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Volcanic-subvolcanic rocks and associated Cu-Au deposits in Yinshan are located in the eastern part of the
Neoproterozoic Jiangnan orogenic belt between the Yangtze and Cathaysia blocks, constituting a large metallogenic
district in southeastern China. This paper presents new laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) zircon U-Pb dating, element and Sr-Nd-Hf isotopic data for Yinshan igneous rocks
in the Dexing region. Our results show that the Yinshan igneous rocks were produced during the Middle Jurassic
(ca. 176-166 Ma). Geochemically, the Yinshan igneous rocks are characterized by calc-alkaline and show some
adakitic affinities with high Sr contents (up to 903 ppm), Sr/Y (up to 93.2) and Lan/Yby ratios (12.4 to 65.1) and
low Y (2.53 to 15.8 ppm) and Yb contents (0.22 to 1.39 ppm). The absence of a negative Eu anomaly, extreme
depletion in Y and Yb, relatively low MgO contents (0.2 to 2.9 wt.%), and relatively high 2°’Pb/?°*Pb ratio
(15.555-15.575), indicate that Yinshan igneous rocks were likely derived from the partial melting of thickened
lower continental crust. In addition, the Yinshan igneous rocks show similar element characteristics to arc-
derived igneous rocks with bulk Earth-like eyg (t) values (—1.1 to +1.8) and initial 87Sr/%%Sr (0.7036-
0.7090), relatively depleted ey¢ (t) values (— 1.5 to +5.8), and Hf model ages of 0.8-1.2 Ga. However, there is
no arc-related evidence in the study area in the Middle Jurassic, which indicates that these arc-related elemental
and isotopic compositions are possibly inherited from Meso- to Neo-Proterozoic juvenile continental crust
formed by the Neoproterozoic oceanic crust subduction along the Jiangnan Orogen. The geodynamic environ-
ment responsible for the development of the Middle Jurassic Yinshan igneous rocks is probably a localized
intra-continental extensional environment along the NE Jiangxi Deep Fault, as a tectonic response to far-field
stress at the margins of South China Plate during the early stage of the paleo-Pacific plate subduction. Regarding
the Cu-Au mineralization, we infer that Cu-Au were released from subducted oceanic slab and reserved in the
juvenile crust during Neoproterozoic subduction along the eastern Jiangnan Orogen. Partial melting of Cu-Au
rich Neoproterozoic juvenile crust during the Middle Jurassic time in the Yinshan area caused the formation of
adakitic rocks and large-scale Cu-Au deposits. Our model provides a new insight into genesis of adakitic rocks
and related Cu-Au deposits in a non-arc setting.
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1. Introduction

Southeast (SE) China is characterized by the widespread develop-
ment of Mesozoic igneous rocks (Fig. 1a). These rocks have drawn
great attention in the last decades because of their tectonic signifi-
cance and related large-scale mineralization (Chen and Jahn, 1998;
Jahn, 1974; Li and Li, 2007; Wang et al., 2006b, 2011; Zhou and Li,
2000; Zhou et al., 2012). Two important Cu-Au metallogenic districts,
including Dexing district in the eastern Jiangnan Orogen and the
middle-lower reaches of the Yangtze River valley Metallogenic Belts
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(YRMB) (Fig. 1a), have been observed in SE China (Chang et al.,
1991; Gu et al., 2007; Ling et al., 2009; Pan and Dong, 1999; Xie et
al., 2009; Zhai et al., 1996; Zhu et al., 1983). Most of Cu-Au minerali-
zation related (CAMR) porphyries in these two areas share geochem-
ical affinities with adakites, with high LREE concentrations, high Sr/Y
and La/Yb ratios, and low HREE (e.g., Y, Yb) concentrations (Ling et al.,
2011; Liu et al., 2010; Sun et al., 2011; Wang et al., 2006b; Xu et al.,
2002; Zhang et al., 2001; Zhou et al., 2012). These CAMR adakitic
rocks were thought to have formed by partial melting of delaminated
lower continental crust in the intra-continental extensional regime in
SE China (Wang et al., 2006a, 2006b, 2007a; Xu et al., 2002). More-
over, this model emphasized the contributions of mantle materials to
the CAMR adakitic rocks, and especially to Cu-Au mineralization (Wang
et al,, 2006a, 2006b, 2007a; Xu et al., 2002).
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Alternatively, models have been suggested to explain the genesis
of Mesozoic CAMR adakitic rocks in SE China. A ridge subduction
model was proposed to explain the relationship between Mesozoic
magmatic rocks and ore deposits in the YRMB (Ling et al., 2009; Sun
et al.,, 2010). This model is supported by the drifting history of the
Pacific and Izanagi Plates (Sun et al., 2007), the evident geochemical
characteristics of adakites (Ling et al., 2011; Liu et al., 2010), the dis-
tribution of rock association of adakites and A-type granites (Li et al.,
2011; Ling et al., 2009), and the higher concentrations of Cu and Au in
slab melts than continental crust and primitive mantle melts (Sun et
al., 2010, 2011). This model was also used to explain the genesis of
Dexing CAMR porphyries (Wang et al., 2011). A different model pro-
posed that Dexing CAMR porphyries were emplaced in a continental arc
setting and mainly derived by melting of the subducted sediments. This
model was based on their isotopic compositions, which are distinctly dif-
ferent both from the Pacific MORB and from the Yangtze lower crust, but
analogous to the subducting sediments in the West Pacific trenches (Zhou
et al,, 2012). These two new models for the CAMR adakitic rocks in SE
China emphasized the direct influence of oceanic-continental subduction
to the formation of adakitic rocks and associated Cu-Au deposits (Ling et
al,, 2009; Liu et al, 2010; Sun et al, 2010, 2011; Zhou et al, 2012).
However, no definite Mesozoic basaltic arc magmatism has been found
in the intra-continental area of SE China to support the petrogenesis of
CAMR adakitic rocks in the geodynamic setting.

In this study, we selected the Yinshan igneous rocks that are adja-
cent to the world class Dexing porphyry Cu-Au deposits in order to
carry out detailed LA-ICP-MS zircon U-Pb geochronology as well as
major and trace element and Sr-Nd-Hf isotope analyses. This study
investigates the petrogenesis of the intra-continental adakitic rocks
and related Cu-Au mineralization in SE China.

2. Geological setting

The South China Block consists of the Yangtze Block in the north and
the Cathaysia Block in the south (Fig. 1b). The NEE-SSW Neoproterozoic
Jiangnan Orogen extends ~1500 km along the southeastern margin
of the Yangtze Block (Fig. 1b). This orogen may represent the
Neoproterozoic subduction and convergence between the Yangtze
and Cathaysia Blocks (Wang et al., 2006c¢, 2007b, 2008; Zhou et al., 2009),
on the basis of the presence of 1.1-0.97 Ga ophiolites (Chen et al., 1991;
Li et al., 1997), ca. 866 Ma high-pressure blueschists (Shu and Charvet,
1996), ca. 870-800 Ma post-collision magmatism with arc signatures,
and the foreland basin sedimentation (Wang et al., 2006c; Zheng et
al., 2008; Zhou et al., 2009). Neoproterozoic to Triassic (800-200 Ma)
sequences unconformably overlie the Proterozoic metamorphic base-
ment in the Yangtze Block (Shu and Charvet, 1996). It is commonly ac-
cepted that South China underwent one compressional event in the
Triassic (Li et al., 2003), which probably occurred in response to the col-
lision between the Indochina and South China Blocks (Carter et al.,
2001; Lepvrier et al,, 2004), or between the South China and North
China Blocks (Li et al., 1993; Ratschbacher et al., 2003). The northwest-
ward subduction of the paleo-Pacific plate beneath the South China
Block probably took place in the Early Jurassic (He et al., 2010; Jahn,
1974; Maruyama et al., 1997; Zhou and Li, 2000; Zhou et al., 2006).
The widespread Early Yanshanian magmatism association of A-type
granite, syenite, gabbro and bimodal volcanic rocks (Chen et al., 2002;
He et al,, 2010; Li et al,, 2007b; Wang et al., 2006b) likely developed in
an intra-continental rift-related environment in response to far-field
stress at plate margins resulting from the initial paleo-Pacific plate sub-
duction (He et al.,, 2010; Zhou and Li, 2000; Zhou et al., 2006).

