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ARTICLE INFO ABSTRACT

Amphibole-bearing granites are commonly considered to be I-type granites, derived by partial melting of igneous
rocks. However, the contribution of sedimentary rocks to the source of such rocks is difficult to identify and
remains debated. Here, we present a study of amphibole-bearing Pb-Zn mineralized granodiorites in the western
Nanling Range of South China. LA-ICP-MS zircon U-Pb ages show that these granodiorites were generated
during the Late Jurassic (ca. 161 Ma). They have variable SiO, contents of 61.8-70.7 wt% and have high-K or
shoshonitic characteristics, with varied Mg” (0.28-0.54). These granodiorites are enriched in Th and U, and
depleted in Nb, Ta and Ti. They display enriched light rare earth element (LREE) and flat heavy rare earth
element (HREE) patterns, with slightly negative to negligible Eu anomalies (8Eu = 0.74-0.95). Given their high
zircon 880 values (8.8%0-11.9%o), as well as negative eng(t) (—7.5 to —5.1) and zircon eye(t) (—13.9 to —7.5)
values, we suggest that these Pb-Zn mineralized granodiorites in the western Nanling Range were derived mainly
by partial melting of Middle Neoproterozoic mafic volcaniclastic rocks from the Nanhua rift basin, South China,
in the lower crust. This study provides an important insight into the genesis of amphibole-bearing granites. We
suggest that the partial melting of crustal metasedimentary and metaigneous rocks is an important mechanism
for the Mesozoic crustal reworking of South China, and granodiorites generated by such a mechanism should
also favor Pb-Zn mineralization.
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1. Introduction

Granite is one of the most important components of the upper
continental crust, which makes Earth distinct from the other planets in
the Solar System (Wu et al., 2007a). Given that granitic magmas play a
critical role in the geochemical differentiation of continental crust (Gao
et al., 2016), they have been the subject of intensive research for many
decades. The most widely used genetic classification, into I-type and S-
type granites, was proposed by Chappell and White (1974) on the basis
of granitoid studies in the Lachlan Fold Belt, Australia. Generally, am-
phibole and cordierite are considered to be the diagnostic minerals of I-
type and S-type granites, respectively (Chappell and White, 1974,
2001). Comprehensive experimental petrology studies suggest that

amphibole- and biotite-bearing basaltic and andesitic igneous arc rocks
are the source of I-type granites (Gao et al.,, 2016, and references
therein). However, it is debated whether a substantial sedimentary rock
is present in the source of typical amphibole-bearing I-type granites
(Kemp et al., 2007; Huang et al., 2015a; Wang et al., 2018). Identifying
the contribution of sedimentary rocks to the formation of such I-type
granites remains an unsolved problem. Here we use the Late Jurassic
amphibole-bearing granodiorites from South China to address this
issue.

Mesozoic granitoids are widely distributed in South China and the
area of outcrop of these Mesozoic granitoids is ~135,300 km? (He et al.,
2010). There is a general consensus that the petrogenesis of these
granitoids involved reworking of significant crustal material (Jiang
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et al., 2009; Shu et al., 2011), and the South China Block (SCB) likely
experienced significant Mesozoic continental reworking (e.g. Xu et al.,
2007). In particular, the Jurassic was a significant period of magmatic
activity and metal ore formation in South China (Huang et al., 2015b).
Numerous Jurassic Pb-Zn—-Cu and W-Sn-Nb-Ta mineral deposits are

113°E

closely related, both temporally and spatially, to Jurassic granitoids
(Huang et al., 2015b). Jurassic magmatism in South China occurred
mainly between 180 and 140 Ma (Zhou et al., 2006; Li et al., 2007).
Jurassic amphibole-bearing granites are mainly exposed in the western
Nanling Range, in the center part of the SCB (Fig. 1a), such as the
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Fig. 2. Photomicrographs of the Shuikoushan and Baoshan plutons, showing (a-b) the Shuikoushan granodiorite, and (c-f) the Baoshan granodiorite. Mineral
abbreviations: Qz = quartz; Amp = amphibole; Kf = K-feldspar; Bi = biotite; Ttn = titanite; Se = sericite.

Middle Jurassic (164 Ma) Tongshanling granites, the Late Jurassic
(156 Ma) Jinjiling and Xishan granites (Fu et al., 2004; Jiang et al.,
2009; Huang et al., 2011) and the Shuikoushan and Baoshan grano-
diorites in this study. Single-grain zircon U-Pb dating using a VG354
mass spectrometer suggests that the Shuikoushan and Baoshan Pb-Zn
mineralized granodiorites were formed during the Middle Jurassic
(173-172 Ma) (Wang et al., 2003a). However, secondary ion mass
spectrometry (SIMS) and laser ablation ion coupled plasma mass
spectrometry (LA-ICP-MS) zircon U-Pb dating indicate that they were
generated at 162-156 Ma (Xie et al., 2013; Zuo et al., 2014a; Huang
et al., 2015b; Yang et al., 2016; Zhao et al., 2017). In general, the
amphibole-bearing granites in South China are suggested to have been
derived either from igneous protoliths (Wang et al., 2003a; Huang
et al., 2017b) or from hybridized sources that consisted of metaigneous
and metasedimentary rocks (Fu et al., 2004; Jiang et al., 2009; Huang
et al., 2013). In particular, the Shuikoushan and Baoshan amphibolite-
bearing granites are considered to have been derived by partial melting
of mantle-derived basaltic rocks with minor old crustal contamination
based on whole rock element and Sr-Nd isotope characterisitcs (Wang
et al., 2003a). Whole rock compositions provide only cumulative evi-
dence for the complex process that ultimately determine magma com-
positions. More recently, combining whole rock element, Sr-Nd and
zircon Hf-O isotope data, Yang et al. (2016) suggests that the

Shuikoushan granodiorites belong to peraluminous I-type granites that
were derived from middle-lower crustal amphibolites, and several other
studies suggest that the Shuikoushan and Baoshan granodiorites were
possibly generated by the anatexis of old crustal components triggered
by the input of mantle-derived magma since they have higher Mg”
values than experimental melts from pure crustal basaltic rocks (Xie
et al., 2013; Zuo et al., 2014b; Zhao et al., 2017). Because the Shui-
koushan and Baoshan granodiorites are associated with Pb-Zn miner-
alization (Huang et al., 2015b; Xie et al., 2015), in this study, we
suggest that major elements such as Al,03, Ca0, Na,0, K,0, Fe,05" and
MgO were possibly mobile during hydrothermal alteration. Therefore,
the A/CNK and Mg” values may not be primitive features. Whether a
metasedimentary rock played an important role in the formation of
amphibole-bearing granites remains unclear.

Recent research suggests that zircon oxygen isotope is an effective
tracer of sedimentary rocks in the source of granitic magmas (Kemp
et al., 2007; Li et al., 2009, 2010a; Huang et al., 2011; Jiao et al., 2015;
Rong et al., 2017). Zircons from sedimentary rock-derived granites
commonly show high §'80 values (> 8.1%o; Wu et al., 2006b; Zheng
et al., 2007). In this study, we report new zircon LA-ICP-MS U-Pb ages,
whole-rock elemental and Sr-Nd isotopic analyses, and zircon Hf-O
isotopic analyses of the Shuikoushan and Baoshan granodiorites in the
western Nanling Range in order to identify the contribution of
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LA-ICP-MS zircon U-Pb isotopic data of the Shuikoushan and Baoshan granodiorites in the western Nanling Range.

Contents (ppm)

Isotopic ratios

Isotopic ages (Ma)

