircon U-Pb concordia plots for the early Paleozoic granites from the Dulong batholith ((a)-(d) are the samples 10YN-13B, 10YN-18A, 10YN-22B and 10YN-
22D, respectively). The black circles represent the data that were used to calculate the youngest age for every sample, while the red circles are the data of inherited or xenolith

zircons.
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performed by using the recommended 7Lu/'”>Lu ratio of 0.02669
(De and Taylor, 1993) and '76Yb/!72Yb ratio of 0.5886 (Chu et al.,
2002), respectively. A decay constant for '7°Lu of 1.865 x 10!
year~! (Scherer et al., 2001) was adopted in this work. &u{t) values
were calculated using the measured U-Pb ages and with reference
to the chondritic reservoir (CHUR) present-day !7®Hf/'77Hf =
0.282772 and '7®Lu/'7’Hf=0.0332 (Blichert-Toft and Albarede,
1997). Single-stage Hf model ages (Tpw:(Hf)) were calculated rela-
tive to the depleted mantle present-day value of '7®Hf/!77Hf =
0.28325 and !7®Lu/'”’Hf=0.0384 (Vervoort and Blichert-Toft,
1999; Griffin et al., 2000). We also calculated a ‘crustal’ model
age (Tpmz(Hf)), which assumes that the parental magma was pro-
duced from average continental crust ('’Lu/!”’Hf=0.015) that
originally was derived from the depleted mantle. The zircon Hf
analyses were obtained using the same mounts as those used for
U-Pb dating and data were collected over the U-Pb spots in most
cases but, where this was not possible, they were run on adjacent
sites within the same CL domain. The analytical results are listed in
Table 2.

4.3. Major and trace element analyses

Major oxide contents were determined at the Guangzhou Insti-
tute of Geochemistry, Chinese Academy of Sciences (CAS), Guangz-
hou, using a wavelength X-ray fluorescence (XRF) spectrometer
with analytical errors better than 2%. Trace element analyses were
performed at the Institute of Geochemistry, CAS, Guiyang, China,
by inductively-coupled plasma mass spectrometry (ICP-MS). The
detailed analytical protocol is described in Qi et al. (2000). The ana-
lytical precision is better than 5% for elements >10 ppm, better
than 8% for those <10 ppm, and about 10% for transition metals.
The analytical results are presented in Table 3.

4.4. Whole-rock Sr-Nd isotope analyses

Sr and Nd isotopic compositions were measured using a Triton
Thermal Ionization Mass Spectrometry (TIMS) and a Micromass
Isoprobe multi-collector-inductively coupled plasma-mass spec-
trometer (MC-ICP-MS) at GIGCAS, respectively. Analytical proce-
dures for Sr and Nd isotopes are described in detail by Li et al.
(2004) and Chen et al. (2010). The 37Sr/®%Sr value of the NBS987
standard and the '*3Nd/'**Nd value of the JNdi-1 standard were
0.710288 + 28 (20) and 0.512109 + 12 (20), respectively; fraction-
ation corrections of “6Nd/!**Nd =0.7219 and 86Sr/88sr=0.1194
were applied to all measured *>Nd/'**Nd and 2°Sr/38Sr values,
respectively. The Sr-Nd isotopic analytical results are presented
in Table 4.

5. Results
5.1. Zircon U-Pb ages and Lu-Hf results

Zircons that were separated from four gneissic granites from
the Dulong batholith are generally similar in form. They comprise
predominantly subhedral to euhedral grains or grain fragments
with up to 100-400 pm in length and with length/width ratios of
1:1-4:1 (Fig. 5). Most crystals are light brown or brown, prismatic
and transparent to subtransparent, and show fine oscillatory
growth zonation in CL images, indicative of magmatic origin
(Fig. 5). Minor grains display core-mantle structure with a CL-dark
or CL-bright core (unzoned) than the mantle in CL images (Fig. 5).

Ninety-two analyses on 92 grains from four samples show an
age range from 426 to 652 Ma, with Th/U ratios varying from
0.03 to 2.58 (Table 1). All analyses are concordant and the young
magmatic zircons define the crystallization age of the granites,

including the weighted mean 2°Pb/238U ages of 429 +3 Ma
(10YN-13B), 430 + 2 Ma (10YN-18A), 430 + 3 Ma (10YN-22B) and
430 + 2 Ma (10YN-22D) (Table 1 and Fig. 6a-d). The oldest age of
652 +9 Ma was obtained from the zircon core (Fig. 5), indicating
inheritance. Other old ages ranging from 445 to 490 Ma were
obtained from the rim of magmatic zircon, likely indicating acci-
dental xenolith that did not have time to dissolve during magma
ascent (Villaros et al., 2009) (Fig. 5 and Table 1).

All ninety-two zircon grains from the four samples were ana-
lyzed for Lu-Hf isotopic composition (Table 2). All analyses yielded
a relatively low 7®Hf/177Hf ratios between 0.282134 and 0.282550
and a wide range of eyf(t) values from —10.09 to +2.31 (Table 2;
Fig. 7), with Tpma(Hf) model ages ranging from 1.35Ga to
2.13 Ga. Most analyses with a 2°°Pb/?38U age of ~430 Ma have
slightly variable eyf(t) values of —5 to +2, with the exception of
one sample up to +2.31 and two below —5 (Table 2).

5.2. Major and trace element data

The Dulong granitic rocks have variable major element contents
(Table 3). Most of them have high K,0/Na,O ratios (1.23-2.26)
with the exception of two samples (K,0/Na,O < 1.0), showing that
most of them belong to the high-K calc-alkaline series with one
plotted within the shoshonite field (Fig. 8a). They have a wide
range of A/CNK values (mol. Al,03/(CaO + K,0 + Na,0)) of 1.06-
1.33, most of which are >1.1, indicating strongly peraluminous
affinity (Fig. 8b; Sylvester, 1998; Clemens, 2003). On the CAF plot
(Fig. 8c¢), all granites plot within the field of S-type granite. More-
over, their low Na,O contents (<3.2 wt.%) in most samples are sim-
ilar to that of S-type granite (Chappell and White, 1974, 2001),
which is consistent with the classification of Chappell and White
(1992) (Fig. 6¢).

On the Harker diagrams (Fig. 9a-f), the Al,03, FeOt, CaO, MgO,
and TiO, contents for all samples exhibit a strong decrease with
increasing SiO, contents, with the exception of a weakly positive
correlation between the P,Os5 and SiO, (Fig. 9e). Such an increase
in P,O0s with increasing SiO, is also an important feature of S-type
granites (e.g., Chappell, 1999). All granite samples have similar
chondrite-normalized REE patterns, showing enrichment in LREE
(i.e., (LaJYb)cn =1.28-12.3) with strong negative Eu anomalies
(Eu*/Eu=0.07-0.43) and slightly fractionated HREE patterns
((Gd/Yb)cn = 1.19-2.03) (Fig. 10a). In the primitive mantle-normal-
ized spidergram, they show negative Ba, Nb, Sr, P, and Ti anomalies
(Fig. 10Db).