The eastern Jiangnan Orogen lies in the eastern part of the Yangtze
Block, to the north of the Jiangshan-Shaoxing fault zone, and is trans-
ected by the NE Jiangxi Deep Fault in the southeastern part (Fig. 1b).
Ophiolitic melanges (ca. 1000 Ma) are distributed along the NE Jiangxi
Deep Fault, representing a subordinate Neoproterozoic suture zone be-
tween the Yangtze Block and an oceanic island arc (Chen et al., 1991; Li

et al., 1997; Wang et al., 2008). The Shuangxiwu Group (ca. 970 Ma)
and Tieshajie Formation (ca. 902 Ma) consist of altered basaltic and an-
desitic rocks formed during Neoproterozoic arc magmatism (Li et al.,
2009; Zhang et al., 2009a) (Fig. 1b). Mesozoic igneous rocks and associ-
ated mineralization also occur in the Dexing region (Inset of Fig. 1c), for
example Dexing adakitic porphyry (SHRIMP U-Pb zircon age of 171+
3 Ma) (Wang et al., 2006b) with Cu-Au mineralization (molybdenite
Re-Os age of 172.3 +2.3 Ma) (Zhou et al., 2012).

The Yinshan Cu-Au deposits occur 50 km NW of the Jiangshan-
Shaoxing fault zone (Fig. 1¢), and are controlled by Yinshan volcanic
crater, which consists of the Xishan rhyolitic to dacitic volcanic rocks
and Xishan andesite porphyry in the western part and the accompanied
sub-volcanic from rhyolitic to dacitic rocks in the eastern part (JGEB
Jiangxi Geological Exploration Bureau, 1996). Yinshan deposit share
similarities with Dexing porphyry deposits (e.g., tectonic setting, zircon
U-Pb ages, geochemical characteristics of CAMR rocks, large-scale Cu-
Au mineralization, and intensively hydrothermal alterations) (Du and
Chen, 1987; JGEB Jiangxi Geological Exploration Bureau, 1996; Li et al.,
2007a; Mao et al., 2011; Zhang et al., 2007), indicating that Yinshan de-
posits may belong to a porphyry copper deposit system similar to
Dexing porphyry deposits (Du and Chen, 1987; JGEB Jiangxi Geological
Exploration Bureau, 1996; Mao et al.,, 2011; Zhang et al., 2007). Howev-
er, the occurrence of epithermal Pb-Zn-Ag mineralization in the distal
zone (JGEB Jiangxi Geological Exploration Bureau, 1996; Wang et al.,
2010), lacking of potassic alteration in depth (JGEB Jiangxi Geological
Exploration Bureau, 1996), and absence of widespread boiling fluid in-
clusions (Zhang et al., 2007), indicate the Yinshan deposits might not
be a porphyry ore deposit but a transition deposit from the porphyry-
to the epithermal-style. Copper reserves in the Dexing region are estimat-
ed to be over 10 million metric tons, and the Yinshan deposit contains
0.62 million tons of Cu, and 2.1 million ounces of Au. The wall rocks of
the related Cu-Au deposits are epizonal metamorphic rocks (e.g. marine
volcaniclastic rocks with spilite-keratophyre, tuff, quartz-keratophyre,
and slates) of the Neoproterozoic Shuanggiaoshan Group. The Yinshan ig-
neous rocks are characterized by extensive alterations (e.g., beresitization,
carbonation) similar to typical porphyry Cu-Au deposits worldwide.

3. Petrography

The volcanic and intrusive rocks in the area of the Yinshan deposit
can be divided into three cycles (Fig. 1c) based on stratigraphic and
cutting relations. The first cycle is characterized by occurrence of ca.
450 m thick rhyolitic lava (ca. 0.8 km?) in the Xishan district, accom-
panied by intrusive stocks of quartz porphyry (ca. 0.02-0.04 km?) at
the Jiuqu and Beishan districts. The second cycle is characterized by
the formation of ca. 700 m thick dacitic volcanic rocks in the Xishan
district, which intruded the first cycle of the rhyolitic volcanic rocks.
In the Jiuqu district, this cycle is characterized by ~E-W dacitic porphyry
dyke (ca. 0.09 km?), which are mostly 50-70 m wide and 1200 m long.
The last cycle is indicated by the small intrusive stock of andesite porphy-
1y (<0.01 km?) intruding the former two cycles of igneous rocks at Xishan
area (Fig. 1c) (JGEB Jiangxi Geological Exploration Bureau, 1996).

Xishan rhyolite, which developed during the first cycle, exhibits
porphyritic textures, and mainly consists of quartz (3-15%), alkaline
feldspar (10-15%), plagioclase (2-5%) and biotite (1-2%). Alkaline
feldspar is found as phenocrysts or interstitial crystals among lath-
shaped microlites. As intrusions formed in the first cycle, Beishan
and Jiuqu quartz porphyries are gray and porphyritic with quartz
(28-35%), alkaline feldspar (10-20%), plagioclase (3-5%), biotite
(1-3%) and occasionally hornblende (~1%) (Fig. 2a). Quartz is com-
mon and is found as rounded grains with a typical grain size of 0.3
to 5 mm. The matrix displays a fine microcrystalline texture, con-
sisting of alkaline feldspar, quartz, and plagioclase. Accessory min-
erals include apatite, zircon, and magnetite. Jiuqu dacite porphyry,
emplaced during the second cycle, displays porphyritic texture, and con-
sist of plagioclase (15-20%), quartz (2-10%), alkaline feldspar (3-10%)
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Fig. 1. (a) Sketch map showing the late Mesozoic volcanic-intrusive complex belt in SE China (after Li et al., 2010); (b) simplified geological map of the Jiangnan Orogen in South
China (after Wang et al., 2008); and (c) sketch map of Yinshan igneous rocks and associated mineralization. Insets of panel ¢ show a simplified geological map of the Dexing region.
The age results of panel a are based on Wang et al. (2008) and Zhou et al. (2009) and references therein.
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Fig. 2. Typical photomicrographs of three cycles of Yinshan igneous rocks, including (a) the first cycle of Jiuqu quartz porphyry, (b) the second cycle of Jiuqu dacite porphyry, (c) the
third cycle of Xishan andesite porphyry, and (d) sericitic altered plagioclase phenocryst from Jiuqu dacite porphyry. Abbreviations: Pl, plagioclase; Kf, alkaline feldspar; Bt, biotite;
Amp, amphibole; Qtz, quartz.