Points Th U Pb Th/U 2Pb/2%Pb 10 207pb/235y 10 206ph/238y  1g 207ph/2%%ph 10 27Pb/*U 10 2°Pb/®U 10
09SKS-1 Granodiorite
1 598 734 141 0.82  0.05059 0.00091  0.17939 0.00294  0.02571 0.00046 222 18 168 3 164 3
2 184 363  47.4 051 0.05338 0.00193 0.18619 0.00612  0.02530 0.00057 345 37 173 5 161 4
3 940 294 262 032 0.05230 0.00183  0.18503 0.00591  0.02566 0.00056 299 36 172 5 163 4
4 247 437 640 057  0.05087 0.00109  0.18023 0.00355  0.02569 0.00047 235 20 168 3 164 3
5 165 565  46.0 0.29  0.04993 0.00179  0.17650 0.00579  0.02563 0.00057 192 38 165 5 163 4
6 127 297 33.8 0.43 0.05180 0.00251  0.17747 0.00789  0.02485 0.00064 277 56 166 7 158 4
7 214 405 525 0.53  0.04894 0.00100 0.17126 0.00322  0.02538 0.00046 145 20 161 3 162 3
8 275 400 68.0 0.69 0.05258 0.00107 0.18671 0.00347  0.02575 0.00047 311 19 174 3 164 3
9 238 399 60.0 0.60 0.05231 0.00102  0.19031 0.00338  0.02639 0.00047 299 19 177 3 168 3
10 354 472  89.0 0.75 0.05435 0.00651  0.19457 0.02131  0.02596 0.00138 386 152 181 18 165 9
11 157 411 423 0.38  0.05271 0.00289 0.18643 0.00942  0.02565 0.00070 316 66 174 8 163 4
12 174 388  41.7 0.45 0.04975 0.00103  0.17080 0.00325  0.02490 0.00045 183 20 160 3 159 3
13 188 392  46.8 0.48 0.04898 0.00103  0.16773 0.00323  0.02483 0.00045 147 20 157 3 158 3
14 148 254 357 0.58 0.04606 0.00400 0.15477 0.01305  0.02437 0.00050 191 1 146 11 155 3
15 152 300 423 051  0.04629 0.00279  0.16009 0.00915  0.02509 0.00048 132 12 151 8 160 3
16 115 313 294 0.37  0.04911 0.00228  0.16994 0.00727  0.02510 0.00062 153 56 159 6 160 4
17 244 434 56.0 0.56 0.04688 0.00099  0.16528 0.00320  0.02557 0.00046 43 21 155 3 163 3
18 164 294 393 0.56 0.04971 0.00124 0.17137 0.00396  0.02501 0.00047 181 24 161 3 159 3
19 233 404 555 0.58 0.05282 0.00115 0.18137 0.00361  0.02490 0.00045 321 20 169 3 159 3
20 422 570  96.0 0.74  0.04992 0.00086 0.17483 0.00272  0.02540 0.00044 191 18 164 2 162 3
09BS05 Granodiorite
1 143 379  33.0 0.38 0.04927 0.00082  0.17262 0.00260  0.02535 0.00043 161 18 162 2 161 3
2 217 601 56.1 0.36 0.04726 0.00065 0.16559 0.00202  0.02536 0.00042 62 19 156 2 161 3
3 855 781 196 1.09  0.05374 0.00074 0.18858 0.00230  0.02541 0.00042 360 18 175 2 162 3
4 311 701 832 0.44 0.05140 0.00060 0.17965 0.00183  0.02531 0.00041 259 20 168 2 161 3
5 179 417 425 0.43  0.04974 0.00114 0.17277 0.00359  0.02516 0.00046 183 22 162 3 160 3
6 339 792 886 0.43 0.05134 0.00096  0.17952 0.00302  0.02533 0.00045 256 18 168 3 161 3
7 418 872 989 0.48  0.04801 0.00062  0.16790 0.00192  0.02534 0.00042 100 19 158 2 161 3
8 299 753  73.9 0.40  0.04794 0.00075 0.16768 0.00235  0.02536 0.00043 96 18 157 2 161 3
9 215 615 463 035 0.04739 0.00057 0.16688 0.00178  0.02554 0.00042 69 20 157 2 163 3
10 143 413 352 0.35 0.04956 0.00076 0.17196 0.00238  0.02517 0.00043 174 18 161 2 160 3
11 318 477 66.1 0.67 0.04815 0.00065 0.16799 0.00203  0.02531 0.00043 107 20 158 2 161 3
12 171 416  43.8 0.41  0.04820 0.00073  0.16853 0.00230  0.02536 0.00043 109 18 158 2 161 3
13 238 692 544 0.34  0.04940 0.00059  0.17298 0.00182  0.02540 0.00043 167 21 162 2 162 3
14 160 428  39.2 0.37  0.05091 0.00072 0.17811 0.00225  0.02538 0.00043 237 18 166 2 162 3
15 381 369 859 1.03  0.04939 0.00165 0.16943 0.00519  0.02489 0.00053 166 35 159 5 158 3
16 244 508 57.8 0.48  0.05471 0.00069 0.19107 0.00217  0.02534 0.00043 400 19 178 2 161 3
17 262 514  69.3 051 0.04876 0.00073 0.17078 0.00231  0.02542 0.00044 136 19 160 2 162 3
18 371 552 849 0.67 0.04841 0.00070  0.16923 0.00221  0.02537 0.00044 119 19 159 2 162 3
19 397 891 951 0.45 0.04606 0.00291  0.15986 0.00965  0.02517 0.00046 138 1 151 8 160 3
20 725 1249 195 0.58  0.05191 0.00062  0.18069 0.00192  0.02526 0.00043 281 21 169 2 161 3
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sedimentary rocks and provide new insights into the genesis of am-

Fig. 3. LA-ICP-MS zircon U-Pb concordia diagrams for: (a) sample 09SKS-1 (granodiorite) and (b) sample 09BS05 (granodiorite).

phibole-bearing granites.

2. Geological setting and petrography

The SCB which consists of its northwest Yangtze Block and its

southeast Cathaysia Block (Wang et al., 2003b; Zhou et al., 2006) is

bounded by the Pacific Ocean to the east, the Longmenshan Fault Zone
and Ailaoshan-Honghe Fault to the west, the Qinling-Dabie-Sulu ul-
trahigh-pressure tectonic belt to the north, and the South China Sea to
the south (Fig. 1a). The Yangtze and Cathaysia blocks are commonly

believed to have amalgamated along the Jiangnan Orogenic Belt during
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Table 2
Major (wt%) and trace (ppm) elements data for the Shuikoushan and Baoshan
granodiorites in the western Nanling Range.

Sample 09BS02 09BSO3 09BS04 09BSO5 09SKS-1 09SKS-2  09SKS-3

SiO, 69.95 69.82 61.76 70.72 63.25 63.53 62.00

TiO, 0.28 0.27 0.53 0.24 0.75 0.65 0.73
Al,O3 13.50 13.34 16.59 13.33 15.63 16.05 14.80
Fe,05"  2.67 2.60 6.25 2.08 3.98 5.03 5.61
MnO 0.07 0.07 0.34 0.06 0.06 0.28 0.06
MgO 1.14 1.12 1.77 1.23 2.22 1.01 2.00
CaO 1.68 1.55 6.03 1.18 3.75 3.45 4.55
Na,O 1.42 1.91 0.83 1.93 0.15 0.20 0.37
K;0 4.93 5.01 1.74 5.06 3.71 3.47 2.75
P,0s 0.09 0.09 0.23 0.08 0.36 0.31 0.36
L.O.I 3.92 3.74 3.53 3.75 5.96 5.84 6.69
Total 99.65 99.52 99.6 99.66 99.82 99.82 99.92
Mg”* 0.46 0.46 0.36 0.54 0.52 0.28 0.41
Sc 4.60 5.56 3.58 4.43 16.2 15.0 17.6
\Y% 44.2 44.5 30.1 39.6 164 149 169
Cr 1.90 3.95 0.480 2.44 37.7 31.8 52.0
Co 17.2 24.1 13.7 16.7 38.6 27.2 19.8
Ni 2.05 2.07 1.89 1.79 10.2 11.4 14.7
Cu 2.62 2.73 1.98 2.61 70.8 160 160
Zn 37.7 35.5 27.1 28.0 39.5 153 58.7
Ga 15.2 16.0 13.8 14.7 18.6 21.0 18.1
Ge 1.84 2.13 1.62 1.81 3.01 4.91 2.08
Rb 126 149 172 146 175 188 133
Sr 147 181 164 152 110 135 57.7
Y 15.4 16.3 14.8 13.4 17.8 20.7 19.8
Zr 106 119 133 108 189 169 170
Nb 15.9 16.6 14.6 16.0 16.5 15.6 15.4
Cs 22.0 21.5 23.2 24.7 44.2 30.2 34.4
Ba 389 474 350 375 723 236 349
La 21.2 21.6 18.5 24.6 32.0 54.4 37.6
Ce 41.2 43.3 36.3 46.4 61.9 105 75.7
Pr 4.88 4.95 4.40 5.44 7.38 12.4 9.04
Nd 17.4 17.6 15.7 19.2 27.5 46.6 33.1
Sm 3.26 3.31 3.04 3.46 5.04 7.71 5.93
Eu 0.890 0.960 0.860 0.860 1.19 1.67 1.32
Gd 2.87 2.90 2.70 2.84 4.46 6.24 5.06
Tb 0.460 0.470 0.440 0.450 0.630 0.790 0.710
Dy 2.79 2.79 2.68 2.54 3.4 4.06 3.79
Ho 0.580 0.600 0.580 0.530 0.640 0.780 0.720
Er 1.82 1.84 1.79 1.67 1.86 2.24 2.06
Tm 0.300 0.310 0.300 0.290 0.270 0.330 0.310
Yb 2.22 2.23 2.22 2.13 1.76 2.14 2.15
Lu 0.350 0.370 0.360 0.340 0.270 0.320 0.340
Hf 3.06 3.40 3.73 3.20 4.13 3.66 3.77
Ta 1.73 1.86 1.71 1.80 1.19 1.06 1.09
Pb 29.7 30.3 32.5 30.0 6.62 62.6 14.7
Th 14.9 16.8 15.3 16.6 13.8 13.5 13.2
18) 4.10 4.69 4.32 4.17 2.67 3.71 3.43
Th/La 0.70 0.78 0.82 0.68 0.43 0.25 0.35
YREE 100 103 90 111 148 245 178
Note: Mg# = molar MgO/(molar MgO + molar FeO), assuming

FeO = 0.8998 X Fe,05".

the Neoproterozoic (Zhao, 2015). After the amalgamation of Yangtze
and Cathaysia, the SCB experienced the Caledonian and Indosinian
orogenies at 460-415 Ma and 250-205 Ma, respectively (Wang et al.,
2007, 2011b). One of the geological signatures associated with the
Caledonian and Indosinian orogenies is widespread granitic rocks (Bai
et al., 2007; Wang et al., 2007, 2011b; Yu et al., 2007; Gao et al., 2014).
However, most of the granitic rocks in the SCB were formed during the
Late Mesozoic (Fig. 1b; Zhou et al., 2006; Li et al., 2007), and they form
a ~ 600 km wide volcanic-intrusive belt, parallel to the present
coastline (Jiang et al., 2009). Some of these granitoids are associated
with Cu-Pb-Zn (or W-Sn) mineralization (He et al., 2010; Huang et al.,
2015b).

Middle to Late Jurassic felsic and mafic magmatic rocks are wide-
spread in the western Nanling Range (Fig. 1b; Jiang et al., 2008, 2009;
Zhao et al., 2012). The granitic intrusions include the Baoshan, Shui-
koushan, Tongshanling, Tongan, Niumiao, Qianlishan, Qitianling,
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Jinjiling, Xishan, Huashan, and Guposhan intrusions (Wang et al.,
2003a; Zhu et al., 2005; Jiang et al., 2008; Zhao et al., 2012). Mafic
rocks occur sporadically, including the Ningyuan, Changchengling, and
Daoxian basaltic lavas, and the Guiyang lamprophyre dykes (Fig. 1b;
Wang et al., 2003b, 2008b; Li et al., 2004; Jiang et al., 2009).