5.3. Whole rock Sr-Nd isotopes

The Dulong granites have high and variable &'Sr/%éSr ratios
(0.752914-0.984095) and low !**Nd/'*Nd ratios (0.512118-
0.512346) (Table 4). The initial 87Sr/25Sr ratios vary from 0.7149
to 0.7459, and &ng(t = 430 Ma) values range from —7.32 to —6.23,
enda(t) values of which are slightly higher than those of the early
Paleozoic I-type granites in the SCB (Fig. 11a). Their Tpy, model
ages are in the range of 1.67-1.83 Ga (Table 4), which is distinctly
younger than those of the early Paleozoic (Cambrain-Ordovician)
sedimentary rocks and the Proterozoic metasedimentary rocks in
the Yangtze Block (Fig. 11b).

6. Discussion

6.1. Emplacement age of the Dulong-Song Chay batholith and its
significance

The Dulong-Song Chay granitic batholith underwent intense
deformation and low-grade metamorphism due to multiple
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Table 2

Lu-Hf isotopic compositions of zircons from the Dulong granites in the western SCB.
Analysis T7SHEV7THE  tlo 176Lu/V7HE  'V7SYb/'7Hf  205Pb/238U age (Ma)  'SHf/'THF (i)  eufdt) Tomi(Hf) (Ga)  Tpma(Hf) (Ga)  fiumr
10YN-13B
YN13B-01 0.282446 0.000015 0.000290 0.016069 429 0.282444 —2.18 1.12 1.55 —0.99
YN13B-02 0.282458 0.000012 0.001420 0.062237 429 0.282447 —2.07 1.14 1.54 —0.96
YN13B-03 0.282457 0.000012 0.001578 0.069084 429 0.282445 —-2.14 1.14 1.55 -0.95
YN13B-04 0.282411 0.000013 0.001633 0.067098 429 0.282398 -3.79 1.21 1.65 —0.95
YN13B-05 0.282458 0.000014 0.000778 0.032196 442 0.282452 —1.61 1.12 1.52 —0.98
YN13B-06 0.282538 0.000013 0.001966 0.083138 428 0.282522 0.57 1.04 1.38 —0.94
YN13B-07 0.282436 0.000012 0.000977 0.041929 439 0.282428 —2.52 1.15 1.58 -0.97
YN13B-08  0.282404 0.000015  0.001953 0.077982 432 0.282388 -4.08 1.23 1.67 -0.94
YN13B-09 0.282134 0.000012 0.001018 0.040595 652 0.282121 —8.66 1.58 2.13 —0.97
YN13B-10 0.282466 0.000014 0.000560 0.025316 431 0.282461 -1.51 1.10 1.51 —0.98
YN13B-11 0.282474 0.000012 0.001228 0.056158 429 0.282464 -1.47 1.11 1.51 —0.96
YN13B-12 0.282310 0.000013 0.002038 0.088700 429 0.282294 —7.48 1.37 1.89 —-0.94
YN13B-13 0.282458 0.000011 0.000600 0.029779 444 0.282453 -1.52 1.11 1.52 —0.98
YN13B-14 0.282453 0.000011 0.001100 0.051422 430 0.282444 -2.16 1.13 1.55 -0.97
YN13B-15 0.282469 0.000012 0.001156 0.051495 432 0.282460 —1.55 1.11 1.51 -0.97
YN13B-16 0.282397 0.000012 0.001061 0.047029 454 0.282388 -3.59 1.21 1.66 —0.97
YN13B-17 0.282499 0.000017 0.001607 0.074513 426 0.282487 -0.72 1.08 1.46 —0.95
YN13B-18 0.282469 0.000014 0.001831 0.080215 429 0.282455 -1.80 1.13 1.53 —0.94
YN13B-19 0.282514 0.000013 0.001743 0.078425 428 0.282500 -0.19 1.07 1.42 —0.95
YN13B-20 0.282480 0.000012 0.001195 0.052823 428 0.282471 -1.25 1.10 1.49 —0.96
10YN-18A
YN18A-01 0.282507 0.000011 0.001771 0.077081 429 0.282493 —0.42 1.08 1.44
YN18A-02 0.282415 0.000012 0.001134 0.050329 429 0.282406 -3.50 1.19 1.64
YN18A-03 0.282520 0.000013 0.001733 0.075840 429 0.282506 0.04 1.06 141
YN18A-04 0.282462 0.000012 0.001408 0.062133 430 0.282451 -1.92 1.13 1.54
YN18A-05 0.282390 0.000016 0.000661 0.027909 429 0.282384 —4.29 1.21 1.68
YN18A-06 0.282450 0.000012 0.001126 0.051515 428 0.282441 —-2.31 1.14 1.56
YN18A-07 0.282480 0.000012 0.001034 0.044549 446 0.282472 -0.81 1.09 1.48
YN18A-08 0.282464 0.000012 0.001526 0.065678 429 0.282451 -1.91 1.13 1.53
YN18A-09 0.282502 0.000011 0.001292 0.055266 444 0.282492 -0.15 1.07 1.43
YN18A-10 0.282474 0.000012 0.001752 0.074223 467 0.282459 -0.81 1.12 1.49
YN18A-11 0.282452 0.000012 0.000908 0.040740 427 0.282445 -2.18 1.13 1.55
YN18A-12 0.282466 0.000013 0.001326 0.057079 480 0.282454 —0.67 1.12 1.49
YN18A-13 0.282468 0.000013 0.001756 0.075275 430 0.282454 -1.80 1.13 1.53
YN18A-14 0.282449 0.000013 0.001344 0.057001 429 0.282438 —2.36 1.15 1.56
YN18A-15 0.282470 0.000011 0.001383 0.063053 456 0.282458 —1.08 1.12 1.50
YN18A-16 0.282447 0.000011 0.001624 0.070519 430 0.282434 —2.48 1.16 1.57
YN18A-17 0.282460 0.000012 0.001517 0.063652 430 0.282448 —2.00 1.14 1.54
YN18A-18 0.282506 0.000011 0.001385 0.057239 430 0.282495 —0.36 1.07 1.44
YN18A-19 0.282460 0.000013 0.000620 0.025906 430 0.282455 -1.75 1.11 1.53
YN18A-20 0.282451 0.000012 0.000729 0.031578 430 0.282445 —2.12 1.13 1.55
YN18A-21 0.282487 0.000012 0.000958 0.042296 430 0.282480 —0.90 1.08 1.47
YN18A-22 0.282494 0.000015 0.001311 0.056052 449 0.282483 -0.34 1.08 1.45
10YN-22B
YN22B-01 0.282477 0.000010 0.002230 0.095051 430 0.282459 -1.61 1.13 1.52 —0.93
YN22B-02 0.282211 0.000011 0.001591 0.064026 429 0.282198 -10.89 149 2.10 —0.95
YN22B-03 0.282507 0.000012 0.001258 0.053644 427 0.282497 -0.32 1.06 1.43 —0.96
YN22B-04 0.282455 0.000009 0.001432 0.061534 429 0.282443 -2.19 1.14 1.55 —0.96
YN22B-05 0.282472 0.000012 0.000754 0.033885 431 0.282466 -1.35 1.10 1.50 —0.98
YN22B-06 0.282443 0.000012 0.001084 0.044374 490 0.282433 -1.20 1.15 1.54 -0.97
YN22B-07 0.282467 0.000012 0.000936 0.037954 428 0.282460 —-1.62 1.11 1.52 -0.97
YN22B-08 0.282449 0.000011 0.000959 0.042775 428 0.282441 -2.29 1.14 1.56 -0.97
YN22B-09 0.282507 0.000011 0.001122 0.047777 428 0.282498 -0.27 1.06 143 -0.97
YN22B-10 0.282478 0.000013 0.000883 0.038696 428 0.282471 -1.25 1.09 1.49 -0.97
YN22B-11 0.282477 0.000013 0.000667 0.030582 430 0.282471 -1.19 1.09 1.49 —0.98
YN22B-12 0.282485 0.000013 0.001006 0.043979 453 0.282476 —0.49 1.09 1.46 -0.97
YN22B-13 0.282494 0.000011 0.001548 0.067126 429 0.282481 -0.85 1.09 1.47 -0.95
YN22B-14 0.282449 0.000013 0.002272 0.100682 428 0.282431 —2.65 1.18 1.58 -0.93
YN22B-15  0.282547 0.000013  0.001742 0.075329 429 0.282533 099 1.02 1.35 —-0.95
YN22B-16 0.282497 0.000012 0.001083 0.047865 429 0.282488 —0.60 1.07 1.45 -0.97
YN22B-17 0.282550 0.000014 0.002517 0.106816 427 0.282530 0.83 1.04 1.36 -0.92
YN22B-18  0.282390 0.000011  0.001097 0.044384 427 0.282381 —-445 122 1.69 -0.97
YN22B-19 0.282445 0.000011 0.000931 0.041863 429 0.282438 —2.38 1.14 1.56 -0.97
YN22B-20 0.282449 0.000011 0.000748 0.034704 428 0.282443 -2.25 1.13 1.55 —0.98
YN22B-21 0.282484 0.000012  0.000640 0.027782 430 0.282479 -090 1.08 1.47 -0.98
YN22B-22 0.282512 0.000012 0.001295 0.054780 429 0.282501 -0.14 1.06 1.42 —0.96
YN22B-23 0.282374 0.000012 0.001560 0.063893 431 0.282361 —5.07 1.26 1.74 —0.95
YN22B-24 0.282507 0.000012 0.001081 0.046053 457 0.282498 0.35 1.06 141 -0.97
YN22B-25 0.282403 0.000012 0.002159 0.087328 449 0.282385 —-3.84 1.24 1.67 -0.93
YN22B-26 0.282494 0.000012 0.000809 0.035068 455 0.282487 —0.08 1.07 1.44 —0.98
YN22B-27 0.282439 0.000011 0.001053 0.045667 428 0.282430 —2.67 1.15 1.58 -0.97
YN22B-28 0.282489 0.000012 0.001423 0.061180 438 0.282477 —0.80 1.09 147 —0.96