Table 1
LA-ICP-MS zircon U-Pb dating and zircon in situ Hf isotope analysis data of Yinshan igneous rocks.
Spot Th U Th/ 2%7Pb/ 10 207pp; 1o 206pp; 1o 206pp238 g 176Ly/ 1764f/ 20 ("75Hf/ eHE(t) TpnS
(ppm)  (ppm) U  2%pb 235y 238y (age/Ma) 177HE 177Hf 177Hf)i (Ga)
YS249(Xishan rhyolite)
1 397 521 0.76 0.0496 0.0010 0.1896 0.0039 0.0277 0.0004 176 2 0.001686 0.282784 0.000016 0.282778 4.1 0.96
2 466 761 0.61 0.0495 0.0007 0.1877 0.0031 0.0275 0.0004 175 2 0.000932 0.282782 0.000011 0.282779 4.1 0.96
4 316 442 0.71 0.0497 0.0012 0.1908 0.0046 0.0278 0.0004 177 2 0.000865 0.282728 0.000015 0.282726 2.2 1.08
5 405 587 0.69 0.0498 0.0012 0.1904 0.0046 0.0278 0.0004 176 2 0.001213 0.282743 0.000017 0.282739 2.7 1.05
6 440 708 0.62 0.0476 0.0007 0.1819 0.0029 0.0277 0.0004 176 2 0.001053 0.282782 0.000017 0.282779 4.1 0.96
7 378 698 0.54 0.0487 0.0012 0.1862 0.0046 0.0278 0.0004 177 3 0.000640 0.282717 0.000017 0.282715 1.8 1.10
8 318 578 0.55 0.0472 0.0007 0.1824  0.0031 0.0280  0.0004 178 2 0.001046 0.282734 0.000017 0.282731 24 1.07
9 237 533 0.44 0.0485 0.0015 0.1849 0.0057 0.0277 0.0005 176 3 0.000917 0.282734 0.000015 0.282731 24 1.06
10 318 538 0.59 0.0493 0.0007 0.1913 0.0031 0.0282 0.0004 179 2 0.001248 0.282774 0.000019 0.282770 3.8 0.98
11 345 563 0.61 0.0490 0.0007 0.1899  0.0031 0.0281 0.0004 179 2 0.001238 0.282775 0.000018 0.282771 3.8 0.98
12 282 452 0.62 0.0501 0.0008 0.1903 0.0033 0.0275 0.0004 175 2 0.001234 0.282749 0.000019 0.282745 29 1.03
13 82 206 0.40 0.0502 0.0011 0.1911 0.0043 0.0276 0.0004 176 2 0.000716 0.282731 0.000018 0.282729 23 1.07
14 269 506 0.53 0.0492 0.0008 0.1871 0.0032 0.0276  0.0004 176 2 0.001011 0.282772 0.000019 0.282768 3.7 0.98
15 316 524 0.60 0.0494 0.0007 0.1905 0.0030 0.0280  0.0004 178 2 0.000745 0.282725 0.000017 0.282723 2.1 1.08
16 582 796 0.73 0.0503 0.0010 0.1907 0.0040 0.0275 0.0004 175 2 0.001105 0.282791 0.000017 0.282788 4.4 0.94
17 444 691 0.64 0.0490 0.0006 0.1869 0.0028 0.0277 0.0004 176 2 0.001428 0.282755 0.000017 0.282750 3.1 1.02
18 355 626 0.57 0.0496 0.0007 0.1902 0.0031 0.0278 0.0004 177 2 0.000947 0.282738 0.000019 0.282734 25 1.06
19 270 660 0.41 0.0496 0.0007 0.1885 0.0030 0.0276 0.0004 175 2 0.001188 0.282690 0.000020 0.282686 0.8 1.17
20 601 938 0.64 0.0500 0.0009 0.1890 0.0035 0.0274 0.0004 174 2 0.001578 0.282740 0.000019 0.282735 25 1.06
21 466 736 0.63 0.0484 0.0007 0.1853 0.0030 0.0278 0.0004 177 2 0.001229 0.282781 0.000021 0.282777 4.0 0.96
22 361 634 0.57 0.0496 0.0007 0.1890 0.0030 0.0276 0.0004 176 2 0.000896 0.282786 0.000017 0.282783 43 0.95

YS13(Jiuqu quartz porphyry)
1

339 796 0.43 0.0508 0.0010 0.1922 0.0038 0.0275 0.0004 175 2 0.002058 0.282763 0.000021 0.282756 33 1.01
2 383 864 0.44 0.0506 0.0010 0.1932 0.0040 0.0277 0.0004 176 2 0.001556 0.282745 0.000018 0.282740 2.7 1.05
3 645 969 0.67 0.0497 0.0008 0.1925 0.0033 0.0281 0.0004 179 2 0.001513 0.282744 0.000023 0.282740 2.7 1.05
4 339 926 0.37 0.0493 0.0008 0.1896 0.0033 0.0279 0.0004 177 2 0.001699 0.282770 0.000020 0.282764 3.6 0.99
5 484 983 0.49 0.0495 0.0009 0.1888 0.0034 0.0276 0.0004 176 2 0001430 0.282721 0.000018 0.282716 1.9 1.10
6 238 648 0.37 0.0495 0.0009 0.1874 0.0037 0.0275 0.0004 175 2 0001842 0.282679 0.000022 0.282673 0.4 1.20
7 257 789 0.33 0.0495 0.0009 0.1887 0.0035 0.0276 0.0004 176 2 0.001601 0.282698 0.000017 0.282693 1.0 1.15
8 681 1206 0.56 0.0496 0.0008 0.1909 0.0033 0.0280 0.0004 178 2 0.002038 0.282741 0.000021 0.282734 2.5 1.06
9 255 838 0.30 0.0506 0.0009 0.1887 0.0035 0.0271 0.0004 172 2 0.001651 0.282740 0.000020 0.282734 2.5 1.06
10 1119 1014 1.10 0.0497 0.0011 0.1914 0.0041 0.0280 0.0004 178 2 0.001351 0.282724 0.000021 0.282719 2.0 1.09
11 275 756 0.36 0.0487 0.0011 0.1876 0.0043 0.0280 0.0004 178 2 0.001578 0.282728 0.000020 0.282723 2.1 1.08
12 217 933 0.23 0.0492 0.0009 0.1869 0.0035 0.0276 0.0004 175 2 0.001830 0.282712 0.000025 0.282706 1.5 1.12
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Table 1 (continued)

Spot Th §] Th/ 2°7pb/ 10 207pp 10 206pp, 10 206pp238y 16 '76Lu/ 176Hfy 20 (76Hf/ eHf(t) Tpn<