The Shi-Hang zone (Fig. 1a, b) is a NE-trending belt of granites that
are characterized by high Sm (> 8 ppm) and Nd (> 45 ppm) contents,
as well as relatively high eynq(t) values (> —8.0), young Tpy model
ages (< 1.5 Ga), and relatively low initial 3”Sr/®®Sr ratios (< 0.710;
Gilder et al., 1996; Chen and Jahn, 1998; Zhou et al., 2006; Jiang et al.,
2008). The Shuikoushan and Baoshan granitic plutons, along with the
Qianlishan, Qitianling, Jinjiling, Xishan, Huashan and Guposhan
granitic plutons, constitute a NE-trending magmatic zone south of the
Shi-Hang zone (Fig. 1b; Gilder et al., 1996; Zhao et al., 2012). Eco-
nomically significant Pb-Zn and W-Sn mineralizations in the region are
genetically associated with these granitoids (Huang et al., 2015b). The
Shuikoushan granodiorites are associated with Pb-Zn-Au mineraliza-
tion, while the Baoshan granodiorites are linked with Pb-Zn-Cu-Mo
mineralization (Lu et al., 2006; Huang et al., 2015b). The Shuikoushan
and Baoshan granodiorites are small in volume, occur as veins, lacco-
liths, lopoliths, and knobs, and crop out over an area that is 1.2-1.6 km
wide and 1.6-4.6 km long (Wang et al., 2003a; Yang et al., 2016). They
intruded Carboniferous limestone and Permian sandstone and shale
(Fig. 1c). The Shuikoushan plutons are dominantly biotite-amphibole
granodiorites, composed of 30-50 vol% plagioclase, 10-20 vol% K-
feldspar, 20-30 vol% quartz, 3-5 vol% amphibole, and 10-15 vol%
biotite. Accessory minerals include zircon, apatite, pyrite, magnetite,
allanite and titanite. Quartz and titanite commonly coexist with biotite
(Fig. 2a, b). Most of plagioclases have been replaced by sericites
(Fig. 2a, b). The Baoshan plutons are dominantly biotite-amphibole
granodiorite porphyries. Their phenocrysts are K-feldspar (15-20 vol
%), plagioclase (5 vol%), quartz (5 vol%), amphibole (3-5 vol%), and
biotite (5-8 vol%) (Fig. 2c, d). The matrix has a microgranular or fine
granular texture, and consists of hypidiomorphic plagioclase, K-feld-
spar, amphibole, biotite, and xenomorphic quartz. Accessory minerals
include apatite, zircon, allanite, titanite, and magnetite. Small titanite
and biotite crystals commonly coexist with K-feldspar (Fig. 2e). The co-
exsolution of quartz and K-feldspar led to a vermicular texture (Fig. 2f).

3. Analytical methods
3.1. Zircon U-Pb dating

Cathodoluminescence (CL) images of zircon crystals were obtained
prior to analysis using a Mono CL3 + detector (Gatan, Pleasanton, CA,
USA) attached to a field emission electron microscope (Supra 55
Sapphire, Zeiss, Germany) at the State Key Laboratory of Isotope
Geochemistry (SKLaBIG), Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences (GIG-CAS), Guangzhou, China.

Zircon U-Pb dating on two samples was performed by LA-ICP-MS
at the Institute of Geology and Geophysics, Chinese Academy of
Sciences (IGG-CAS), Beijing, China. Detailed operating conditions for
the LA-ICP-MS and data reduction were described by Xie et al. (2008).
A Neptune multi-collector (MC)-ICP-MS was connected to a 193-nm
excimer ArF laser ablation cell via a mixing chamber. Every spot ana-
lysis consisted of ~30 s of background acquisition and 40 s of data
acquisition. Zircon 91,500 and silicate glass NIST 610 were used as
standards, and the beam diameter was 44 pm. Element corrections were
determined relative to NIST 610. The age calculations were made using
ICPMSDataCal (Version 8.4; Liu et al., 2008) and plots were made using
Isoplot 3.75 (Ludwig, 2012).

3.2. Major and trace element analyses

Major-element oxides were measured in fused glass beads using a
Rigaku RIX 2000 X-ray fluorescence spectrometer with analytical
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uncertainties < 5% at SKLaBIG, GIG-CAS. Details of the analytical
procedures are provided by Li et al. (2002). Trace elements and REE
were analyzed using a Perkin—-Elmer SCIEX ELAN 6000 ICP-MS at the
SKLaBIG, GIG-CAS. About 40 mg of each powered sample was dis-
solved in a high-pressure Teflon bomb for 48 h at ~190 °C using a
HF + HNO; + HCIO,4 mixture. An internal standard solution con-
taining Rh and Re was used to monitor signal drift during counting. The
international standards BHVO-2, GSR-1, GSR-2, GSR-3, SARM-4, AGV-
2, and W-2a were used for analytical quality control, and analytical
precision was better than 2%-5% RSD (relative standard deviation) for
most trace elements. The details of analytical procedures are described
by Li et al. (2002).

3.3. Whole-rock Sr-Nd isotope analyses

Sr and Nd isotope analyses of selected samples were carried out at
the SKLaBIG, GIG-CAS using a Micromass IsoProbe MC-ICP-MS. The
sample powders were mixed with nitric and hydrofluoric acids, di-
gested in Teflon containers, then processed through Sr (AGW50-X12)
and Nd (HDEHP) cation exchange columns for element separation. The
measured 87Sr/%6Sr ratio of the NBS987 standard and ***Nd/***Nd ratio
of the Shin Etsu JNdi-1 standard were 0.710285 + 0.000015 (20) and
0.512090 = 0.000009 (20), respectively. All measured '**Nd/'**Nd
and %6Sr/%8Sr ratios were corrected for fractionation to
146Nd/1*Nd = 0.7219 and 6Sr/®8Sr = 0.1194, respectively. The de-
tails of the analytical procedures are described by Wei et al. (2002) and
Liang et al. (2003).

3.4. Zircon oxygen isotope analysis

Zircon oxygen isotope was measured using a CAMECA IMS 1280
SIMS at the IGG-CAS. Analytical procedures are described by Li et al.
(2010a), with data reported as per mil (%o) relative to Vienna Standard
Mean Ocean Water (VSMOW, 180,10 = 0.0020052). Uncertainties on
individual analyses are reported at the 20 level, with an internal pre-
cision better than 0.2%o. The instrumental mass fractionation factor
(IMF) was corrected using the Penglai =zircon standard
(880 = 5.31 = 0.10%o; Li et al., 2010b). The Qinghu zircon standard
was analyzed as an unknown, alternating with our sample zircon, to
monitor the external uncertainties. The weighted mean measured §'%0
value of the Qinghu zircon standard is within error of the reported
value of 5.39 = 0.22%o (20; Li et al., 2013a,b).

3.5. In situ zircon Hf isotope analysis

In situ zircon Hf isotope analysis was made by MC-ICP-MS at the
IGG-CAS, with a beam size of 45 pm and laser pulse frequency of 8 Hz.
Details of the instrumental conditions and data acquisition are given by
Wu et al. (2006a). The isobaric interference of 7°Lu on 7®Hf is neg-
ligible, due to the extremely low '7°Lu/!”7Hf in zircon (normally <
0.002). During this study, the GJ-1 reference zircon was analyzed as an
unknown sample, yielding a weighted mean 7°Hf/}”7Hf ratio of
0.282018 =+ 0.000020 (20, n = 10), which is in good agreement with
the recommended value of 0.282000 + 0.000005 (Morel et al., 2008).
During the acquisition of the Hf isotope data, the weighted mean
measured '7®Hf/*”7Hf ratio of the zircon standard Mud Tank was
0.282504 =+ 0.000003 (20,, n = 10), which is also in good agreement
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Table 3

Sr and Nd isotope data for the Shuikoushan and Baoshan granodiorites in the western Nanling Range.

Contents (ppm) Age (Ma)

Sample Sm Nd Rb Sr  (¥Sr/%sr), (¥’Rb/%Sr), (*7Sm/'*Nd), (“*Nd/*Nd),  (¥7Sr/%°sr);  (**°Nd/M*Nd); ena(t) Tpwm Topw  Reference
09BS04 3.04 15.7 172 164 0.721416 3.046 0.118 0.512172 0.714498 0.512048 —7.5 1549 1566 This study
09BS05 3.46 19.2 146 152 0.722748 2.781 0.110 0.512188 0.716432 0.512071 —7.0 1408 1529 This study
BSH-2 5.11 24.8 183 79.8 0.725834 6.634 0.125 0.512213 0.710651 0.512081 —6.8 1618 1515 Wang et al. (2003a)
BSH-4 5.19 25.8 189 65.1 0.730297 8.398 0.122 0.512253 0.711075 0.512124 —6.0 1499 1446 Wang et al. (2003a)
BSH-6 546 28.6 186 74.8 0.727253 7.193 0.116 0.512227 0.710789 0.512105 —6.4 1444 1477 Wang et al. (2003a)
BSH-7 483 24.3 173 79.7 0.725769 6.279 0.121 0.512263 0.711397 0.512136 —5.8 1459 1428 Wang et al. (2003a)
16903-70 5.55 31.6 147 310 0.712592 1.372 0.107 0.512286 0.709452 0.512173 —5.0 1235 1367 Xie et al. (2013)
15801-03 6.29 44.4 281 98.8 0.727839 8.227 0.086 0.512264 0.709008 0.512173 —5.0 1061 1368 Xie et al. (2013)
11BS-46 4.08 223 133 785 0.721666 4.901 0.111 0.512177 0.710448 0.512060 —7.2 1450 1549 Xie et al. (2013)
11BS-69 570 39.4 305 130 0.725249 6.787 0.088 0.512269 0.709715 0.512176 —5.0 1070 1363 Xie et al. (2013)
11BS-72 441 246 194 142 0.719605 3.952 0.109 0.512179 0.710559 0.512064 —7.2 1416 1542 Xie et al. (2013)
09SKS-1 5.04 275 175 110 0.721484 4.631 0.112 0.512278 0.710965 0.512160 —5.3 1299 1387 This study
09SKS-2 7.71 46.6 188 135 0.721927 4.046 0.101 0.512273 0.712739 0.512167 —5.1 1181 1377 This study
SKS-1 436 209 136 78.6 0.721045 5.005 0.127 0.512253 0.709589 0.512119 —6.1 1577 1454 Wang et al. (2003a)
SKS-3 5.07 285 189 100 0.723729 5.489 0.108 0.512219 0.711165 0.512105 —6.4 1347 1476 Wang et al. (2003a)
SKS-7 8.61 38.2 84.0 309 0.711467 0.786 0.137 0.512272 0.709667 0.512127 —5.9 1749 1440 Wang et al. (2003a)
SKS-9 8.66 37.8 77.6 306 0.711527 0.734 0.139 0.512280 0.709848 0.512133 —5.8 1785 1432 Wang et al. (2003a)
SKS-6 6.38 34.0 132 491 0.711854 0.778 0.114 0.512231 0.710074 0.512111 —6.2 1409 1467 Yang etal. (2016)
SKS-31 6.44 325 135 510 0.71182 0.766 0.121 0.512255 0.710067 0.512128 —5.9 1466 1440 Yang et al. (2016)
SKS-36 6.13 31.9 114 441 0.711845 0.748 0.117 0.512241 0.710133 0.512118 —6.1 1433 1456 Yang et al. (2016)
SKS-50 6.49 346 133 491 0.711864 0.784 0.114 0.512248 0.710071 0.512128 —5.9 1382 1440 Yang etal. (2016)