T. Peng et al./Journal of Asian Earth Sciences 98 (2015) 399-420 409

Table 2 (continued)

Analysis 7CHEV7THE  #1o 76Lu/V77HE  V7SYb/'7Hf  205Pb/238U age (Ma)  'SHf/'THF (i)  euft) Tomi(Hf) (Ga)  Tomz(Hf) (Ga)  frume
YN22B-29  0.282460 0.000011  0.000811 0.035609 430 0.282454 -1.80 1.11 1.53 -0.98
YN22B-30  0.282449 0.000011  0.001255 0.052107 452 0.282439 -1.84 1.14 1.55 -0.96
10YN-22D

YN22D-01  0.282441 0.000012  0.000603 0.027053 429 0.282436 -247 114 1.57 -0.98
YN22D-03  0.282477 0.000012  0.001297 0.054811 442 0.282466 -1.08 1.11 1.49 -0.96
YN22D-04  0.282460 0.000012  0.001359 0.059514 425 0.282449 -2.08 113 1.54 -0.96
YN22D-05  0.282448 0.000012  0.000590 0.027736 458 0.282443 -1.57 113 1.53 -0.98
YN22D-06  0.282494 0.000012  0.001041 0.045173 427 0.282486 -0.72 107 1.46 -0.97
YN22D-07  0.282440 0.000013  0.000966 0.040456 447 0.282432 -221 115 1.57 —0.97
YN22D-08  0.282471 0.000013  0.001118 0.048850 430 0.282462 -153 111 1.51 -0.97
YN22D-09  0.282589 0.000015  0.002019 0.086552 425 0.282573 231 097 1.26 -0.94
YN22D-10  0.282525 0.000011  0.001305 0.057004 430 0.282515 035 1.04 1.39 —0.96
YN22D-11  0.282481 0.000013  0.001278 0.054384 462 0.282469 -054 1.10 1.47 -0.96
YN22D-12  0.282468 0.000012  0.001141 0.049174 458 0.282458 -1.04 111 1.50 -0.97
YN22D-13  0.282489 0.000013  0.001242 0.055471 427 0.282479 -097 1.09 1.47 —0.96
YN22D-14  0.282404 0.000014  0.002299 0.098220 432 0.282386 -4.16 124 1.68 -0.93
YN22D-15  0.282493 0.000015  0.001355 0.055844 452 0.282482 -033  1.08 1.45 -0.96
YN22D-16  0.282502 0.000011  0.002034 0.089542 447 0.282484 -0.34  1.09 1.45 -0.94
YN22D-17  0.282425 0.000014  0.000858 0.038785 430 0.282418 -3.09 117 1.61 —-0.97
YN22D-18  0.282431 0.000014  0.001141 0.049267 429 0.282422 -295 117 1.60 -0.97
YN22D-19  0.282446 0.000011  0.000740 0.033410 430 0.282441 -227 113 1.56 -0.98
YN22D-20  0.282458 0.000012  0.001408 0.060782 427 0.282447 211 114 1.55 —-0.96

The 7SHf/'77Hf and '7%Lu/!””Hf ratios of chondrite and depleted mantle at the present day are 0.282772 and 0.0332, and 0.28325 and 0.0384, respectively, Blichert-Toft and
Albarede (1997), Griffin et al. (2000). 2 =1.865 x 10~ " a~!, Scherer et al. (2001). ("”%Lu/'77Hf). = 0.015, t = crystallization age of zircon.

SHf’(t) = 10'000 % {[(175Hf/177Hf)S _ (176Lu/177Hf)S x (e/'.t _ 1)]/[(176Hf/177Hf)CHUR,O _ (176Lu/177Hf)CHUR x (e/‘,t _ 1)] _ 1}'

Town(Hf) = 1/2 x In{1 + [("°Hf/7’Hf)s — (7°HE/"""Hb)om]/

[("7°Lu/"7HE)s — ("Lu/""Hf)pm]}: Tomz(HE) = Tomi(HE) — (Tomi(HE) — O)((fee — f6)I(fec — fom)), In our calculation, fe = —0.55 and foum = 0.157.

regional tectonothermal events after its emplacement, particularly
during the Indosinian and Cenozoic events (e.g., Roger et al., 2000;
Yan et al., 2006; and references therein). Therefore, the geochrono-
logical framework and main emplacement time of the granitic
batholith has not been well constrained so far. In the case of the
granitic batholith in the Dulong area, Southwestern SCB, a preli-
minary emplacement age of about 390.5 Ma was inferred from
whole-rock Rb-Sr isochron data (YNBGMR, 1990). Yan et al.
(2006) obtained two precise zircon U-Pb ages of 436 + 12 Ma and
402 £+ 10 Ma, which represent the crystallization ages of the
parental magmas for the mylonitic rock and granitic gneiss, respec-
tively. Our zircon U-Pb dating on four gneissic granite samples
yielded consistent crystallization ages of ~430 Ma (Fig. 6a-d). For
the Song Chay batholith in Northern Vietnam, the preliminary
investigation indicated a range of Archean to Proterozoic ages on
the basis of K-Ar and U-Pb dating in the Kontum region, although
no technical details were given on the dating methods used, as
pointed out by Roger et al. (2000). A precise emplacement age of
428 +5 Ma was constrained subsequently by Roger et al. (2000).
Taken together, it is clear that the granitic rocks in the Dulong-
Song Chay batholith intruded mainly at ~430 Ma, with minor
younger granitic magmatism that likely occurred at ~400 Ma
(Yan et al., 2006).