(ppm) (ppm) U  2%pb 235y 238y (age/Ma) 177THE 7THf T77HF){ (Ga)
13 194 734 0.26 0.0497 0.0010 0.1903 0.0041 0.0278 0.0004 177 2 0.001894 0.282753 0.000020 0.282747 3.0 1.03
14 383 1190 0.32 0.0503 0.0012 0.1867 0.0047 0.0269 0.0004 171 2 0.001944 0.282779 0.000030 0.282773 3.9 0.97
15 299 846 0.35 0.0499 0.0024 0.1866 0.0087 0.0271 0.0005 172 3 0.001219 0.282705 0.000019 0.282701 13 1.13
16 281 831 0.34 0.0482 0.0010 0.1829 0.0037 0.0275 0.0004 175 2 0.002160 0.282718 0.000029 0.282711 1.7 1.11
17 474 1091 043 0.0488 0.0008 0.1860 0.0033 0.0277 0.0004 176 2 0.001676 0.282664 0.000030 0.282658 —-02 123
18 220 692 0.32 0.0507 0.0011 0.1901 0.0040 0.0272 0.0004 173 2 0.001571 0.282738 0.000018 0.282733 25 1.06
19 798 1289 0.62 0.0495 0.0014 0.1871 0.0053 0.0274 0.0004 174 3 0.002002 0.282766 0.000020 0.282759 34 1.00
YS416(Beishan quartz porphyry)
1 1456 4459 0.33 0.0500 0.0011 0.1853 0.0044 0.0269 0.0004 171 3 0.001812 0.282731 0.000016 0.282725 2.1 1.08
2 1004 2809 0.36 0.0494 0.0014 0.1864 0.0056 0.0274 0.0005 174 3 0.002094 0.282739 0.000018 0.282732 24 1.07
3 657 2244 0.29 0.0507 0.0008 0.1869 0.0033 0.0267 0.0004 170 2 0.002446 0.282749 0.000019 0.282741 2.7 1.05
4 840 2954 0.28 0.0497 0.0009 0.1874 0.0036 0.0274 0.0004 174 3 0.002337 0.282712 0.000018 0.282705 14 1.13
5 1153 3529 0.33 0.0519 0.0014 0.1925 0.0054 0.0269 0.0005 171 3 0.001487 0.282739 0.000015 0.282734 24 1.06
6 1156 3247 0.36 0.0498 0.0015 0.1834 0.0054 0.0268 0.0004 170 3 0.002638 0.282747 0.000023 0.282738 2.6 1.05
7 940 3096 0.30 0.0478 0.0015 0.1817 0.0058 0.0275 0.0005 175 3 0.002622 0.282713 0.000026 0.282704 14 1.13
8 403 1888 0.21 0.0509 0.0009 0.1888 0.0034 0.0269 0.0004 171 2 0.002512 0.282769 0.000023 0.282761 34 1.00
9 734 2891 0.25 0.0507 0.0008 0.1891 0.0031 0.0270 0.0004 172 2 0.002105 0.282751 0.000020 0.282744 2.8 1.04
10 745 2826 0.26 0.0508 0.0008 0.1920 0.0032 0.0274 0.0004 174 2 0.002236 0.282712 0.000026 0.282705 14 1.13
11 876 2488 035 0.0515 0.0007 0.1914 0.0030 0.0270 0.0003 171 2 0.002561 0.282713 0.000023 0.282705 14 1.13
12 976 3246 0.30 0.0496 0.0014 0.1874 0.0056 0.0274 0.0005 175 3 0.002074 0.282745 0.000018 0.282739 2.6 1.05
13 266 1530 0.17 0.0517 0.0012 0.1939 0.0047 0.0272 0.0004 173 3
14 955 2823 0.34 0.0500 0.0009 0.1845 0.0036 0.0268 0.0004 170 2 0.002319 0.282814 0.000022 0.282806 5.0 0.90
15 796 2599 031 0.0511 0.0008 0.1927 0.0032 0.0273 0.0004 174 2 0.002516 0.282704 0.000024 0.282696 1.1 1.15
16 653 2548 0.26 0.0505 0.0007 0.1862 0.0031 0.0267 0.0004 170 2 0.001932 0.282659 0.000031 0.282653 —05 124
17 1249 2399 0.52 0.0499 0.0010 0.1840 0.0039 0.0268 0.0004 170 3 0.002163 0.282629 0.000041 0.282622 —15 131
18 437 1923 0.23 0.0499 0.0024 0.1904 0.0088 0.0276 0.0006 175 4 0.002685 0.282716 0.000028 0.282708 1.5 1.12
19 918 2663 0.34 0.0501 0.0012 0.1874 0.0048 0.0272 0.0005 173 3 0.002066 0.282745 0.000023 0.282738 2.6 1.05
20 784 2480 0.32 0.0497 0.0009 0.1885 0.0036 0.0275 0.0004 175 2 0.002747 0.282683 0.000028 0.282674 0.3 1.20
21 492 2129 0.23 0.0503 0.0007 0.1903 0.0030 0.0274 0.0004 174 2 0.001873 0.282740 0.000024 0.282734 24 1.06
22 189 1293 0.15 0.0496 0.0008 0.1832 0.0031 0.0268 0.0004 171 2
YS03(Jiuqu dacite porphyry)
1 468 830 0.56 0.0493 0.0013 0.1824 0.0046 0.0268 0.0004 171 2 0.001264 0.282764 0.000017 0.282760 33 1.00
2 375 603 0.62 0.0506 0.0016 0.1847 0.0058 0.0265 0.0004 168 2 0.001382 0.282761 0.000025 0.282757 3.2 1.01
4 922 1030 0.89 0.0503 0.0032 0.1836 0.0115 0.0266 0.0006 169 4 0.000973 0.282733 0.000020 0.282730 22 1.07
5 442 611 0.72 0.0550 0.0025 0.2032 0.0090 0.0269 0.0005 171 3 0.001252 0.282791 0.000023 0.282787 43 0.94
6 298 596 0.50 0.0488 0.0010 0.1800 0.0037 0.0267 0.0004 170 2 0.001388 0.282792 0.000018 0.282787 43 0.94
7 171 430 0.40 0.0498 0.0016 0.1844 0.0059 0.0268 0.0004 171 3 0.001409 0.282759 0.000021 0.282754 3.1 1.02
8 296 451 0.66 0.0492 0.0016 0.1814 0.0058 0.0268 0.0004 170 3 0.001030 0.282772 0.000019 0.282769 3.6 0.98
9 364 613 0.59 0.0502 0.0012 0.1850 0.0043 0.0267 0.0004 170 2 0.000843 0.282744 0.000019 0.282741 2.6 1.05
10 519 622 0.83 0.0492 0.0016 0.1824 0.0057 0.0269 0.0004 171 3 0.001417 0.282805 0.000019 0.282800 4.7 091
11 311 387 0.80 0.0497 0.0020 0.1830 0.0072 0.0267 0.0004 170 3 0.001053 0.282774 0.000017 0.282771 3.7 0.98
12 1179 1031 1.14 0.0603 0.0014 0.2234 0.0051 0.0269 0.0004 171 2 0.001477 0.282836 0.000018 0.282831 5.8 0.84
14 192 428 045 0.0508 0.0016 0.1838 0.0058 0.0263 0.0004 167 2 0.001125 0.282746 0.000018 0.282742 2.7 1.04
15 264 415 0.64 0.0497 0.0013 0.1837 0.0048 0.0268 0.0004 171 2 0.001290 0.282767 0.000018 0.282763 34 1.00
18 237 487 0.49 0.0495 0.0014 0.1838 0.0053 0.0270 0.0004 171 2 0.001247 0.282782 0.000020 0.282778 3.9 0.96
19 180 321 0.56 0.0473 0.0023 0.1765 0.0085 0.0271 0.0005 172 3 0.001078 0.282719 0.000017 0.282716 1.7 1.10
20 565 750 0.75 0.0471 0.0009 0.1752 0.0036 0.0270 0.0004 172 2 0.001390 0.282766 0.000020 0.282761 34 1.00
21 497 694 0.72 0.0512 0.0012 0.1881 0.0043 0.0266 0.0004 169 2 0.001455 0.282815 0.000019 0.282811 5.1 0.89
22 346 633 0.55 0.0490 0.0011 0.1829 0.0042 0.0271 0.0004 172 2 0.001386 0.282824 0.000020 0.282820 54 0.87
YS250(Xishan andesite porphyry)
1 360 565 0.64 0.0493 0.0012 0.1806 0.0046 0.0266 0.0004 169 2 0.001041 0.282743 0.000017 0.282740 2.5 1.05
2 402 753 0.53 0.0475 0.0008 0.1750 0.0033 0.0267 0.0004 170 2 0.001197 0.282745 0.000014 0.282741 2.6 1.05
3 582 828 0.70 0.0492 0.0006 0.1786 0.0026 0.0264 0.0003 168 2 0.001311 0.282757 0.000014 0.282753 3.0 1.02
4 489 638 0.77 0.0506 0.0013 0.1794 0.0045 0.0257 0.0004 164 2 0.001340 0.282695 0.000017 0.282691 0.8 1.16
5 625 810 0.77 0.0498 0.0009 0.1765 0.0032 0.0257 0.0003 163 2 0.001338 0.282776 0.000016 0.282772 3.7 0.98
6 240 498 048 0.0475 0.0019 0.1734 0.0067 0.0265 0.0005 169 3 0.001340 0.282743 0.000016 0.282738 25 1.06
7 290 686 042 0.0503 0.0009 0.1792 0.0034 0.0259 0.0004 165 2 0.000919 0.282746 0.000015 0.282743 2.6 1.04
8 413 622 0.66 0.0479 0.0008 0.1747 0.0031 0.0265 0.0004 168 2 0.001364 0.282717 0.000015 0.282712 1.5 1.11
9 399 655 0.61 0.0482 0.0007 0.1749 0.0029 0.0263 0.0004 168 2 0.001067 0.282762 0.000016 0.282759 3.2 1.01
10 463 745 0.62 0.0496 0.0008 0.1778 0.0031 0.0260 0.0003 165 2 0.001445 0.282719 0.000016 0.282714 1.6 1.11
11 445 745 0.60 0.0492 0.0007 0.1782 0.0027 0.0262 0.0003 167 2 0.001264 0.282755 0.000024 0.282751 29 1.03
12 313 564 0.56 0.0487 0.0007 0.1757 0.0030 0.0262 0.0004 166 2 0.001127 0.282740 0.000019 0.282736 24 1.06
13 405 630 0.64 0.0487 0.0008 0.1742 0.0031 0.0259 0.0003 165 2 0.001026 0.282743 0.000016 0.282740 25 1.05
14 315 615 0.51 0.0485 0.0008 0.1742 0.0031 0.0261 0.0004 166 2 0.000976 0.282748 0.000018 0.282745 2.7 1.04
15 437 637 0.69 0.0495 0.0009 0.1772 0.0034 0.0260 0.0003 165 2 0.001342 0.282784 0.000019 0.282780 3.9 0.96
17 595 793 0.75 0.0506 0.0011 0.1788 0.0039 0.0257 0.0004 163 2 0.000934 0.282688 0.000032 0.282686 0.6 1.17
16 564 749 0.75 0.0506 0.0012 0.1789 0.0041 0.0256 0.0004 163 2 0.000966 0.282750 0.000028 0.282747 2.8 1.04
18 409 571 0.72 0.0487 0.0007 0.1770 0.0030 0.0264 0.0004 168 2 0.001000 0.282744 0.000023 0.282741 25 1.05
19 523 801 0.65 0.0487 0.0010 0.1747 0.0037 0.0260 0.0004 165 2 0.000632 0.282724 0.000022 0.282722 1.9 1.09
20 464 792 0.59 0.0497 0.0009 0.1796 0.0034 0.0262 0.0004 167 2 0.001206 0.282772 0.000026 0.282768 35 0.99
21 360 623 0.58 0.0491 0.0007 0.1788 0.0028 0.0264 0.0004 168 2 0.000790 0.282767 0.000021 0.282765 34 1.00
22 374 786 0.48 0.0491 0.0011 0.1761 0.0041 0.0260 0.0004 165 2 0.001184 0.282717 0.000025 0.282714 1.6 1.11
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and occasionally biotite (2-5%), and hornblende (2-4%), with a typical
grain size of 0.05 to 2 mm (Fig. 2b). The matrix displays a fine microcrys-
talline texture, consisting of plagioclase, quartz, and minor alkaline feld-
spar. Accessory minerals include apatite, zircon, and magnetite. Xishan
andesite porphyry, formed during the third cycle, is composed of plagio-
clase (25-25%), hornblende (8-10%), biotite (2-5%), and minor quartz
(1-2%) (Fig. 2c). The matrix displays a fine microcrystalline texture, con-
sisting of plagioclase and minor alkaline feldspar. Accessory minerals
mainly consist of magnetite, zircon, and apatite (JGEB Jiangxi Geological
Exploration Bureau, 1996).