87Rb/%®Sr and '*7Sm/'**Nd are calculated using whole-rock Rb, Sr, Sm and Nd contents in Table 2;

®78r/%8r); = (¥7Sr/%681)5-(8’Rb/%°Sr)s x (eM-1), (¥7Sr/%°Sr)s and (8Rb/%°Sr)s are values of analysed sample; A = 1.42 x 10~ ! year ™
ena(®) = 10,000 x {[(***Nd/***Nd)-(**"Sm/**Nd), x (e™-1)1/[(***Nd/***Nd)crurcoy-(¥Sm/*Nd)cpur X (€M-1)1-1};

TDM — ln[(l43Nd/144Nd)s'(143Nd/144Nd)DM] / [(147Sm/144Nd)5'(147Sm/144Nd)DM]/)\.Sm;

Tapm = Tom-(Tom0) X [(fee-fom/na)/(Feefomd)]s fomma = (¥7Sm/***Nd)o/(**Sm/***Nd)cgur-1 (Depaolo, 1981).

In the calculation, (**Nd/'**Nd)cyur = 0.512638, (*7Sm/***Nd)chur
**78m/**Nd)cc = 0.12, Agm = 6.54 x 10 2 year ' and t = 161 Ma.

with the recommended value of 0.282511 =+
2012).

0.000036 (Hu et al.,

4. Results
4.1. Zircon U-Pb geochronology

Zircon U-Pb isotopic data are given in Table 1. One Shuikoushan
sample (09SKS-1) and one Baoshan sample (09BS05) were selected for
LA-ICP-MS zircon U-Pb dating. Zircon crystals in 09SKS-1 have lengths
of 100 to 300 pm, with length/width ratios of 2:1-3:1 (Fig. 3a),
whereas zircon crystals in 09BS05 have lengths of 100-150 um, with
the same length/width ratios (Fig. 3b). Well-developed oscillatory
zoning and high Th/U ratios (Table 1) indicate a magmatic origin for
these zircon crystals (Hoskin and Black, 2000). Twenty analyses of
zircons in 09SKS-1 gave 2°°Pb/?®U ages of 155 to 168 Ma, with a
weighted mean age of 161.3 = 1.4 Ma (MSWD = 0.89, n = 20;
Fig. 3a). Twenty analyses of zircons in 09BS05 gave 2°°Pb/23U ages of
158-163 Ma, with a weighted mean age of 161.0 = 1.3 Ma
(MSWD = 0.12, n = 20; Fig. 3b). Adding our data to other SIMS and
LA-ICP-MS zircon U-Pb ages for the Shuikoushan and Baoshan in-
trusive rocks (156-162 Ma; Lu et al., 2006; Xie et al., 2013; Zuo et al.,
2014a; Huang et al., 2015b; Yang et al., 2016; Zhao et al., 2017), we
suggest that the Shuikoushan and Baoshan granodiorites were em-
placed during the Late Jurassic (ca. 161 Ma).

4.2. Major and trace element geochemistry

The Shuikoushan and Baoshan granodiorites exhibit relatively large
variations of SiO, (61.8-70.7 wt%), Fe,O3' (2.08-6.25 wt%), MgO
(1.01-2.22 wt%) and TiO5 (0.24-0.75 wt%) contents (Table 2), and
relatively high Al,O3 (13.3-16.6 wt%) contents (Table 2). They plot
mainly in the granodiorite field on the Zr/TiO, vs. SiO, diagram
(Fig. 4a) and the high-K or shoshonitic fields on the Co vs. Th diagram

0.1967, (***Nd/'**Nd)py = 0.513151, (**’Sm/'*Nd)pm = 0.2135,

(Fig. 4b), with varied Mg# (0.28-0.54; Table 2).

The Shuikoushan and Baoshan granodiorites have slightly enriched
rare earth element (REE) concentrations (XREE = 90 to 245 ppmy;
Table 2) relative to bulk continental crust (Rudnick and Gao, 2003).
REE concentrations of the Shuikoushan granodiorites are higher than
that of the Baoshan granodiorites (Fig. 5a; Table 2). They reveal steep
LREE with [La/Sm]y (where ‘N’ indicates normalized to chondrite)
ratios between 3.93 and 4.59 and relatively flat HREE patterns with
[Gd/Yb]y ratios range from 1.01 to 2.41 (Fig. 5a) on chondrite-nor-
malized REE diagram. In addition, they have weakly negative to neg-
ligible Eu anomalies (§8Eu = [Eun/(Smy X Gdy)'?] = 0.74 to 0.95;
Fig. 5a). The Shuikoushan and Baoshan granodiorites also show nega-
tive Nb, Ta and Ti and positive Th and U anomalies on primitive
mantle-normalized trace element diagram (Fig. 5b).

4.3. Whole-rock Sr-Nd and in situ zircon Hf-O isotope compositions

In this study, initial Sr-Nd isotopic ratios have been calculated at
161 Ma, on the basis of the LA-ICP-MS zircon U-Pb ages for the
Shuikoushan and Baoshan granodiorites. The Shuikoushan and Baoshan
granodiorites have evolved radiogenic isotope compositions, with pre-
sent day 7Sr/%°Sr ratios of 0.721416-0.722748 and '**Nd/***Nd ratios
of 0.512172-0.512278, corresponding to (57Sr/®Sr); ratios of
0.7110-0.7164 and enq(t) values of —7.5 to —5.1 (Table 3; Fig. 6a).
Their two-stage Nd model ages (Topy) range from 1.38 to 1.57 Ga
(Table 3).

Samples 09SKS-1 and 09BS05 were also selected for zircon Hf and O
isotopic analyses (Table 4). Sample 09SKS-1 exhibits relatively small
variations of zircon Hf as well as O isotopic compositions. Their mea-
sured '7°Hf/!7Hf ratios and eyg(t) values vary from 0.282280 to
0.282435 and —13.9 to — 8.5, respectively (Table 4; Figs. 6b—c and 7a).
They also show high 880 values of 8.8%0-11.9%o (Table 4). They only
display a major peak on ey(t) and §'%0 frequency distribution histo-
grams (Fig. 7a, b). Average eydt) and 8'®0 values of 09SKS-1 are
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Fig. 6. (a) Two-stage Nd model ages (Topm) Vs. eng (t = 161 Ma) for the
Shuikoushan and Baoshan granodiorites and the Huashan-Guposhan granites
(Zhu et al., 2006), Qitianling granites (Zhao et al., 2012), Jinjiling—Xishan
granites (Huang et al., 2011), Middle Jurassic within-plate basalts (including
the Ningyuan and Daoxian basalts) and gabbros (Li et al., 2003, 2004; Wang
et al.,, 2003b), Jurassic S-type granites (Shen et al., 1999), Triassic S-type
granites, Neoproterozoic Nanhua rift basin mafic volcaniclastic rocks and Paleo-
Mesoproterozoic metabasaltic rocks in the Cathaysia Block (Yuan and Wu,
1991; Bai et al., 2007; Wang et al., 2007; Yu et al., 2007; Li et al., 2008a,b;
Wang et al., 2008a; Wang et al., 2011a; Gao et al., 2014; Jiang and Zhu, 2017,
and references therein). The initial Nd isotopic compositions of Jurassic S-type
granites, Triassic S-type granites, Neoproterozoic Nanhua rift basin mafic vol-
caniclastic rocks and Paleo-Mesoproterozoic metabasaltic rocks are recalculated
to 161 Ma. (b) Hf isotope evolution in the zircon from the Shuikoushan and
Baoshan granodiorites, depleted mantle with present-day
76Lu/Y7Hf = 0.0384 and 7°Hf/Y"7Hf = 0.28325 (Griffin et al., 2000),
chondrite with present-day *7°Lu/*””Hf = 0.0332 and "°Hf/"”’Hf = 0.28277
(Wu et al., 2007b, and references therein), continental upper crust with present-
day '7°Lu/Y’Hf = 0.0093, average crust with present-day
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176Lu/Y77Hf = 0.015, and lower crust with present-day '"°Lu/!”’Hf = 0.022
(Wu et al., 2007b, and references therein). Data are from Quan et al. (2012), Xie
et al. (2013), Zuo et al. (2014a), and Yang et al. (2016). The western Nanling
Range Jurassic granites include the Qianlishan (Chen et al., 2016), Qitianling
(Zhao et al., 2012), and Huashan-Guposhan (Wang et al., 2014) granites.
Triassic S-type granites in the Cathaysia Block include the Fucheng (Yu et al.,
2007; Gao et al., 2014), Luxi, and Xiazhuang intrusions (Gao et al., 2014). (c)
Zircon eyg(t) vs. whole rock eng(t) diagram (modified from Chauvel et al.,
2008). Endmember data (MORB, OIB, and sandstone) are from Richards et al.
(2005), Chauvel et al. (2008), and references therein. Data for the Hua-
shan-Guposhan, Qitianling, Jinjiling—Xishan, and Triassic S-type granites in the
Cathaysia Block are from Wang et al. (2014), Zhao et al. (2012), Huang et al.
(2011), and Gao et al. (2014), respectively.