Recent studies have documented that the 460-400 Ma granitic
magmatism was intensive within the SCB, especially in the Wuyi-
Yunkai orogen and the surrounding area (e.g., Wang et al., 2007,
2011, 2012, 2013b,c; Li et al., 2010; Zhang et al., 2012b; Chu
et al., 2012a; Huang et al., 2013; Zhao et al., 2013; and references
therein). In conjunction with all available dating results published
previously, a peak age of ~430 Ma is shown in Fig. 12, indicating an
intense granitic magmatic event at that time. From a consideration
of space-time distribution pattern, it is reasonable to infer that the
Dulong-Song Chay batholith is the southwesterly extension or the
products of the early Paleozoic granitic magmatism associated
with the Wuyi-Yunkai orogeny in the SCB, which is also consistent
with the previous proposition (e.g., Roger et al., 2000; Yan et al,,
2006), although it seems to be far away from the core of the orogen
at present.

6.2. Magma source

As mentioned above, all the Dulong granitic rocks have high A/
CNK values (A/CNK > 1.1; Table 1 and Fig. 8a), i.e. these are strongly
peraluminous and similar to S-type granites (Fig. 8c; Chappell and
White, 1974, 2001; Sylvester, 1998; Clemens, 2003). The previous
studies on experimental petrology and geochemistry have docu-
mented that peraluminous granites are mainly generated by melt-
ing of crustal rocks (e.g., Miller, 1985; Petford and Atherton, 1996;
Sylvester, 1998). Their protoliths likely include aluminum-rich
metasediments (metapelites), basic meta-igneous rocks (amphibo-
lites) and quartzo-feldspathic metamorphic rocks (orthogneisses
and greywackes) in the continental crust. In some cases, metalumi-
nous meta-igneous rocks such as some orthogneisses are even able
to produce peraluminous felsic melts at low melting fractions and
in water-deficient conditions (e.g., Clemens, 2003). Although alter-
native mechanism including fractional crystallization of horn-
blende, was previously proposed for the development of
peraluminous compositions by Cawthorn and Brown (1976), and
Zen (1986) subsequently pointed out that the generation of peralu-
minous compositions by fractional crystallization in that way is
inefficient for the large bodies of magma and that they likely reflect
the nature of source region.

The Dulong granitic rocks are characterized by strong peralumi-
nousity (A/CNK>1.1), remarkably low CaO (0.31-1.66 wt.%)
contents and CaO/Na,O (0.11-0.48), and high Al,03/TiO, ratios
(55-354) and Rb contents (152-471 ppm) (Table 3), indicating a sig-
nificant contribution from an aluminum-rich pelitic source (e.g.,
Chappell et al., 1991; Patifio Douce, 1995). This is in agreement with
the suggestion of Sylvester (1998) who stated that S-type peralumi-
nous melts derived from pelites have lower CaO/Na,O ratios (<0.3)
than melts produced from clay-poor (greywackeous) sources.
Indeed, the low CaO and Na,O contents of the Dulong SP granitoids
are similar to those of the melts produced experimentally from
pelitic protoliths rather than from meta-igneous rocks (Miller,
1985; Barbero and Villaseca, 1992). Moreover, the high phospho-
rous contents of the studied granite samples (Fig. 9c) also indicate
a dominantly pelitic origin because crustal sources with the
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Table 3

Major (wt%) and trace (ppm) element compositions for the Dulong granites in the western SCB.
Sample 10YN-13B 10YN-15A 10YN-16C 10YN-17D 10YN-18A 10YN-18B 10YN-19A 10YN-20B
SiO, 76.11 74.25 74.81 73.86 76.26 75.08 75.24 74.64
TiO, 0.14 0.17 0.18 0.23 0.16 0.17 0.15 0.18
Al,05 13.08 13.95 13.42 13.73 12.71 13.15 13.31 12.92
Cao 0.49 1.00 0.82 0.52 0.40 0.31 0.35 0.58
Fe,03 1.07 1.29 1.48 1.78 0.93 1.08 0.92 1.27
K;0 4.16 4.07 4.00 5.05 492 5.83 5.29 498
MgO 0.32 0.35 0.41 0.53 0.28 0.39 0.27 0.67
MnO 0.02 0.04 0.04 0.04 0.02 0.02 0.03 0.04
Na,0 2.88 3.55 3.26 2.37 2.79 2.58 3.06 2.52
P,0s5 0.15 0.13 0.14 0.15 0.16 0.16 0.16 0.17
L.O.I 1.02 0.61 0.87 1.18 0.78 0.65 0.66 1.46
Total 99.44 99.43 99.42 99.45 99.43 99.43 99.43 99.43
A/CNK 1.29 1.15 1.20 133 1.19 1.18 1.17 1.22
Sc 0.67 2.19 1.76 2.70 4.15 1.61 1.52 5.03
\% 3.40 111 10.2 13.2 11.6 9.16 5.73 14.7
Cr 2.70 8.23 8.67 5.56 9.98 4.54 5.16 11.8
Co 0.23 1.70 1.56 2.08 1.87 0.51 0.93 2.22
Ni 0.50 421 2.07 1.96 9.52 1.22 1.01 2.56
Ga 5.95 15.9 12.8 16.2 20.0 113 9.33 21.0
Rb 152 324 319 357 455 413 228 471
Sr 14.6 48.7 41.3 42.4 30.0 49.0 174 235
Y 4.99 14.9 16.2 11.0 15.5 13.2 6.73 16.7
Zr 27.3 56.7 89.1 1239 70.3 69.0 31.9 77.6
Nb 4.89 10.1 10.6 13.7 15.2 11.7 5.83 154
Cs 11.6 215 27.0 36.0 19.6 23.8 14.0 49.2
Ba 67.5 186 161 280 107 374 70.4 114
La 5.25 14.0 16.5 12.5 8.7 16.4 5.17 124
Ce 111 30.8 338 26.5 18.7 34.2 115 279
Pr 1.38 3.63 4.16 3.55 2.29 4.10 1.38 3.32
Nd 5.13 135 16.0 129 8.60 15.0 5.11 124
Sm 1.22 3.10 3.56 2.96 2.00 3.11 1.21 3.05
Eu 0.12 0.36 0.40 0.38 0.14 0.29 0.12 0.27
Gd 117 3.10 3.67 2.60 2.16 3.06 1.19 2.96
Tb 0.21 0.55 0.65 0.48 0.46 0.52 0.22 0.56
Dy 1.25 3.22 3.72 2.62 3.00 3.05 1.32 3.36
Ho 0.21 0.58 0.68 0.46 0.57 0.53 0.24 0.61
Er 0.51 1.51 1.85 1.19 1.58 1.43 0.64 1.66
Tm 0.07 0.22 0.27 0.17 0.24 0.20 0.10 0.25
Yb 0.43 1.39 1.80 1.14 1.64 1.35 0.65 1.61
Lu 0.06 0.20 0.27 0.16 0.24 0.18 0.09 0.23
Hf 1.00 1.85 3.10 3.77 2.62 2.46 1.10 2.64
Ta 0.95 1.84 2.19 3.04 3.84 2.47 1.56 4.10
Pb 10.5 27.2 27.7 235 19.5 18.5 14.4 20.7
Th 4.20 10.8 121 14.8 114 115 4.67 111
U 3.73 12.95 8.59 8.27 6.33 3.97 7.75 57.17
Sample 10YN-20C 10YN-20D 10YN-21A 10YN-22B 10YN-22C 10YN-22D 10YN-22E
Si0, 76.02 75.98 74.04 69.65 72.13 74.46 74.12
TiO, 0.04 0.04 0.16 0.28 0.26 0.18 0.17
Al,05 13.23 13.06 13.79 15.90 14.42 13.32 13.42
Cao 0.46 0.48 0.87 1.66 1.39 0.93 0.92
Fe,03 0.78 0.93 134 1.92 1.84 1.42 133
K;0 4.87 4.80 4.84 3.91 5.09 5.40 5.41
MgO 0.10 0.11 0.34 0.83 0.56 0.41 0.40
MnO 0.02 0.02 0.04 0.04 0.04 0.03 0.04
Na,O 3.14 3.16 3.17 4.27 3.00 241 2.66
P,0s5 0.16 0.16 0.17 0.13 0.13 0.10 0.12
L.O.I 0.61 0.67 0.66 0.84 0.57 0.74 0.85
Total 99.43 99.41 99.43 99.42 99.42 99.42 99.43
A/CNK 1.17 1.16 1.15 1.11 1.11 1.16 1.13
Sc 0.04 1.54 1.59 2.35 3.17 1.51 1.12
v 0.30 1.01 8.58 18.6 20.3 113 121
Cr 0.72 4.36 6.71 12.0 7.25 9.81 6.26
Co 0.04 0.24 1.32 1.59 3.02 1.87 1.95
Ni 0.01 1.00 1.63 2.66 4.62 5.83 2.40
Ga 5.66 18.0 133 14.9 16.1 133 114
Rb 187 390 399 271 323 309 298
Sr 2.89 6.45 48.1 140 90.2 66.1 57.4
Y 6.83 13.0 14.3 143 20.3 16.8 15.8
Zr 19.9 393 73.5 106 122 83.1 74.1
Nb 3.56 6.92 12.5 10.7 10.6 7.12 7.13