4. Sampling and analytical methods

To analyze whole-rock major and trace elements, twenty-six samples
were collected from the Xishan rhyolite, the Beishan quartz porphyry, the
Jiuqu quartz porphyry, the Jiuqu dacite porphyry, and the Xishan andesite
porphyry. Of these samples, twelve samples were selected to analyze
Sm-Nd and Rb-Sr isotopes, seven samples were selected to analyze
Pb isotopes, and five samples were selected for a combined study in-
volving CL imaging, zircon U-Pb ages and Lu-Hf isotopes. Of these last
five samples, two were from the Xishan rhyolite and Xishan andesite
porphyry in the Xishan district, two were from the Jiuqu quartz porphy-
ry and Jiuqu dacite porphyry in the Jiuqu district, and was one from the
Beishan quartz porphyry in the Beishan district.

Zircon grains for LA-ICP-MS U-Pb dating were separated from five
igneous rocks using conventional heavy liquid and magnetic separa-
tion methods. Representative zircon grains were hand-picked under
a binocular microscope, mounted on an epoxy resin disc, and polished
down to nearly half the section to expose internal structures for LA-
ICP-MS analyses. Zircons were documented with transmitted and
reflected light micrographs as well as cathodoluminescence (CL) images
to reveal their internal structures, and the mount was vacuum-coated
with high-purity gold. The CL images were taken with the scanning elec-
tron microscope of the State Key Laboratory of Continental Dynamics,
Northwest University, and in situ LA-ICP-MS U-Pb dating Zircon U-Th-
Pb isotopes were analyzed using an Agilent 7500 ICP-MS, coupled
with a 213 nm New Wave laser microprobe at the State Key Laboratory
for Mineral Deposit Research (MiDeR), at Nanjing University. Detailed
analytical procedures were similar to those described by Jackson et al.
(2004). Common Pb was corrected according to the method proposed
by Andersen (2002). The analyses presented here have been corrected
assuming recent lead-loss. Data processing was carried out using Isoplot
(ver. 2.49) programs of Ludwig (2001).

Samples from Xishan volcanic rocks, and Beishan, Jiuqu, and Xishan
porphyritic intrusions were initially examined by optical microscopy.
Unaltered or the least altered samples were selected for the wall-rock
geochemical and Sr-Nd isotopes analysis. Major element contents of
the samples were determined at the MiDeR, Nanjing University by In-
ductively Coupled Plasma Optical Emission Spectrometer (ICP-OES),
with a precision of higher than 5%. Trace elements, including rare earth
element (REE), were analyzed using a Finnigan Element II ICP-MS at
MiDeR at Nanjing University. The precision is higher than 10% for all
trace elements and higher than 5% for the majority of elements, follow-
ing procedures described by Gao et al. (2003).

Sr and Nd isotopic compositions were measured using a Triton Ti
Thermal Ionization Mass Spectrometry (TIMS) at the MiDeR at Nanjing
University, following the methods of Pu et al. (2005). 8’Sr/%6Sr and
143Nd/"4Nd ratios are reported as measured, and normalized to 86Sr/
8851 of 0.1194 for Sr and to '6Nd/ '*Nd of 0.7219 for Nd. During the
analysis, measurements resulted in a '*>Nd/#*Nd ratio of 0.511842 44
(20, n=>5) for the La Jolla standard and &7Sr/%6Sr ratio of 0.710260 410
(20, n=30) for the NBS-987 Sr standard. Total analytical blanks were
5x10~ ' g for Sm and Nd and (2-5)x 10~ '° g for Rb and Sr.

For Pb isotopic determination, fresh plagioclase of Yinshan sam-
ples was analyzed for common Pb. Samples were dissolved in concen-
trated HF, and Pb was purified by cation-exchange technique following

the procedure described by He et al. (2005). Isotopic ratios were mea-
sured with a multi-collector inductively coupled plasma mass spec-
trometer (MC-ICP-MS) at the Institute of Geology, Chinese Academy of
Geological Sciences. Thallium was added as an internal standard to deter-
mine thermal fractionation. Long-term analysis of the NBS981 standard
yielded 2°°Pb/2%Pb=16.940+0.010 (& 20), 2°7Pb/?**Pb =15.498 4+
0.009, and 2°8Pb/+ Pb=136.716 4 0.023. Total analytical procedure
blank is 2x 10~ 1° g for Pb.

Zircon Hf isotope analysis was carried out in situ using a New Wave
UP213 laser-ablation microprobe, attached to a Neptune multi-collector
ICP-MS at the Institute of Mineral Resources, Chinese Academy of Geolog-
ical Sciences, Beijing. Instrumental conditions and data acquisition were
comprehensively described by Hou et al. (2007) and Wu et al. (2006a).
A stationary spot was used for the present analyses, with a beam diame-
ter of 40 um or 55 um depending on the size of ablated domains. Zircon
GJ1 and Plesovice were used as the reference standards during our rou-
tine analyses, with a weighted mean '7SHf/!’’Hf ratio of 0.282001 4+
0.000006 (20, n=33) and 0.282476 4+-0.000009 (20, n =8), respective-
ly. This value is not distinguishable from a weighted mean ”®Hf/!"’Hf
ratio of 0.282000 + 0.000005 (20) and 0.282482 + 0.000008 (20) using
a solution analysis method by Morel et al. (2008) and Slama et al.
(2008). To calculate the ey(t) values, we used the chondritic values
from Blichert-Toft and Albarede (1997). We calculated two-stage “crust-
al” model Hf ages (Tpn2) for their source materials assuming a 17614/
177Hf ratio of 0.015 for the average continental crust (Griffin et al,, 2002).

5. Results
5.1. LA-ICP-MS zircon U-Pb dating

LA-ICP-MS using zircon U-Pb isotopes were conducted for one vol-
canic rock and four porphyry samples. The results are summarized in
Table 1 and illustrated in Fig. 3. As CL images indicated, zircon grains
are euhedral and 100-200 pm in length (Fig. 3a), with typical oscillatory
magmatic zoning. Zircons show variable U (270-1293 ppm) and Th
(41-1301 ppm) concentrations, with Th/U ratios ranging from 0.15 to
1.14 (Table 1). These Th/U ratios are consistent with general magmatic
zircons (Williams et al., 1996), but higher than metamorphic zircons
that normally show lower Th/U ratios (<0.1).