—9.8 + 0.5 (20; Fig. 7a) and 9.3 * 0.3%o (20; Fig. 7b), respectively.
Similar to 09SKS-1, sample 09BS05 also exhibits relatively small var-
iations of zircon Hf—O isotopic compositions. Their measured
176Hf/Y77Hf ratios and ey(t) values vary from 0.282356 to 0.282466
and —11.3 to —7.5, respectively (Table 4; Figs. 6b—c, 7c). They also
show high 8180 values between 9.1%o and 10.5%o (Table 4). Average
ene(t) and 880 values of 09BS05 are —8.6 * 0.5 (20; Fig. 7c) and
9.7 = 0.3%o (20; Fig. 7d), respectively.

5. Discussion
5.1. Hydrothermal alteration

The Shuikoushan and Baoshan granodiorites have relatively wide
ranges of loss on ignition (LOI) values (H;O + CO, contents ranging
from 1.8% to 8.4%), possibly resulting from varying levels of alteration
(this study; Wang et al., 2003a; Xie et al., 2013; Yang et al., 2016).
Generally, the transition elements (Cr, Co, Ni, Sc, and V), REE, high
field strength elements (Zr, Hf and Ti) and Th remain stable during
mineralizing hydrothermal alteration (Wang et al., 2006, and refer-
ences therein). In addition, the SiO, and TiO, contents of the Shui-
koushan and Baoshan granodiorites show no obvious variation with
increasing LOI (Fig. 8a-b), indicating that they could represent original
compositions of granodiorites. On the other hand, K,O, Na,O, Sr, and
Ba contents decrease and Rb contents increase with increasing LOI
(Fig. 8e, h-k). Moreover, Al,05, CaO, Fe,05;" and MgO contents also
exhibit minor variations with increasing LOI (Fig. 8c-d, f-g). Therefore,
Al, 03, Ca0, Fe,05", MgO, K0, Nay0, Sr, Ba, and Rb are inferred to
have been mobile during hydrothermal alteration. We use mainly im-
mobile elements, for example, SiO,, TiO,, high field strength elements
(Zr, Hf, and Ti), REE, Th and transition elements (Cr, Co, Ni, Sc, and V),
to discuss the petrogenesis of the granodiorites.

The Nd isotopic compositions of magmatic rocks are almost un-
affected by hydrothermal alteration, whereas Sr isotopic compositions
are susceptible readily to change (Wang et al., 2006, and references
therein). Given that the eyq(t) values of the Shuikoushan and Baoshan
granodiorites almost remain unchanged with increasing LOI (Fig. 8m),
therefore, we consider the Nd isotopic compositions of the Shuikoushan
and Baoshan granodiorites to stand for the primary isotopic informa-
tion. However, samples in this study exhibit higher (¥7Sr/%°Sr); values
than data of previous studies (Fig. 81; Wang et al., 2003a; Xie et al.,
2013; Yang et al., 2016). Therefore, the Sr isotopic compositions of our
samples were modified to a greater extent by hydrothermal alteration
than the samples of previous studies (Wang et al., 2003a; Xie et al.,
2013; Yang et al., 2016). In contrast to whole rock Sr isotopic compo-
sitions, however, zircon is a stable accessory mineral that preserves the
O and Hf isotope compositions of its host magma during crystallization
(Li et al., 2009). Therefore, whole-rock Nd and zircon Hf-O isotope data
are used to trace the source components of the Shuikoushan and
Baoshan granodiorites.
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Table 4
Zircon Hf-O isotopic data for the Shuikoushan and Baoshan granodiorites in the western Nanling Range.

Sample and spot  '7°Lu/*”’Hf  + 20 76HE/Y7HE  + 20 T (Ma) (YCHf/Y7HE);  enft) +20  fuynr  Tpm(Ga) Tapm (Ga)  8'%0 (%0) =+ 20
Sample 09BS05

09BS05@01 0.001160 0.000010  0.282414 0.000010 161 0.282410 -93 05 -0.96 1.19 1.80 9.54 0.27
09BS05@02 0.001200 0.000010  0.282457 0.000020 161 0.282454 -7.7 05 -0.96 1.13 1.70 9.11 0.28
09BS05@03 0.001240 0.000020  0.282453 0.000010 162 0.282449 -79 05 -0.96 1.14 1.71 9.46 0.29
09BS05@04 0.000820 0.000010  0.282444 0.000010 161 0.282441 -82 05 -0.98 1.14 1.73 9.38 0.34
09BS05@05 0.001020 0.000010  0.282443 0.000010 160 0.282440 -82 05 -0.97 1.14 1.73 10.32 0.25
09BS05@06 0.001390 0.000010  0.282443 0.000010 161 0.282439 -83 05 -0.96 1.16 1.73 10.52 0.37
09BS05@07 0.001260 0.000010  0.282447 0.000020 161 0.282443 -81 06 -0.96 1.15 1.72 9.78 0.32
09BS05@08 0.001390 0.000030  0.282411 0.000010 161 0.282407 -9.4 05 -0.96 1.20 1.80 9.79 0.31
09BS05@09 0.001560 0.000100  0.282429 0.000010 163 0.282425 -88 05 -0.95 1.18 1.77 10.07 0.33
09BS05@10 0.001660 0.000020  0.282441 0.000020 160 0.282436 -84 0.6 -0.95 1.17 1.74 9.39 0.34
09BS05@11 0.000810 0.000030  0.282392 0.000010 161 0.282390 -10.0 05 -0.98 1.21 1.84 9.39 0.36
09BS05@12 0.001600 0.000040  0.282460 0.000010 161 0.282455 -7.7 05 -0.95 1.14 1.70 9.24 0.44
09BS05@13 0.001070 0.000010  0.282356 0.000010 162 0.282353 -11.3 05 -0.97 1.27 1.93 9.29 0.25
09BS05@14 0.001360 0.000020  0.282434 0.000010 162 0.282430 -86 05 -0.96 1.17 1.75 9.29 0.27
09BS05@15 0.001430 0.000020  0.282437 0.000010 158 0.282433 -85 05 -096 1.17 1.75 9.75 0.36
09BS05@16 0.001830 0.000040  0.282443 0.000010 161 0.282438 -83 05 -0.94 1.17 1.74 9.64 0.26
09BS05@17 0.002210 0.000040  0.282422 0.000010 162 0.282415 -91 05 -0.93 1.21 1.79 10.17 0.23
09BS05@18 0.001420 0.000020  0.282394 0.000010 162 0.282390 -10.0 05 -0.96 1.23 1.84 9.88 0.30
09BS05@19 0.001680 0.000020  0.282466 0.000020 160 0.282461 -75 0.6 -0.95 1.13 1.68 9.83 0.33
09BS05@20 0.001520 0.000020  0.282458 0.000020 161 0.282454 -7.7 0.6 -0.95 1.14 1.70 9.38 0.28
09BS05@21 9.67 0.27
09BS05@22 10.34 0.28
09BS05@23 9.59 0.21
Sample 09SKS-1

09SKS-1@01 0.001600 0.000030  0.282420 0.000010 164 0.282415 -9.1 04 -0.95 1.20 1.79 9.04 0.27
09SKS-1@02 0.000890 0.000010  0.282414 0.000010 161 0.282411 -9.2 04 -0.97 1.8 1.80 9.33 0.23
09SKS-1@03 0.001260 0.000020  0.282356 0.000010 163 0.282353 -11.3 05 -0.96 1.27 1.93 8.79 0.35
09SKS-1@04 0.001300 0.000020  0.282406 0.000010 164 0.282402 -9.6 05 -096 1.21 1.82 8.77 0.30
09SKS-1@05 0.001450 0.000010  0.282411 0.000010 163 0.282406 -9.4 05 -0.96 1.20 1.81 9.11 0.23
09SKS-1@06 0.001210 0.000020  0.282431 0.000010 158 0.282427 -87 0.4 -0.96 1.17 1.76 9.15 0.39
09SKS-1@07 0.001410 0.000040  0.282424 0.000010 162 0.282420 -89 05 -0.96 1.8 1.78 9.18 0.32
09SKS-1@08 0.001540 0.000030  0.282384 0.000010 164 0.282379 -10.4 0.5 -0.95 1.24 1.87 11.87 0.31
09SKS-1@09 0.001330 0.000020  0.282423 0.000020 168 0.282419 -89 05 -0.96 1.18 1.78 9.36 0.27
09SKS-1@10 0.000690 0.000000  0.282412 0.000010 165 0.282410 -93 05 -0.98 1.8 1.80 9.22 0.30
09SKS-1@11 0.001520 0.000040  0.282400 0.000010 163 0.282396 -9.8 05 -0.95 1.22 1.83 8.87 0.40
09SKS-1@12 0.001760 0.000060  0.282416 0.000010 159 0.282411 -93 05 -0.95 1.21 1.80 9.10 0.25
09SKS-1@13 0.001640 0.000030  0.282401 0.000020 158 0.282397 -9.8 06 -0.95 1.22 1.83 9.73 0.38
09SKS-1@14 0.000660 0.000010  0.282280 0.000020 155 0.282278 -139 0.6 -0.98 1.36 2.09 9.09 0.27
09SKS-1@15 0.000900 0.000010  0.282418 0.000010 160 0.282416 -9.1 05 -0.97 117 1.79 8.96 0.46
09SKS-1@16 0.000410 0.000005  0.282280 0.000010 160 0.282279 -13.9 05 -0.99 1.35 2.09 9.21 0.29
09SKS-1@17 0.000670 0.000003  0.282435 0.000010 163 0.282433 -85 05 -0.98 1.14 1.75 9.21 0.29
09SKS-1@18 0.001310 0.000030  0.282423 0.000020 159 0.282419 -9.0 0.6 -0.96 1.18 1.78