Cs 7.2 129 47.0 30.3 33.6 28.9 25.1
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Table 3 (continued)
Sample 10YN-20C 10YN-20D 10YN-21A 10YN-22B 10YN-22C 10YN-22D 10YN-22E
Ba 2.21 4.20 172 301 479 187 284
La 143 2.88 12.2 20.0 25.6 123 11.9
Ce 3.13 6.23 26.7 42.6 53.3 26.1 23.8
Pr 0.40 0.79 3.14 4.99 6.50 3.31 3.00
Nd 1.42 2.66 12.0 19.0 24.5 125 115
Sm 0.53 0.98 2.90 4.07 5.23 2.77 2.67
Eu 0.01 0.03 0.36 0.58 0.68 0.32 0.37
Gd 0.70 1.22 2.92 3.93 5.05 2.76 2.99
Tb 0.20 0.36 0.57 0.63 0.84 0.51 0.53
Dy 1.47 2.63 342 3.53 4.51 3.21 3.29
Ho 0.28 0.49 0.62 0.60 0.81 0.65 0.66
Er 0.76 1.34 1.53 1.47 2.02 1.80 1.68
Tm 0.12 0.21 0.21 0.19 0.27 0.25 0.24
Yb 0.80 1.39 1.38 1.17 1.56 1.53 1.45
Lu 0.12 0.20 0.19 0.18 0.23 0.22 0.21
Hf 1.10 2.04 2.61 3.29 3.63 2.80 2.56
Ta 1.07 1.94 5.13 2.30 1.36 1.48 1.24
Pb 153 29.2 31.0 259 355 303 29.7
Th 3.84 9.15 9.91 14.5 16.0 14.0 134
U 6.31 5.84 9.88 424 7.04 5.01 434

A/CNK = (mol. Al,03/(Ca0 + K0 + Na,0)), Mg# = (100 x molar MgO/(MgO + FeO), FeO = 0.8998 x Fe,0s3.

Table 4

Sr and Nd isotopic compositions of the Dulong granites in the western SCB.
Samples Rb Sr 87Rb/86sr  87Sr/%5Sr (20m)  87Sr/%6Sr(t)  Sm Nd 179m/MNd - 3Nd/'Nd (20m)  "BNd/'(t)  ena(t)  Tpmz (Ga)
10YN-17D 357 424 247 0.868341 (12) 0.71688 296 1290 0.1384 0.512146 (4) 0.511756 —-6.4 1.69
10YN-18A 455 30.0 451 0.990894 (9) 0.71486 2.00 8.60 0.1406 0.512140 (4) 0.511744 —6.6 1.7
10YN-19A 228 174 389 0.984095 (9) 0.74594 1.21 5.11 0.1431 0.512136 (6) 0.511732 -6.9 1.72
10YN-22B 271 140 5.6 0.752914 (6) 0.71855 4.07 19.00 0.1297 0.512130 (6) 0.511765 -6.2 1.67
10YN-22D 309 66.1 13.7 0.805508 (5) 0.72190 277 1250 0.1344 0.512141 (4) 0.511763 -6.3 1.67
10YN-13B 1.22 5.13 0.1438 0.512118 (6) 0.511713 -7.2 1.75
10YN-20C 0.53 142 0.2261 0.512346 (9) 0.511709 -7.3 1.83

Notions: Chondrite uniform reservoir values, '4’Sm/"*Nd = 0.1967, '**Nd/"**Nd = 0.512638, were used for the calculation. Tpy; values were calculated based on present-day
(*7Sm/"*Nd)py = 0.2137 and (**3Nd/***Nd)pm =0.51315. Sm and Nd in ppm. Tom: =1/2 x In{1 + [(**3Nd/"*Nd); — 0.51315]/[(**’Sm/"*Nd); — 0.2137]}; Tomz = Tom1 —
(Tom1 — t) x ((fec — fs)|(fec — fom)); Where s = sample. f; fs and fpy are the fs,, = Nd values of the continental crust, the sample and the depleted mantle, respectively. In our

calculation, f.. = —0.4 and fpy = 0.08592; where t = 430 Ma.
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Fig. 7. Relationship between euf(t) values and U-Pb ages for zircons from the Dulong granitic rocks. Hf isotopic compositions of chondrite and depleted mantle are from
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highest phosphorous enrichments are pelitic shales (e.g., Gromet
et al., 1984) and apatite is more soluble in highly peraluminous
melts (e.g., Bea et al.,, 1992; Wolf and London, 1994). In the Rb/
Ba vs. Rb/Sr diagram (Fig. 13), most of the Dulong granite samples
plot within the Himalayan strongly peraluminous granites, demon-
strating a clay-rich source and a low plagioclase content (Chappell
and White, 1992; Sylvester, 1998). Obviously, a dominant origin
from the partial melting of aluminum-rich pelitic rocks is the most
plausible to account for their geochemical signatures. Furthermore,
both major and trace element compositions indicate that the

Dulong granitic rocks have high Rb/Sr ratio (Fig. 13), Al,O3 content
(Table 3), and K;0/Na,0 value (>1), comparable with compositions
obtained for experimental melts from melting of biotite-rich pelitic
sources (Patifio Douce and Harris, 1998).