Most U-Pb analyses are clustered in a group on the Concordia
curve and yield a weighted mean 2°°Pb/?*%U age of 17641 Ma
(n=21, MSWD=0.43) for the Xishan volcanic rocks, 176 +1 Ma
(n=19, MSWD=1.15) for the Jiuqu quartz porphyry, 172+1 Ma
(n=20, MSWD = 0.65) for the Beishan quartz porphyry, 170+ 1 Ma
(n=18, MSWD = 0.42) for the Jiuqu dacite porphyry, and 166 + 1 Ma
(n=22, MSWD = 1.04) for the Xishan andesite porphyry (Fig. 3b-f).

Our results, which are more reliable than previous K-Ar (136-
122 Ma) or Rb-Sr ages (164+20Ma) (JGEB Jiangxi Geological
Exploration Bureau, 1996; Li et al,, 2005), show that igneous rocks
in the Yinshan region were formed during the Middle Jurassic peri-
od (ca. 176-166 Ma) (Fig. 3). These ages represent the best estima-
tion of the crystallization age of igneous rocks in the Yinshan
region. On the basis of the geological observations and the new zir-
con U-Pb ages, we can narrow the timing of the three cycles of vol-
canism to the following: rhyolite in the Xishan district and quartz
porphyries in the Beishan district at the first cycle (ca. 176 to
172 Ma), dacitic volcanic rocks at Xishan district and dacite por-
phyry in the Jiuqu district during the second cycle (ca. 170 Ma),
and andesite porphyry in the Xishan district during the last cycle
(ca. 166 Ma).

5.2. Whole-rock geochemistry
5.2.1. An evaluation of alteration effects

Petrographic examination indicates that samples from the Yinshan
igneous rocks samples show different degrees of post magmatic
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Fig. 3. Typical CL images and LA-ICP-MS zircon U-Pb concordant curves for zircons of the Yinshan igneous rocks.

hydrothermal alteration (e.g., beresitization and carbonation). The
alterations are identified by processes during which Ca- and Na-rich
plagioclase, biotite, and alkaline feldspar are transformed to K-rich ser-
icite, calcite, and clay. In general, some alterations (e.g., beresitization)
of plagioclase in the Yinshan deposits can be explained by the relatively
low CaO and Na,0 and the relatively high K5O levels. Moreover, the Sr
content also decreased with the reduction of Ca content in the plagio-
clase. Our data are consistent with previous results indicating Ca, Na
and the large ion lithophile elements (LILE) (e.g. Sr, Ba, Pb, and Rb)
are generally mobile (Smith and Smith, 1976; Wang et al., 2006b;
Zhou, 1999). In contrast, during the most intense hydrothermal alter-
ation, some major elements, such as Ti, Al and P, high field strength el-
ements (HFSE) are essentially immobile (Smith and Smith, 1976; Wang
et al.,, 2006b; Zhou, 1999; Zhou et al., 2012). Recently, a study on the
mobility of REE indicated that REE were removed from the system dur-
ing some K-silicate alteration, and that light REE were lost during some
argillic alteration (Alderton et al., 1980). Moreover, REE may also be
mobile during sericitic alteration (Alderton et al.,, 1980; Fulignati et al.,
1999). However, the whole-rock REE abundance was not affected dur-
ing sericitic alteration, because sericite can take up all of the available
REE (Alderton et al., 1980; Fulignati et al., 1999; Sanchez-Espafia et al.,
2000; Ward et al., 1992). Mg is easily transported in solution, and its

content decreases through alteration in some mafic rocks containing ol-
ivine and pyroxene, but it tends to be immobile and, because of the lack
of olivine and pyroxene, is not greatly affected by alteration in interme-
diate-acid igneous rocks (Wang et al., 2006b; Zhou, 1999; Zhou et al., in
press).

Most alteration degrees are in accord with the variable LOI (loss on
ignition) (most 1.85-6.30 wt.%) of igneous rocks samples (Table 2).
The TiO,, Nb, Zr, La, and MgO contents, as well as La/Sm and La/Yb ratios
of the Yinshan igneous rocks show no obvious variation with increasing
LOI contents or ratios (Fig. 4a-g; Table 2), indicating that they have
probably not been changed by alteration. As shown in Fig. 4h, the initial
Sr (Is;) ratios increase with LOI values, suggesting that Sr isotopes are
relatively mobile and only the I of the samples that have lower LOI
values may characterize the relatively original compositions of the
Yinshan igneous rocks. In LOI vs. eng(t) diagrams (Fig. 4i; Table 2), the
minimal variation in the enq(t) values of the Yinshan igneous rocks
with increasing LOI further supports previous results that the '*>Nd/
144Nd ratios of igneous rocks are seldom modified by hydrothermal al-
teration (e.g. Menzies et al., 1993). In general, radiogenic Pb is mobile,
while 2°/Pb/2%4Pb shows uniform ratios inconsistent with the variable
LOI values indicating Pb isotopic compositions of Yinshan igneous
rocks are also immobile (Fig. 4j). Therefore, used all elements for less
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Table 2

Major (wt.%), trace elements (ppm) and Sr-Nd-Pb isotope compositions for the Yinshan igneous rocks.