09SKS-1@19 0.001490 0.000020  0.282397 0.000010 159 0.282393 -9.9 05 -0.96 1.22 1.84 9.67 0.30
09SKS-1@20 0.001640 0.000040  0.282427 0.000010 162 0.282422 -89 05 -0.95 1.19 1.77 10.51 0.38
09SKS-1@21 9.12 0.28
09SKS-1@22 9.48 0.28
09SKS-1@23 8.89 0.35
09SKS-1@24 9.00 0.18
09SKS-1@25 8.93 0.34
09SKS-1@26 9.05 0.41

enf(t) = 10,000 x {[("°HE/*"7HD-(*°Lu/""7HD; x (€-1D1/[(7°HE/7"Hf)cnureoy-(7°Lu/ M H)cnur X (€1)]1-1};

Tow = 1I/A x In{1 + [(*°HE/Y77HO-(7°HE/Y 7 HD)pml /[ C7°Lu/ 7 H-(7°Lu/ Y H)pw] 35

Tapm = Tom-(Tom-t) X [Eeefrumd/Eecford], frame = C7°Lu/77HE, /(7°Lu/ 7 H) ciur-1;

where f., f; and fpy are the fi,, ¢ values of the continental crust, zircon sample and the depleted mantle; subscript S = analyzed zircon sample, CHUR = chondritic

uniform reservoir; DM = depleted mantle; t = crystallization time of zircon; A = 1.867 X 1071 year_l, decay constant of 176 u (Séderlund et al., 2004);
(7Hf/YHf)py = 0.283250; (*7°Lu/*""Hf)py = 0.0384; present-day (*7°Hf/*”"Hf)cpureoy = 0.282772; (V7°Lu/*""Hf)cpur = 0.0332; (*"°Hf/*77Hf).. = 0.015.

5.2. Petrogenesis

5.2.1. Crustal assimilation and magma mixing

The whole-rock eng(t) values, two-stage Nd model ages, and zircon
Hf-O isotopic compositions of the Shuikoushan and Baoshan grano-
diorites cannot be reproduced by modeling the effects of crustal as-
similation on mantle-derived magma, or by mixing mantle-derived and
crust-derived magmas (Figs. 6a and 9). In general, old crustal rocks and
their derivative melts have low eyq(t) values (Ma et al., 2017, and re-
ferences therein), while juvenile crustal rocks and their derivative melts
have high eng(t) values (Shen and Pan, 2013; Jiang et al., 2018, and
references therein). Therefore, crustal assimilation or magma mixing

during magma ascent would cause variable eyq4(t) values of magmas
(Shen and Pan, 2013; Ma et al., 2017, and references therein; Jiang
et al., 2018, and references therein). The Shuikoushan and Baoshan
granodiorites show limited variation in eng(t) values (—7.5 to —5.1)
and two-stage Nd model ages (1.38-1.57 Ga; Table 3; Wang et al.,
2003a; Xie et al., 2013; Yang et al., 2016). Although there is a slightly
positive correlation between SiO, and eng(t) for the Shuikoushan
granodiorites (Fig. 8n), this may be caused by source rocks hetero-
geneity rather than resulted from juvenile crustal rocks assimilation.
Juvenile crustal rocks generally have zircon &8'®0 values
(5.3%0 * 0.3%o) similar with the mantle (Huang et al., 2013, 2015a).
Some assimilation of juvenile crustal rocks into the primary magma of
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Fig. 7. (a-d) Histograms of zircon eyg(t) and 8'80 values from the Shuikoushan and Baoshan granodiorites.

the Shuikoushan granodiorites would cause variably higher zircon ey
(t) and lower zircon 8'80 with increased SiO, contents (Huang et al.,
2015a). This is inconsistent with relatively homogeneous zircon Hf-O
isotopic compositions of the Shuikoushan and Baoshan granodiorites.
The Shuikoushan and Baoshan granodiorites have relatively homo-
geneous zircon Hf isotopic compositions (eye(t): —13.9 to —7.5) and
880 values (8.8%0-11.9%o; Table 4; Yang et al., 2016; Zhao et al.,
2017). They have smaller variations in eg¢(t) values than the Qitianling,
Qianlishan, and Huashan-Guposhan granites (-15.1 to +1.5), which
were suggested to be formed by mixing between mantle-derived mafic
and crust-derived felsic magmas (Fig. 6b; Zhao et al., 2012; Wang et al.,
2014; Chen et al., 2016). On an eyg(t) versus §'80 diagram, the Shui-
koushan and Baoshan granodiorites do not show a mixing trend be-
tween mafic and felsic magmas (Fig. 9).

5.2.2. Fractional crystallization

The Shuikoushan and Baoshan granodiorites have relatively wide
variations of major and trace element contents, and Al,O3;, TiO,,
Fe,05", Ca0, and MgO contents are negatively correlated with SiO,
content (Fig. 10a—e). These compositional variations likely resulted
from fractional crystallization where, for example, the gradual decrease
in TiO, with increasing SiO, (Fig. 10b) would reflect the separation of
Ti-bearing minerals such as biotite, amphibole, ilmenite and titanite.
The gradual decreases in Al,Os, Fe,03", CaO, and MgO concentrations
with increasing SiO, content (Fig. 10a, c—e) indicate the separation of
amphibole and biotite, which are enriched in these elements.

A positive correlation between (Dy)n/ [(La)y**3(Yb)y>*3] and Dy/
Yb in the Shuikoushan and Baoshan granodiorites also suggests the
fractionation of amphibole (Fig. 10f). Given that the Kp(Dy)/Kp(La) and
Kp(Dy)/Kp(Yb) ratios (Kp partition coefficient) of amphibole are
greater than 1 (Sisson, 1994; Tiepolo et al., 2001), the separation of
amphibole crystals can decrease Dy/Yb ratios and result in a positive
linear correlation trend between (Dy)yn/[(La)x**3(Yb)y**3] and Dy/Yb
ratios in the residual magma (Davidson et al., 2012). In addition, on a
chondrite-normalized rare earth element diagram (Fig. 5a), the low
MREE contents compared with LREE and HREE contents also suggest
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the Shuikoushan and Baoshan granodiorites experienced amphibole
fractionation. Sc and V are compatible in biotite (Kp, values for Sc and V
in biotite are 42.4 and 79.5, respectively), while, Th is incompatible in
biotite (Kp value for Th in biotite is 0.01; Bea et al., 1994). Moreover,
biotite has relatively high A1,03 content (Wang et al., 2003a; Yang
et al., 2016). Thus, the separation of biotite can increase SiO,/Al,03
ratios and decrease the Sc/Th and V/Th ratios in remaining magma.
The separation of biotite might possibly account for negative linear
correlation trends between Sc/Th or V/Th and SiO,/Al,Os; in the
Shuikoushan and Baoshan granodiorites (Fig. 10g-h). Given that REE
are compatible in allanite (e.g. Kp(La) = 2594, Kp(Nd) = 1620, Kp
(Sm) = 866, Kp(Eu) = 111, Kp(Yb) = 24.5, Kp(Lu) = 33; Yang et al.,
2019, and references therein), the varied REE concentrations of the
Shuikoushan and Baoshan granodiorites (EREE = 148 to 245 ppm and
90 to 111 ppm, respectively, Table 2) suggest that they experienced the
fractional crystallization of allanite. In addition, the relatively lower
REE concentrations (especially LREE concentrations; Fig. 5a; Table 2) of
the Baoshan granodiorites than the Shuikoushan granodiorites indicates
that the former experienced higher degree of allanite fractional crys-
tallization than the latter. Weak negative Eu anomalies suggest that
plagioclase fractionation was insignificant (Fig. 5a).

5.2.3. Partial melting

The major and trace element characteristics, and whole-rock Nd and
zircon Hf-O isotopic compositions of the Shuikoushan and Baoshan
granodiorites suggest that the primary magma was not derived from the
depleted mantle or juvenile crust. Their relatively high SiO, contents
(58.4-70.7 wt%) and low Mg# (0.28-0.54; Table 2; Wang et al., 2003a;
Xie et al., 2013; Yang et al., 2016) require the removal of a significant
amount of mafic minerals. However, the granodiorites do not contain
the mafic minerals that commonly crystallize in mantle-derived mafic
magmas, for example, augite and olivine (Fig. 2). In addition, the
Shuikoushan and Baoshan granodiorites have more enriched Nd iso-
topic compositions (exg(t): —7.5 to —5.1; Table 3; Wang et al., 2003a;
Xie et al., 2013; Yang et al., 2016) than contemporaneous basalts from
the western Nanling Range, such as the Ningyuan (+4.6 to +5.1) and
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Fig. 8. (a—m) LOI (loss on ignition) vs. whole-rock major element (wt.%), selected trace element (ppm), and Sr-Nd isotopic data; (n) SiO, vs. ena(t) diagrams for the

Shuikoushan and Baoshan granodiorites. Data sources are as in Fig. 4.

Daoxian (—1.9 to —1.6) basalts (Li et al., 2004), as well as Middle
Jurassic within-plate basalts and gabbros in the Cathaysia Block
(Fig. 6a; Li et al., 2003, 2004; Wang et al., 2003b). Moreover, they also
have more enriched zircon Hf isotopic compositions (egf(t): —13.9 to
—7.5) and higher zircon O isotopic compositions (§'80: 8.8%0—11.9%o;
Table 4; Yang et al., 2016; Zhao et al., 2017) than the enriched litho-
spheric mantle-derived Qinghu monzonite in the SCB (ext) = +11.6;
8180 = 5.4%o; Fig. 9; Li et al., 2009).