The relatively flat HREE patterns of all the Dulong granites
(Fig. 10a), with (Gd/Yb)y values in the range of 0.9-3.1, suggest
the absence of fractional crystallization of garnet in their magma
source and, therefore, middle/upper crustal levels of partial melt-
ing. This feature is also common to most SP granites (e.g., Rossi
et al., 2002). Accordingly, the protoliths of metasedimentary source
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for the parental magma of the Dulong granitoids was in the mid-
dle/upper crust, likely corresponding to the Proterozoic or early
Paleozoic sedimentary rocks in the SCB (e.g., Li and McCulloch,
1996; Shen et al., 2009). By further comparison, the eyg(t =430 Ma)
values of the Dulong granitic rocks (between —7.32 and —6.23)
are higher than those of the Cambrian to Ordovician sediments

(end(t =430 Ma) with values ranging from —8.34 to —14.94, Shen
et al., 2009) in the SCB, which indicates that the parental magma
could not have been derived directly from the partial melting of
the early Paleozoic sedimentary rocks. In fact, the early Paleozoic
sedimentary rocks that are dominated by psammites with very
minor interlayered shales in the SCB (Li and McCulloch, 1996;
Shen et al., 2009), cannot produce such strongly peraluminous
melts (e.g., Patifio Douce, 1995; Sylvester, 1998), like the Dulong
granitic rocks. Furthermore, based on the previous investigation
(e.g., YNBGMR, 1990), the Cambrian to Ordovician sediments in
the western SCB, especially in the Dulong area, are dominated by
limestones with minor intercalated shales and siltstones
(YNBGMR, 1976), which are unlikely the protoliths for generating
the Dulong granitic magmas. Accordingly, the origin of the Dulong
granitic rocks by partial melting of the early Paleozoic sediments
can be ruled out. In contrast, the Neoproterozoic sedimentary
sequences such as the Banxi and Danzhou groups that are domi-
nated by pelitic rocks with minor intercalated siltstones with a
total thickness up to 10 km in the SCB (e.g., Shen et al., 1993,
2009; Li and McCulloch, 1996; Chen and Jahn, 1998), are the most
likely source for generating strongly peraluminous magmas with a
large volume as the early Paleozoic granitic rocks exposed in the
SCB (e.g., Wang et al., 2007, 2011; Zhang et al., 2012b). Their higher
end(t =430 Ma) values than those of the Proterozoic sedimentary
rocks in the SCB (Fig. 11b; Li and McCulloch, 1996; Chen and
Jahn, 1998) suggest that a single origin by partial melting of the
Proterozoic sedimentary rocks is unlikely responsible for the Nd
isotopic compositions of the Dulong granitic rocks. Hence, a
mantle-derived basic source could also have been involved in the
petrogenesis of the Dulong granitic rocks.

6.3. Magma mixing between crust- and mantle-derived melts

Taken into account the lower closure temperature in the Sm-Nd
isotopic system than the Lu-Hf system in zircons (e.g., Gruau et al.,
1996) whole-rock Nd isotopic compositions generally reflect the
end-product of magma formation and mixing and, therefore, may
mask details of key petrogenetic processes. Hence, the Nd isotopic
compositions tend to be homogenous for mixed magmas (e.g.,
Griffin et al., 2002). In contrast, the Hf-in-zircon isotopic data have
the potential to provide insights into the sequence of processes
generating S-type granitoids (e.g., Belousova et al., 2006; Kemp
et al., 2007; Phillips et al., 2011). The zircon Hf isotopic composi-
tions (particularly some zircon grains with eyg(t = 430) > 0; Table 2
and Fig. 7) of the Dulong granitic rocks distinctly indicate some
additional input of mantle- or juvenile crust-derived magma in
their genesis (e.g., Griffin et al., 2002; Belousova et al., 2006). It is
therefore noticeable that the Dulong granitic rocks do not repre-
sent a single melt of pure crustal melting, but a hybrid of crust-
and mantle-derived magmas. Indeed, as a result of the pioneering
work of Griffin et al. (2002), similar studies of zircon Hf isotopes
from different granitic rocks worldwide, have documented that
mixing between mantle- and juvenile crust-derived magmas may
have played a crucial role in the genesis of many peraluminous
and even strongly peraluminous granitoids (e.g., Belousova et al.,
2006; Kemp et al., 2007; Chen et al., 2013; Liu et al., 2013). Also,
a magma mixing origin for peraluminous granites is more compat-
ible with the presence of mafic enclaves in S-type granites of the
LFB (e.g., Vernon et al., 1988; Elburg, 1996; Waight et al., 2001),
and with other petrological studies of S-type granites from else-
where in the world (e.g., Garcia et al, 1994; Sandeman and
Clarke, 2003), and even with experimental studies (Patifio Douce,
1995). A wide variation in Hf isotopic compositions in the Dulong
granites might have been caused either by insufficient mixing dur-
ing the melting process or by heterogeneous contamination (e.g.,
Zheng et al., 2007).
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Fig. 9. Harker variation diagrams for the Dulong granitic rocks.

Although some synchronous mantle-derived mafic rocks have
been identified recently in the SCB, such as high-Mg basalts (Yao
et al.,, 2012) and mafic intrusions (Wang et al., 2013c), the former
have markedly lower whole-rock Nd isotopic compositions with
eng(t) values ranging from —8.4 to —8.0 (Yao et al., 2012) than
the Dulong granitic rocks with eng(t) values of —7.32 to —6.23
(Table 4), indicating that the magma mixing between those basal-
tic magmas and crust-derived felsic melts could not produce the
Dulong granitic parental magma. In the case of the latter, modeling
results based on whole-rock Nd isotopic data demonstrate that the
input of mantle-derived magma (despite the least contaminated
sample with &ng(t) value of —0.7, Wang et al., 2013c) into the
crust-derived felsic magma would be more than 50% in volume
to account for the Nd isotopic compositions of the Dulong granitic
rocks (Fig. 14). Such a high mantle contribution does not seem to
be realistic to generate the strongly peraluminous nature in the
resultant magma (e.g., Collins, 1998), like the Dulong granitic
rocks. Consequently, an alternative mafic endmember from a more
depleted mantle was likely involved in their genesis. Actually, a
more depleted mantle has recently been revealed in the Wuyi-
Yunkai area by Zhang et al. (2012a), particularly like the Xinyi
metabasalt with &yg(430Ma)=3.85 in the northern Yunkai
Domain. Further modeling results (Fig. 14) show that the addition
of mantle-derived magma with a volume of <20% into the crust-
derived melt would be more plausible to explain the elemental
and isotopic signatures for the Dulong granitic rocks, and even
all early Paleozoic strongly peraluminous granitoids in the SCB
(e.g., Wang et al., 2011; Zhang et al., 2012b). Our proposition is also
coupled with the new results for the early Paleozoic granites
within the core of the Wuyi-Yunkai orogen zone from Xia et al.