Location Xishan rhyolite Jiuqu quartz porphyry Beishan quartz porphyry
Sample YS249 YS253 YS258 YS260 YS266 YS306 YS311 YS312 YS321 YS013 YS189 YS416
Si0, 79.45 73.11 71.74 75.74 70.89 66.70 63.81 66.52 61.75 64.65 76.63 64.08
TiO, 0.40 0.34 0.36 0.36 0.30 0.65 0.53 0.46 0.48 0.47 0.29 0.36
Al,O3 12.50 13.40 13.15 13.25 14.24 15.50 14.59 13.79 14.12 14.58 12.36 16.56
TFe,05 145 5.68 4.05 124 2.62 6.92 8.80 8.18 10.22 6.13 3.10 8.08
MnO 0.02 0.04 0.67 0.02 0.20 0.02 0.15 0.03 0.36 1.00 0.01 0.01
MgO 0.22 0.42 0.19 0.11 0.98 0.22 0.70 0.34 0.98 1.58 0.16 0.15
Ca0 0.04 0.05 0.06 0.05 1.24 0.24 0.47 0.18 0.38 0.44 0.16 0.12
Na,O 0 0 0 0 0 0 0 0 0 0.15 0 0
K20 3.44 2.88 7.10 7.38 5.24 348 443 4.11 3.82 3.77 3.53 4.36
P,05 0.07 0.16 0.17 0.19 0.17 0.30 0.30 0.22 0.20 0.23 0.13 0.10
LOI 2.32 3.96 2.36 1.85 4.39 6.13 6.25 5.80 7.68 7.04 3.33 6.00
Total 99.91 100.04 99.85 100.19 100.27 100.16 100.03 99.63 99.99 100.04 99.70 99.82
Li 478 48.7 271 339 26.0 29.6 11.0 7.50 39.0 13.8 348 2.70
Be 0.96 1.52 1.49 147 1.93 0.57 1.74 1.50 1.45 1.19 0.69 0.75
Sc 4.30 6.34 2.49 1.19 3.87 3.11 8.28 4.62 7.15 8.76 1.52 1.29
Ti 2486 2567 1898 2040 1807 3860 2972 2702 2763 3487 1645 2115
\Y% 63.2 96.4 48.6 40.5 349 94.5 82.7 74.8 72.0 102 36.6 46.3
Cr 18.1 17.5 27.7 203 13.7 29.4 149 9.2 12.6 26.2 15.7 18.2
Mn 148 291 4022 164 1325 114 1169 188 2531 150 95.6 51.2
Co 0.49 0.23 3.65 0.91 5.95 171 11.7 11.3 8.42 12.0 5.85 13.8
Ni 0.51 4.96 9.58 0.00 104 14.8 0.00 4.84 7.70 17.8 8.78 6.17
Cu 584 37.7 11.3 34.0 7.2 172 223 686 9.5 71.8 52.8 46.5
Zn 63.7 151 556 532 238 88.9 287 367 168 106 5563 319
Ga 15.6 18.8 14.7 104 19.0 11.3 189 21.0 233 213 212 19.4
Rb 148 116 201 226 192 143 165 135 133 145 110 116
Sr 524 40.6 223 74.3 141 367 81.9 60.4 15.8 1001 434 52.2
Y 6.63 7.06 6.75 5.81 6.01 8.76 15.8 9.40 124 114 2.53 2.78
Zr 121 101 117 142 103 181 149 138 140 146 121 180
Nb 8.12 7.30 8.15 9.96 7.93 12,6 119 10.6 104 113 7.13 8.99
cd 0.05 0.17 2.38 0.82 0.83 0.06 0.01 0.03 0.04 0.07 522 0.13
Sn 0.81 0.21 0.16 0.95 0.00 13.6 7.70 6.04 5.90 6.98 123 8.19
Cs 119 7.59 10.1 6.25 39.5 7.17 9.16 8.40 9.37 6.44 5.48 12.5
Ba 122 103 510 636 551 322 233 288 273 311 126 162
La 322 259 15.5 221 26.5 40.9 395 321 37.7 45.1 213 20.2
Ce 50.3 49.5 26.8 36.7 423 75.6 74.1 51.1 64.9 79.7 42.1 41.2
Pr 5.84 5.99 3.29 4.16 4.86 7.14 8.12 6.12 742 9.15 3.51 3.38
Nd 204 20.2 12.8 14.3 17.2 26.5 293 224 27.8 34.7 12.7 12.0
Sm 2.59 3.12 2.06 2.24 2.59 3.52 5.01 3.47 4.56 6.05 1.79 1.88
Eu 0.67 0.89 0.74 1.18 0.75 1.04 1.47 0.97 1.55 1.67 244 132
Gd 1.75 1.54 1.71 1.86 2.15 2.95 3.75 3.03 3.67 5.70 143 1.21
Tb 0.22 0.29 0.23 0.25 0.27 0.35 0.56 0.42 0.48 0.80 0.15 0.13
Dy 135 1.37 1.31 1.24 134 1.85 2.76 2.26 2.54 3.65 0.67 0.70
Ho 0.29 0.27 0.28 0.21 0.24 0.33 0.51 0.39 0.48 0.50 0.11 0.13
Er 0.83 0.96 0.77 0.58 0.69 0.96 1.35 1.09 1.35 1.12 0.29 0.34
Tm 0.14 0.16 0.13 0.08 0.10 0.14 0.21 0.17 0.19 0.16 0.04 0.05
Yb 0.90 0.90 0.84 0.48 0.70 0.86 1.39 1.04 123 1.05 0.22 0.28
Lu 0.15 0.16 0.13 0.07 0.11 0.11 0.22 0.16 0.21 0.17 0.03 0.05
Hf 3.47 4.00 3.59 4.05 3.39 4.58 3.93 4.12 4.02 417 3.47 4.95
Ta 0.64 0.54 0.80 1.00 0.91 0.83 0.76 0.86 0.84 0.90 0.64 0.76
Pb 79.9 65.2 23972 4152 44.7 126 328 86.6 109 116 1804 142
Th 9.91 11.2 6.35 5.83 9.72 10.2 10.2 9.00 10.1 11.3 7.04 5.84
U 5.17 3.21 341 3.05 1.88 3.64 3.57 3.08 3.25 5.73 292 5.53
87Rb/3%Sr 8.1576 8.2979 8.8122 1.1270 1.3610 0.4177 7.3369

87Sr/56Sr + 200 0.721092 + 14 0.719341+5 0.724492 + 11 0.710744 4+ 6 0.7124 £ 25 0.708808 47 0.724342 + 4

(44}
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87Sr/%6Sr(i) 0.700679 0.698577 0.702441 0.707940 0.709014 0.707769 0.706400

1475m/14Nd 0.0767 0.0935 0.0950 0.0802 0.0901 0.1054 0.0850

143Nd/14Nd + 20 0.512462 +7 0.512505+8 0.512505 + 24 0.512481+2 0.512498 + 5 0512515+ 1 0.512452+7

ena(t) -0.7 -03 -03 —05 -03 —0.4 -1.2

topm(Ga) 1023 985 988 999 990 991 1055

206ppy/204pp 18.0636+ 11 18.0654+9 18.0976+9 18.0489+9

207pp,204ph 15.5668 & 10 15.5682+ 8 15.5749+7 15.5896 + 4

208ppy204pp 38.0870 + 26 38.0946 + 19 38.2069 + 15 38.4458 + 13

Jiuqu dacite porphyry Xishan andesite porphyry

YS418 BS26 BS28 BS31 YS108 YS114 YS115 YS332 YS003 YS251 Y5250 XS-6 XS-7 XS-8
72.73 72.17 74.53 64.67 67.32 65.21 61.95 61.64 60.14 59.25 58.33 63.51 63.89 64.64
0.31 0.32 0.34 0.76 0.42 0.55 0.51 0.45 0.59 0.63 0.62 0.66 0.78 0.76
14.04 1438 15.08 19.57 14.86 15.09 14.64 13.80 1431 15.43 1530 20.67 17.95 17.37
431 4.16 213 421 7.15 6.45 833 9.82 11.34 5.46 5.12 429 5.88 5.54
0.02 0.01 0.05 0.01 0.46 0.76 0.36 0.50 0.01 0.42 0.11 0.39 0.17 0.51
0.23 0.23 0.17 0.25 1.29 1.57 2.62 1.40 0.30 220 2.93 0.59 0.32 0.53
0.31 0.33 0.14 0.21 034 0.51 2.81 0.49 0.19 5.22 527 0.12 0.87 0.66
0 0 0 0.14 0 0 0 0 0.07 338 331 0 293 1.87
3.92 4,05 4.06 5.46 3.26 3.51 2.70 411 3.93 2.75 2.98 468 321 3.77
0.21 0.21 0.11 0.14 022 0.27 0.27 0.19 0.28 037 036 0.17 0.44 0.44
4.08 3.94 3.20 473 4,58 6.16 5.78 7.45 9.02 5.15 5.35 4.69 3.41 3.68
100.16 99.80 99.81 100.15 99.90 100.08 99.97 99.85 100.18 100.26 99.68 99.77 99.85 99.77
2.46 3.88 1.24 1.79 36.0 37.2 59.0 323 261 232 21.1 24.6 14.0 274
0.89 0.85 1.34 1.35 1.59 1.78 1.42 1.29 1.54 1.66 1.38 255 1.85 1.64
1.95 1.49 1.49 1.76 7.24 8.15 8.54 7.78 6.81 11.65 12.78 487 11.83 11.02
1844 1581 2147 2563 2159 3407 3109 2846 2783 3698 3865 5098 4523 4637
43.7 32,5 51.9 63.2 70.7 87.5 84.8 76.6 71.4 118 127 153 125.0 139.8
16.9 22.1 345 15.6 21.1 29.1 38.7 227 20.7 51.7 68.1 21.2 90.0 89.2
162 88.3 467 719 3658 5446 2994 3626 7556 2882 847 2518 1244 3521
3.78 4.49 429 445 9.99 1041 13.6 6.36 9.09 17.5 213 8.74 23.0 19.0
3.61 14.7 18.7 5.01 0.00 21.2 3.44 126 10.7 36.4 45.0 18.0 51.1 41.1
22.0 20.6 53.8 31.3 6.2 205.6 6.7 73.5 14.7 46.0 34.2 30.2 52.0 158
586 17.2 3949 1000 1026 199 495 145 274 137 187 90.7 98.7 246
17.7 15.7 16.8 165 185 214 20.1 235 22.1 195 24.0 24.3 222 22.8
110 106 123 152 175 197 152 199 206 112 117 319 140 179
60.1 46.0 97.9 104 49.9 486 197 488 159 1174 1148 478 365 156
5.12 4.15 341 327 10.9 10.2 127 10.0 9.29 126 123 8.94 9.90 8.26
142 107 169 177 144 146 153 128 137 149 171 164 166 184
7.55 6.81 9.24 10.7 114 9.79 10.7 9.57 8.82 9.58 9.23 14.4 11.1 116
3.74 0.08 24.0 6.66 0.05 0.19 0.08 0.01 0.09 0.16 0.07 0.31 034 0.49
12.7 538 8.34 103 0.63 0.80 0.66 1.73 0.00 0.00 0.72 0.00 0.19 0.45
11.1 8.17 14.2 16.1 16.4 255 15.4 16.3 214 410 34.8 62.7 35.4 492
151 156 153 197 832 90 497 118 999 1233 1226 404 856 1506
26.6 21.4 24.1 23.9 49.7 422 472 35.7 433 57.1 51.7 39.3 71.0 44.6
479 40.4 46.0 51.7 82.2 70.0 84.1 60.8 73.8 99.0 89.8 58.3 119.7 76.8
461 3.66 3.87 3.83 8.45 8.37 9.02 7.17 8.16 10.9 10.2 9.31 12.1 9.41
17.0 129 134 13.6 29.0 30.0 32.7 25.2 29.7 39.0 38.5 339 428 336
2.59 1.87 1.89 1.89 428 430 5.18 3.73 419 5.54 5.63 5.80 5.58 448
1.75 1.11 0.73 0.65 1.29 1.20 1.69 0.95 1.32 1.65 2.00 2.07 1.60 1.47
2.01 1.60 1.33 1.41 3.17 3.68 4.18 3.10 3.37 429 4.02 3.30 419 3.42
0.26 0.21 0.16 0.17 0.39 0.46 0.47 0.41 0.41 053 051 0.48 0.48 0.42
1.28 1.03 0.77 0.85 1.82 226 2.47 2.15 2.08 2.76 2.35 2.09 2.47 2.13