We suggest that the Shuikoushan and Baoshan granodiorites were
derived by partial melting of ancient crustal source rocks. The
Shuikoushan and Baoshan granodiorites have relatively low whole-rock
ena(t) and zircon eyg(t) values (—7.5 to —5.1 and —13.9 to —7.5, re-
spectively) as well as relatively old two-stage Nd model ages
(1.38-1.57 Ga; Fig. 6a—c; Tables 3 and 4). Their whole-rock exq(t) and
zircon eydt) values are more enriched than those of the Jurassic
Qianlishan, Qitianling, and Huashan-Guposhan granites from the
western Nanling Range, which have a significant mantle contribution
(Zhao et al., 2012; Wang et al., 2014; Chen et al., 2016), but are similar
to those of Jurassic and Triassic crustal sediment-derived granites or
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Neoproterozoic mafic volcaniclastic rocks and basaltic lavas in the
Cathaysia Block (Fig. 6a—c; Table 5; Shen et al., 1999; Bai et al., 2007;
Wang et al., 2007; Yu et al., 2007; Li et al., 2008a,b; Wang et al., 2008a;
Huang et al., 2011; Wang et al., 2011a; Gao et al., 2014). Therefore,
whole-rock Nd and zircon Hf isotopic compositions indicate that their
source rocks were dominated by ancient crustal rock.

Magmatic zircon commonly retains the magmatic O isotope ratio (Li
et al., 2009). In general, granites and diorites that are derived from a
sediment-dominated source (Fig. 9; Huang et al., 2011; Jiao et al.,
2015; Rong et al., 2017) or a hydrated metabasalt source (Eiler, 2001;
Wang et al., 2018) will have zircon oxygen isotopic compositions
of > 8.1%o. The Shuikoushan and Baoshan granodiorites have rela-
tively high zircon 8'80 values (8.8%0-11.9%o and 9.1%0-10.5%o, re-
spectively; Fig. 7b, d; Table 4), equivalent to whole-rock values of
10.1%0-13.2%o0 and 10.9%0-12.4%o (based on the equation of Li et al.,
2009, and references therein), which requires a significant contribution
from supracrustal sediments or hydrated metabasalts.

However, we suggests that the crustal source of the Shuikoushan
and Baoshan granodiorites may not be dominated by hydrated
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Fig. 9. Zircon Hf vs. O isotopic compositions from the Shuikoushan and
Baoshan granodiorites, as well as other granitic rocks in the SCB (Qinghu, Li
et al., 2009; Jinjiling-Xishan, Huang et al., 2011; Jiuling, Rong et al., 2017;
Darongshan, Jiao et al., 2015), modified after Li et al. (2009). The dotted lines
denote two-component mixing trends between mantle- and supracrustal-de-
rived magmas. Hf,,/Hf. is the ratio of the Hf concentration in the parental
mantle magma (pm) over crustal melt (c) for each curve, and the small open
circles represent 10% mixing increments assuming mantle zircon has eys =
+12 and 8'®0 = 5.6%o, and supracrustal zircon has ey = —12 and
8180 = 10%o. Zircon Hf and O isotopic compositions of the Shuikoushan and
Baoshan granodiorites are from this study, Yang et al. (2016) and Zhao et al.
(2017).

metabasalts. The Shuikoushan and Baoshan granodiorites have lower
Cr and Ni contents (0.48-52.0 ppm and 1.79-14.7 ppm, respectively,
Table 2) than the Late Archean high §'%0 diorites (90.4-438 ppm and
15.0-95.9 ppm, respectively) that were derived from a hydrated me-
tabasalt source (Wang et al., 2018). In addition, the Shuikoushan and
Baoshan granodiorites have more enriched Nd isotopic compositions
than Paleo-Mesoproterozoic metabasaltic rocks in the Cathaysia Block
basement (eng(161 Ma) = —0.3 to +2.2; Fig. 6a; Yuan and Wu, 1991;
Jiang and Zhu, 2017, and references therein). Therefore, the Shui-
koushan and Baoshan granodiorites may not be derived by partial
melting of hydrated metabasalts. On the contary, they were more likely
derived from crustal sediment-bearing source. This is also consistent
with trace element characteristics of the Shuikoushan and Baoshan
granodiorites. Because Th is relatively resistant to leaching from con-
tinental crustal sedimentary rocks during weathering (Plank and
Langmuir, 1998), terrigenous clastic sediments-derived granites are
enriched in Th (Wang et al., 2012). The Shuikoushan and Baoshan
granodiorites are enriched in Th (13.2-16.8 ppm; Fig. 4; Table 2; Wang
etal., 2003a; Xie et al., 2013; Yang et al., 2016), and their Th and Th/La
ratios (0.25-0.82) are similar to metasedimentary rocks-derived Hi-
malayan leucogranites (1.35-21.5 ppm, average: 8.73 ppm and
0.23-1.88, average: 0.77, respectively; Guo and Wilson, 2012; Huang
et al.,, 2017a). Therefore, the trace element characteristics of the
Shuikoushan and Baoshan granodiorites also suggest that they possibly
originated from a continental crustal source containing metasedimen-
tary rocks.

The Shuikoushan and Baoshan granodiorites have more depleted
whole-rock Nd isotopic compositions than the Triassic and Jurassic
metasedimentary rocks-derived granites (Fig. 6a). Therefore, the source
material of the Shuikoushan and Baoshan granodiorites cannot be re-
cycled Paleoproterozoic metasedimentary rocks in the Cathaysia Block,
which have relatively high compositional maturity (Shen et al., 2003).
On the contrary, the Middle Neoproterozoic mafic volcaniclastic rocks
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of the Nanhua rift basin, which consist mainly of volcanogenic meta-
sedimentary rocks with subordinate basaltic lavas, may represent the
source of the Shuikoushan and Baoshan granodiorites, since they have
similar Nd isotopic compositions (Fig. 6a; Table 5). The Neoproterozoic
Nanhua rift basin system in South China developed during ca.
790-760 Ma (Wang et al., 2009). The rift successions in the Cathaysia
Block mainly occur at the western Nanling Range (Wang et al., 2011a,
and references therein). The Nanhua rift basin was active from ca. 790
to 760 Ma, coinciding with bimodal volcanism recorded in the SCB
(Wang et al., 2009, and references therein). In addition, the Middle
Neoproterozoic Nanhua rift basin volcaniclastic rocks have much
higher initial eyng(t) values (maximum value is +3) than the Early
Neoproterozoic Sibao Group and Late Neoproterozoic Sinian volcani-
clastic rocks (maximum value is -6; Wang et al., 2011a, and references
therein). Therefore, these volcaniclastic rocks were dominated by
clastic material derived from the weathering of mafic volcanic rocks,
with subordinate fragments of basaltic lava (Wang et al., 2011a). The
Shuikoushan and Baoshan granodiorites show similar Nd isotopic
compositions (-7.5 to -5.1; Table 3) to the mafic volcaniclastic rocks
that are associated with sandstones and basaltic lavas in Nanhua rift
basin (-8.9 to -4.1 at 161 Ma; Table 5; Li et al., 2008a,b; Wang et al.,
2008a, 2011a). Given that the Shuikoushan and Baoshan granodiorites
from the western Nanling Range are also located in the the Nanhua rift
basin, their crustal source is most plausibly mafic volcaniclastic rocks.
In general, the mafic volcaniclastic rocks (including a large amount
of juvenile mafic crustal material) contain augite, amphibole, biotite,
and plagioclase phenocrysts, and basaltic or basaltic-andesite volcanic
rock fragments (Rossignol et al., 2016; Ghose et al., 2017; Cavailhes
and Rotevatn, 2018). Their groundmass is composed of feldspar,
chlorite, calcite, and coarse lithic volcanic ash (Rossignol et al., 2016;
Roverato et al., 2017). The mafic volcaniclastic rocks are hydrated and
clay-poor, with low compositional maturity. During the metamorphism
of mafic volcaniclastic rocks, biotite-amphibole assemblages are
formed under subsolidus amphibolite-facies conditions (Clemens et al.,
2011). The melting reactions that follow will initially consume both
biotite and amphibole concurrently and provide the components to
form a granitic magma that is in equilibrium with amphibole (Clemens
et al.,, 2011). In contrast, clay-enriched pelites generally contain feld-
spar, biotite, muscovite, quartz, illite, chlorite, and ilmenite (Massonne
et al., 2007; Li et al., 2016). Therefore, pelites are more enriched in
aluminum and depleted in calcium than mafic volcaniclastic rocks.
Felsic magma derived from the partial melting of pelites will crystallize
aluminum-rich minerals, such as muscovite, cordierite, or garnet, rather
than calcium-rich minerals such as amphibole (Vasquez et al., 2009).
Given that plagioclase is strongly enriched in Eu, and garnet is
strongly depleted in LREE and enriched in HREE, the slightly negative
Eu anomalies and the high [La/Ybly ratios (6.0-18.2) of the
Shuikoushan and Baoshan granodiorites (Fig. 5a) reflect the presence of
garnet and plagioclase in their residual sources. The pressure for sta-
bility of garnet in mafic metamorphic rocks after melt extraction gen-
erally higher than 0.9 GPa (corresponding to a crustal depth of 30 km;
Zhao et al., 2007, and references therein). Therefore, the Shuikoushan
and Baoshan granodiorites originated at depths greater than 30 km.

5.3. Geodynamic processes

A Middle to Late Jurassic (154-162 Ma) A-type granite belt crops
out in the western Nanling Range (Jiang et al., 2008; Zhao et al., 2012).
The ca. 175 Ma ocean island basalt (OIB)-type Ningyuan basalts also
crop out in the western Nanling Range (Wang et al., 2003b; Li et al.,
2004; Zhao et al., 2012). These A-type granites and OIB-type basalts
suggest that the western Nanling Range was in an extensional tectonic
setting during the Middle to Late Mesozoic (175-154 Ma). All these
suggest the Late Jurassic Shuikoushan and Baoshan granodiorites lo-
cated in the western Nanling Rangewere also formed in a similar ex-
tensional tectonic setting. Asthenospheric mantle-derived mafic magma
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Fig. 10. (a—e) Major element oxides vs. SiOs, (f) (Dy)n/[(La)x**® x (Yb)xy>*3] vs. Dy/Yb, (g) Sc/Th vs. SiO,/Al;03, and (h) V/Th vs. SiO,/Al,05 diagrams for the

Shuikoushan and Baoshan granodiorites. Data sources are as in Fig. 4.

may provide a heat source for the generation of the Shuikoushan and
Baoshan granodiorites.