(2014). Therefore, it is likely that a large volume of mantle-derived
mafic magmas that are more depleted than the recognized basic
rocks (e.g., Yao et al., 2012; Wang et al., 2013c) were beneath the
in the SCB.

The high SiO, contents (most of them greater than about
75 wt.% on a volatile-free basis, Table 3) of the Dulong granitic
rocks indicate that magma mixing preceded the final emplacement
of the magmas and took place in deeper magma chambers (e.g.,
Barbarin and Didier, 1992; Griffin et al., 2002), and that extensive
fractional crystallization processes could occur during the evolu-
tion and emplacement of these hybrid magmas into their present
situation (e.g., Collins, 1996; Wu et al., 2003; Qiu et al., 2008).
Indeed, the decrease of CaO, FeOt, MgO, TiO,, and Al,O3; with
increasing SiO, (Fig. 9a-f) and the strong negative Eu, Ba, Nb, Tb,
Sr, P and Ti anomalies (Fig. 10a and b) are also in support of frac-
tional crystallization during magmatic evolution, including feld-
spar, K-feldspar, biotite and accessory mineral fractionation. On
Fig. 15, it is clear that the fractional crystallization of plagioclase,
K-feldspar and biotite occurred during magmatic evolution. More-
over, extreme fractionation of K-feldspar, plagioclase, quartz and
biotite can explain the major element compositions and the strong
negative Eu anomaly in some samples.

6.4. Tectonic setting

As discussed before, the Dulong granitic rocks can be the south-
westerly extension of the early Paleozoic Wuyi-Yunkai granitoids.
They should therefore be generated in the same tectonic setting.
Nonetheless, whether the early Paleozoic magmatism, especially
for the 460-400 Ma granitic magmatism in the whole SCB, is
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the consequence of the syncollision/synorogen or postcollision/
postorogen, remains controversial so far. For example, Yan et al.
(2006) and Wang et al. (2013d) considered these granitic rocks
to be the result of crustal anatexis during crustal shortening and
thickening corresponding to synorogenic stage. In contrast, most
workers (e.g., Li et al,, 2010; Wang et al., 2011, 2013b,c; Zhang
et al., 2012b; Huang et al., 2013; Zhao et al., 2013) believed that
only those granitic rocks younger than ~430 Ma were generated
in a postorogenic setting.

Although radiogenic decay of heat-producing elements (K, U,
Th) at depth (e.g., Thompson and Connolly, 1995; Searle et al.,
1997) or crustal doubling by thrusting or thickening (e.g., Patifio
Douce and Harris, 1998; Nabelek and Liu, 1999) during orogenic
process is potentially able to produce granitic melts, they are
migmatites and low volumes of nearly in-situ wet leucogranites
in general (e.g., England and Thompson, 1984; Stevens and
Clemens, 1993). Accordingly, it fails to provide sufficient heat to
generate such large volumes of granitic melt as the early Paleozoic
granitic rocks exposed widely in the SCB (Fig. 1). In fact, an increas-
ing number of studies have documented that the majority of colli-
sion-related, strongly peraluminous granites in various orogens are
best described as ‘post-collisional’ after the climax of crustal thick-
ening, such as in the European Alps (e.g., Altherr et al., 1995), the
Caledonides (e.g., Searle et al., 1997), the Hercynides (e.g., Finger
et al., 1997), the Lanchlan Fold Belt (e.g., Allen et al., 1998;
Villaseca et al,, 1998a,b) and the Andean margins (e.g., Atherton,
1990). Their generation has been ascribed to enhanced heat flux
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from mantle upwelling related to post-collision or post-orogenic
crustal thinning (e.g., Clemens, 2003; Kohtut and Nabelek, 2008).
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end(t =430 Ma) = —12.67 (Li and McCulloch, 1996).

In connection with the following several lines of evidence, it is thus
obvious that an extensional regime corresponding to the postcolli-
sional stage was responsible for the generation of the post—435 Ma
magmatism in the SCB.

(1) The recent identification of ~435 Ma high-Mg basalts in the
Wuyi-Yunkai orogen revealed a potential temperature of
mantle melting over 1300 °C at that time (Yao et al., 2012),
which is inconsistent with a synorogenic compressional
regime.

(2) The exposure pattern of the early Paleozoic granitoids with a
planar-shape spatial distribution within the SCB (Fig. 1) is
incompatible with the feature of syncollisional magmatism
that generally displays a linear distribution.

(3) The mafic intrusive rocks that were generated by decom-
pression mantle melting during lithospheric extension (i.e.,
~435Ma gabbros and diabases; Wang et al., 2013c),
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Fig. 15. Rb (a) and Ba (b) versus Sr diagrams for the Dulong granitic rocks. Kf, PI, Bi
and Hb note the removal of K-feldspar, plagioclase, biotite and hornblende during
magma evolution, respectively.

together with those coeval granitoids (e.g., Li et al., 2010;
Wang et al., 2011, 2013b; Zhang et al., 2012b; Huang et al.,
2013; Zhao et al., 2013) within the SCB, display a bimodal
pattern, which is in accord with the general signature of
postcollisional extension-related magmatism (e.g., Turner
et al, 1992; Li et al,, 2014), rather than a compressional
regime.

(4) The recent studies on the high-grade metamorphism and
deformation revealed a prograde metamorphism similar to
the synorogenic crustal thickening and a retrograde meta-
morphism akin to the postorogenic rapid exhumation at
~460-430 Ma and at ~430-400 Ma, respectively (e.g., Li
et al,, 2010; Wan et al,, 2010; Zhao et al,, 2013; Wang
et al.,, 2013b).

Collectively, it is well established that the ~460-435 Ma and
~435-400 Ma magmatism within the SCB corresponded to syncol-
lisional orogen and postcollisional extension, respectively. That is,
the ~435 Ma could be the key transition time of tectonic regime
from syncollisional compression to postcollisional extension
within the SCB.