In this study, we adopt a petrogenetic model similar to that pro-
posed by Huang et al. (2011) (Fig. 11). Roll-back of the subducted
Paleo-Pacific slab caused extension of the continental crust and thin-
ning of the continental lithosphere beneath the western Nanling Range
and its surroundings (Jiang et al., 2009). Asthenospheric mantle-de-
rived mafic magma induced the partial melting of mafic volcaniclastic
rocks and produced granodioritic magma, which then ascended and
was emplaced in the middle to upper crust, forming the Shuikoushan
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and Baoshan granodiorites (Fig. 11).

5.4. Implications

5.4.1. Petrogenesis of I-type granites

Traditionally, amphibole-bearing granites are regarded as I-type
granites that were generated from crustal igneous material (Chappell
and White, 1974; Gao et al., 2016). However, the high precision and
spatial resolution of microanalytical isotopic techniques, such as in situ
zircon O isotope analysis, reveal the petrogenesis of granites more
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Table 5

Sm-Nd isotopic compositions of Nanhua Rift Basin volcaniclastic rocks, sedimentary rocks and basaltic lavas in the Cathaysia Block.

Reference

Tapm (Ga)

ena (161 Ma)

Sm (ppm) 1478m/ 4Nd 143Nd/ *Nd ena (0)

Nd (ppm)

Stratigraphic ages (Ga)

Lithology

Samples

Stratigraphic unit

Wang et al. (2011a,b)

1.46
1.53
1.40
1.77
2.03
1.20
1.39
1.74
1.81
1.43
1.56
1.12
1.19
0.98
1.71
1.83
1.20
1.40

—5.8
-8.9
-7.1
-7.0
—-4.2
-4.9
—-6.8
—-8.7
—-8.6
-6.7

7.3
-10.7

0.512262
0.512089
0.512184
0.512214
0.512382
0.512291
0.512201
0.512114
0.512128
0.512209
0.512117
0.512328
0.512292
0.512287
0.512125
0.512132
0.512301
0.512205

0.121

7.45
5.58

3.

37.1

0.70

Tuffaceous siltstone

08SC16
08SC15
08SC14
08SC10
08SC32
08SC31
08SC45
08SC36
08SC35
08SC47
08SC66

Jiangkou Group

Wang et al. (2011a,b)
Wang et al. (2011a,b)

0.108
0.109
0.133
0.156
0.117
0.110
0.123
0.128
0.113
0.113
0.101
0.103
0.103
0.125
0.139
0.098
0.104

31.1

0.70

Tuffaceous siltstone

Jiangkou Group

8.8
8.3
5.0
7.2

-8.5

51
96

19.6

0.70

Tuffaceous siltstone

Jiangkou Group

Wang et al. (2011a,b)

8.

40.7

0.73

Tuffaceous siltstone

Yanmenzhai Formation

Wang et al. (2011a,b)
Wang et al. (2011a,b)

3.72
8.28

4.

14.4

0.78

Tuffaceous siltstone

Tuff

Qingshuijiang Formation

47.7

0.78
0.75
0.75
0.75
0.72
0.82
0.83
0.83
0.83
0.82
0.82
0.82
0.82

Qingshuijiang Formation

Pinglue
Pinglue
Pinglue
Longli
Jialu

Wang et al. (2011a,b)
Wang et al. (2011a,b)

94
69

27.2

Sandstone

-10.2

8.

42.7

Sandstone

Wang et al. (2011a,b)

9.9
—-8.4

9.37
17.9

44.3

Sandstone

Wang et al. (2011a,b)

Wang et al. (2011a,b)
Li et al. (2008a,b)

Li et al. (2008a,b)

Li et al. (2008a,b)
Wang et al. (2008a)
Wang et al. (2008a)
Wang et al. (2008a)
Wang et al. (2008a)

95.6

Sandstone

8.5

—-4.1
-4.8
-4.9
-8.6

-8.7
—-4.6

-6.6

-10.2

17.9

95.6

Sandstone

6.0

6.7

6.8
-10.0

7.82

46.7

Basaltic lava

03SC05-7

Guangfeng
Guangfeng
Guangfeng

Bikou

34
72
82

7.

42.9

Basaltic lava

03SC05-8

6.

39.6

Basaltic lava

03SC05-9
05BK43
05BK44
05BK62
05BK75

3.

18.5

Basaltic lava

9.9

-6.6
-84

3.86
22.4
9.

16.7
138

Basaltic lava

Bikou

Basaltic lava

Bikou

41

54.8

Basaltic lava

Bikou
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accurately. Our study suggests that the Shuikoushan and Baoshan
granodiorites were mainly derived by partial melting of mafic volca-
niclastic rocks. A similar example in Australia reported by Kemp et al.
(2007) argued that the source of amphibole-bearing granites from the
Lachlan Fold Belt of Australia contained 15%-50% supracrustal sedi-
ment. Our study, together with previous study, suggests that the am-
phibole-bearing granites may be derived by partial melting of mafic
volcaniclastic rock-dominated source, except for partial melting of
metaigneous rocks as traditional believed (Chappell and White, 1974).
In addition, our study highlights compositional details that show the
source sedimentary rocks of the Shuikoushan and Baoshan granodior-
ites were mafic volcaniclastic rocks rather than pelites. Our results
show that it is prudent to consider a potential contribution from sedi-
mentary rocks to the sources of amphibole-bearing granites, especially
when those rocks have high zircon 8180 values (> 8.1%o). These
findings provide a new petrogenetic model for amphibole-bearing
granites.

5.4.2. Crustal reworking and Pb—Zn mineralization in South China

The reworking and growth of the continental crust are important
issues for researchers in the field of continental dynamics (lizuka et al.,
2005; Wu et al., 2006b; Zheng et al., 2007; Shu et al., 2011). Wide-
spread Jurassic and Cretaceous granitic magmatism indicates that the
SCB experienced significant Mesozoic continental reworking (Li et al.,
2007; Xu et al., 2007; Jiang et al., 2009; Li et al., 2013a,b). The re-
working of continental crust is evident from two observations: (1) the
stratigraphic ages of global sediments are younger than their Nd model
ages, suggesting that sedimentary recycling has reworked former con-
tinental crustal rocks (O’Nions et al., 1983; Condie, 2014); and (2)
magmatic zircons in granitoids with elevated 8180 (> 8.1%0) values
were closely related to the reworking of supracrustal sediments (Wang
et al., 2018, and references therein). The Shuikoushan and Baoshan
granodiorites have high zircon 880 values (8.8%0-11.9%o) (Table 4),
indicating that they were derived mainly by the reworking of supra-
crustal mafic volcaniclastic rocks that contained volcanogenic metase-
dimentary rocks, with subordinate basaltic lavas contributed by mafic
underplating. Our study suggests that the partial melting of supra-
crustal metasedimentary and metaigneous rocks was an important
crustal reworking mechanism in Mesozoic South China.

Pb-Zn deposits are usually associated with sedimentary rocks or
sedimentary rocks-derived granites (Leach et al., 2010; Zhao et al.,
2016; Xu et al., 2018). The field relationships, ages, and S and Pb iso-
topic compositions of the Shuikoushan and Baoshan Pb-Zn ores suggest
that mineralization was genetically related to the granodiorites (Lu
et al., 2006, 2013; Huang et al., 2015b; Xie et al., 2015; Ding et al.,
2016). However, the Shuikoushan and Baoshan granodiorites contain
amphibole (this study; Wang et al., 2003a; Zuo et al., 2014a; Zhao et al.,
2017). Traditionally, amphibole-bearing granites are considered to be I-
type granites, derived by partial melting of crustal igneous rocks
(Chappell and White, 1974, 2001). Our findings that the source of the
Shuikoushan and Baoshan granodiorites was dominated by metasedi-
mentary rocks have novel metallogenic implications. The Pb-Zn mi-
neralization occurs mainly in fractures between the sedimentary host
rocks and the granodiorite, and is spatially, temporally and genetically
related to the host granodiorite intrusions (Huang et al., 2015b). Ac-
cordingly, the source of the Pb-Zn ores is ultimately linked to meta-
sedimentary rock sources associated with the Shuikoushan and Baoshan
granodiorites. Therefore, we suggest that granodiorites generated by
the partial melting of crustal metasedimentary and metaigneous rocks
favor Pb-Zn mineralization.

6. Conclusions
(1) LA-ICP-MS zircon U-Pb ages show that the Shuikoushan and

Baoshan granodiorites in the western Nanling Range of South China
were formed during the Late Jurassic (ca. 161 Ma).



X. Liu, et al.

Shuikoushan and
Baoshan granodiorites

\

/.

N\

Journal of Asian Earth Sciences 192 (2020) 104236

Fig. 11. Petrogenetic model for the Shuikoushan and
Baoshan granodiorites (modified from Huang et al.,
2011). Mafic magma derived from asthenospheric

—~~SE
/

D Q C>$Asthenosphere

upwelling

mantle material ascended and was emplaced in the
middle to lower crust. The mafic magma caused the
partial melting of mafic volcaniclastic rocks. The
partial melting generated the Shuikoushan and
Baoshan granodioritic magma, which ascended and
was emplaced in the middle to upper crust, forming
the Shuikoushan and Baoshan granodiorites. Not to
scale.

Cathaysia
basement

Metasedimentary rocks

Sedimentary rocks

Pre-Jurassic granitoids

]

Volcanism

Fault

- Jurassic granitic magmatism

- Jurassic basaltic magmatism

(2) The source material of the Shuikoushan and Baoshan granodiorites
was mainly Middle Neoproterozoic mafic volcaniclastic rocks from
the lower crust of the Nanhua rift basin, South China.

(3) The partial melting of crustal metasedimentary and metaigneous
rocks appears to be an important crustal reworking mechanism in
Mesozoic South China, and granodiorites generated by such a me-
chanism might favor Pb-Zn mineralization.
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