6.5. Geodynamic model

There is a general consensus that the orogenic collapse is the
key mechanism to trigger the post-collisional extension and
related magmatism and metamorphism within the SCB (e.g., Li
et al., 2010; Wang et al., 2007, 2011, 2013b,c; Zhang et al,,
2012b; Huang et al., 2013; Zhao et al., 2013). Nevertheless, two
contrasting tectonic scenarios have been invoked to account for
the cause of upwelling of the asthenosphere that would perturb
the original thermal gradient and that lead to large volumes of
magma generation and lithospheric extension (e.g., Li et al,
2010; Wang et al.,, 2011, 2013b,c; Yao et al.,, 2012; Zhang et al,,
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2012b; Huang et al., 2013). Therein, Li and coworkers (Li et al.,
2010; Yao et al., 2012) proposed a delamination model of orogenic
root (including lower crust and lithospheric mantle) to explain the
postcollisional magmatism (especially for the generation of high-
Mg basalts) and metamorphism. In contrast, based on the occur-
rence of the ~435 Ma gabbros and diabases in the Wuyi-Yunkai
orogen, Wang et al. (2013c) believed that the lithospheric mantle
delamination without involving lower crust together was responsi-
ble for the post-435 Ma magmatism and metamorphism.
Although the delamination of the eclogitized lower crust is an
important process for the evolution of many orogens (e.g., Wang
et al.,, 2006a; Krystopowicz and Currie, 2013; and references
therein), it generally results in the generation of some adakite-like
magmas with high La/Yb ratios that are derived from partial melt-
ing of eclogitized lower crust or its corresponding foundered seg-
ment due to the high potential temperature from upwelling
asthenosphere (e.g., Wang et al., 2006a; Zhang et al., 2007). How-
ever, such igneous rocks have not been observed within the entire
SCB to date; instead, minor I-type granitoids (~436 Ma) that were
probably derived from partial melting of ancient lower crust are
present in the Taishan area (Huang et al., 2013). On the other hand,
the delamination of the lower crust would accompany the delam-
ination of the underlying lithospheric root with it and lead to the
replacement of an old enriched mantle progressively by astheno-
sphere (Perry et al., 1988). In this case, the underlying old and
enriched lithospheric mantle modified by subduction-related flu-
ids/melts during Neoproterozoic time would be foundered down
into the asthenospheric mantle with the eclogitized lower crust.
In fact, the studies on the early Mesozoic mafic igneous rocks from
the two sides of the Jiangshan-Shaoxing zone, even the Wuyi-Yun-
kai orogenic domain (e.g., Wang, 2004; Wang et al., 2003, 2008)
have revealed that such an enriched mantle had been preserved till
at least early Mesozoic. Taking into account the absence of slab
subduction within the SCB since the Neoproterozoic amalgamation
between the Yangtze and Cathyasia blocks (e.g., Li and Li, 2007;
Wang et al., 2008, 2012; Chu et al., 2012b), such enriched mantle
had not been removed completely during the Wuyi-Yunkai orog-
eny, at least partially preserved beneath the Wuyi-Yunkai orogen.

(a) ~460-435 Ma
Syncollision

The model of lower crust delamination has, therefore, difficulties to
explain the origin of early Mesozoic mafic rocks that were derived
from partial fusion of subduction-related enriched mantle within
the SCB. On the contrary, partial delamination of overthickened
lithospheric root without lower crust (e.g., Gvirtzman, 2002) is
the most feasible mechanism to account for the aforementioned
observation. Such a scenario is in good agreement with the recent
proposition for the genesis of the ~435 Ma gabbros and diabases
within the SCB (Wang et al., 2013c). Indeed, similar observations
have been used to infer lithosphere removal in other mountain
belts, such as the Tibetan Plateau (e.g., England and Houseman,
1989; Jiménez-Munt et al., 2008), East Anatolian Plateau (e.g.,
Keskin, 2003; Sengor et al., 2003), Eastern Carpathians (e.g.,
Knapp et al., 2005; Fillerup et al., 2010), Adirondack Mountains
(e.g., McLelland et al., 2010), Sierra-Nevada region (e.g., Ducea
and Saleeby, 1998), and Variscan orogen (e.g., Gutiérrez-Alonso
et al.,, 2011), suggesting that this is an important process in orogen
evolution.

In combination with the above discussion, we propose a new
lithospheric delamination model that is slightly different from
Wang’s model (Wang et al., 2013c) to account for the early Paleozoic
magmatism (Fig. 16). At the syncollisional stage (~460-435 Ma),
the crust in the Wuyi-Yunkai area was strongly shortened and
thickened, which resulted in high-T crustal anatexis and the gener-
ation of the granites (Fig. 16a), such as those gneissic granites of
~460-435 Ma (e.g.,, Wang et al.,, 2007, 2011; Li et al., 2010;
Zhang et al., 2012b). Meanwhile, the shortening of the upper crust
would be accompanied by thickening of the deeper lithosphere,
which ultimately led to an overthickened lithospheric root
(Fig. 16a; Turner et al., 1992; Platt and England, 1994). Such litho-
spheric root was denser than the underlying asthenosphere, part of
which would then be removed either by mechanical delamination
or by convective removal of the thermal boundary-layer (Fig. 16b;
Turner et al.,, 1992; Platt and England, 1994). The lithosphere delam-
ination would in turn cause the upwelling of the asthenosphere,
which provided the heat needed to trigger melting of the remnants
of the heterogeneous enriched mantle wedge and the depleted litho-
spheric mantle (e.g., Gvirtzman, 2002; Gutiérrez-Alonso et al., 2011).
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See texts for more details. (a) At ~460-435 Ma, corresponding to the syn-collisional stage; and (b) At ~435-400 Ma, in response to post-orogenic extensional collapse.
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As a consequence, partial fusion of the relic enriched lithospheric
mantle veins with heterogeneous isotopic compositions produced
the ~435 Ma mafic igneous rocks as observed in the Longhugang,
Xinsi and Chayuansha areas (Fig. 16b; Wang et al,, 2013c; Yao
et al,, 2012). On the other hand, partial melting of the depleted
lithospheric mantle would generate large volumes of basic magma;
these magmas would then intrude into the middle/upper crust to
form a large magma chamber. This high-T magma would promote
massive crustal melting to produce voluminous granitic melts (e.g.,
Gvirtzman, 2002; Gutiérrez-Alonso et al., 2011). Meanwhile, the
minor input of depleted mantle-derived materials into the granitic
parental magma would result in the generation of some strongly
peraluminous granites, such as those in the Wuyi-Yunkai orogen,
in particularly the Dulong batholith (Fig. 16b). The onset of mafic
magmas and massive crustal melting marked the occurrence of
orogenic collapse and post-collisional extension at that time
(Gvirtzman, 2002; Gutiérrez-Alonso et al., 2011).

No exposure of early Paleozoic more depleted basic rocks than
the Longhugang, Xinsi and Chayuansha mafic rocks (Wang et al.,
2013c; Yao et al., 2012) on the surface in the SCB is likely due to
the fact that the depleted mantle was devoid of water and refrac-
tory, and that the crust was overthickened. In this respect, the
mafic magma derived from such mantle would be more viscous
than those from the enriched lithospheric mantle; this was not
easy to transport upwards and eventually was emplaced at depth.
In contrast, the mafic magma derived from the enriched litho-
spheric mantle was rich in water, which was prone to intrude into
higher crustal level, and even some erupted to the surface, such as
the gabbros and diabases in the Longhugang and Xinsi areas (Wang
et al.,, 2013c), and the high-Mg basalts in the Chayuanshan (Yao
et al,, 2012) (Fig. 16b). Such a scenario is the most viable to explain
the early Paleozoic magmatism and related metamorphism
observed in the SCB.

7. Conclusions

Geochronological, geochemical, and whole-rock Nd and zircon
Hf isotopic data for the early Paleozoic granites in the southeastern
Yunnan, SW China, along with regional data in the SCB, allow us to
reach the following conclusions:

(1) The gneissic granites in the Dulong batholith were emplaced
mainly at ~430Ma and display a strongly peraluminous
nature.

(2) The Dulong granitic rocks originated dominantly from par-
tial melting of the Neoproterozoic sediments dominated by
pelitic rocks with minor interlayered siltstones, and few pro-
portions of the depleted mantle-derived melts have also
been involved in their genesis.

(3) The post-orogenic extensional collapse related to partial
delamination of overthickened lithospheric mantle root
without lower crust is responsible for the post-435 Ma mag-
matism in the SCB.
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