(continued on next page)
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Table 2 (continued)

Jiuqu dacite porphyry

Xishan andesite porphyry

YS418 BS26 BS28 BS31 YS108 YS114 YS115 YS332 YS003 YS251 YS250 XS-6 XS-7 XS-8
0.20 0.18 0.14 0.14 0.36 043 0.43 0.39 0.35 0.45 0.44 0.35 0.42 0.36
0.57 0.44 0.39 0.36 0.96 1.16 1.14 1.09 1.00 1.26 134 1.18 1.18 1.00
0.08 0.06 0.05 0.05 0.15 0.17 0.17 0.16 0.14 0.18 0.17 0.16 0.16 0.15
0.46 0.42 0.36 0.35 1.12 1.11 1.13 1.06 0.95 1.13 1.14 0.97 1.05 1.05
0.07 0.06 0.05 0.04 0.17 0.18 0.17 0.16 0.15 0.17 0.19 0.18 0.17 0.14
4.24 3.00 4.75 5.43 3.64 424 4.04 3.73 3.78 4.28 5.05 6.31 4.48 4.92
0.73 0.60 0.84 1.00 0.69 1.01 0.69 0.76 0.68 0.64 0.68 141 0.69 0.72
163 46.7 1815 260 33.0 27.7 1963 113 171 75.0 238 15.1 57.5 353
7.86 6.46 7.85 8.75 15.8 115 10.8 11.0 114 10.5 10.5 133 134 10.8
3.41 2.63 4.05 8.05 2.48 2.15 3.12 3.73 1.62 3.00 3.22 1.12 3.60 3.93
5.3102 11.8187 3.7467 0.2960 1.1083

0.72131+5 0.734833+6 0.716783 +9 0.704675+5 0.706247 £+ 5

0.708324 0.706268 0.707727 0.703976 0.703632

0.0922 0.0894 0.0852 0.0882 0.0787

0.512456 + 4 0.512586+9 0512539+ 4 0.512529+3 0.512567 + 8

—-13 13 0.5 0.2 1.1

1061 850 918 940 863

18.0686 +£ 10 18.0489 +9 18.0381+9

15.5613+9 15.5634+8 15.5553+9

38.0937 +24 38.0604 + 21 38.0187+19

24"
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Fig. 4. LOI (loss on ignition) vs. major (TiO, and MgO), minor (Nb and Zr), rare earth elements (La, La/Sm and La/Yb) and Sr-Nd-Pb isotopic composition for the Yinshan igneous rocks.

altered igneous rocks samples, but only immobile elements such as
major elements (TiO,, MgO, Al,03), HFSE (Zr, Nb, Ta, Hf), REE and
isotopic compositions (Nd, Pb) for significantly altered igneous rocks
samples in the following discussion.

5.2.2. Major and trace elements

Yinshan igneous rocks are of intermediate to acidity in composi-
tion, with SiO, contents of 59.25-79.45 wt.% (Table 2; Fig. 5). They
are calc-alkaline with the data mainly clustered around the calc-
alkaline series, and usually have relatively low MgO contents (0.2 to
2.9 wt.%).

The Yinshan igneous rocks exhibit enrichment of LREE relative to
HREE with (Lan/Yby) ratios ranging from 13.3 to 69.9. They have a wide
range of Eu/Eu* (Eu/Eu®=2Eun/(Smy+ Gdy)) ratios with most ratios
greater than 1 and an average ratio of 1.3 (Table 2; Fig. 6a, ¢, e, g, i). On
primitive-mantle normalized trace element diagrams, they are to varying
degrees enriched with large ion incompatible elements and typically de-
pleted in high field strength elements (e.g., Nb 6.8-14.4, Ta 0.54-1.41, and

20 "Calc-alkaling®
Rhyolite ~ Alkaline
ren Rhyodacite B
X Dacite i
B & Trachyte
60 | ¢
-UQ) Andesite ¥
50 |
40 , : ;
0.001 0.01 0.1 1 10

Zr/Ti0,*0.0001

Fig. 5. SiO, vs. Zr/TiO, classification diagram (Winchester and Floyd, 1977) for the
Yinshan igneous rocks. Symbols are the same as in Fig. 4.
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Fig. 6. Normalized REE and trace element patterns for the igneous rocks of the Yinshan igneous rocks. Chondrite and primitive-mantle data are from Boynton (1984) and Sun and
McDonough (1989) respectively.

Ti 0.3-0.78) (Table 2; Fig. 6b, d, f, h, j). In addition, the samples have Sr
contents (up to 1174 ppm), Sr/Y ratios (up to 93.21), and La/Yb ratios
(124 to 65.1), and low contents of Y (<18 ppm) and Yb (<1.9 ppm).

5.2.3. Sr-Nd-Pb isotopes
Whole-rock Sr and Nd isotopes are listed in Table 2. Yinshan igneous

rocks have relatively

homogeneous Nd isotopic compositions with €yq

(t=170 Ma) from —1.2 to + 1.3, and two-stage Nd model ages of 0.85
to 1.06 Ga. These samples have variable (87Sr/36Sr); ratios of 0.7036-
0.7090, except for some relatively low (87Sr/%5Sr); ratios due to their
high Rb/Sr ratios. Fig. 7a shows the data in a ena(t) vs. (87Sr/%6Sr); dia-
gram. They show no anticipated inverse (87Sr/%6Sr); vs. enq(t) correlation
(Fig. 7a), which could be caused by post-emplacement mobilization of
Rb and Sr (Curtis et al,, 1999; He et al,, 2010; Li et al., 2003).
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Fig. 7. exa(t) vs. (57Sr/%6 Sr); diagram (a) and 2°7Pb/2%*Pb vs. 2°Pb/2%Pb diagram (b) showing
the isotopic signatures for the Yinshan igneous rocks. Data source are as follows: Cenozoic
subducted oceanic crust-derived adakites; 400-179 Ma MORB; and Dexing adakitic rocks
from Wang et al. (2006b) and references therein; data for adakites, derived from an oceanic
slab, on the Adak Island (Kay, 1978); DMM representing one type of mantle end-members
(Zindle and Hart, 1986). Symbols are the same as in Fig. 4.

Pb isotopes of the adakitic rocks are characterized by relatively in-
variant 2°7Pb/?°*Pb (15.555-15.575), 2°®Pb/?%Pb (38.019-38.446)
and 2%6Pb/?9Pb (18.026-18.444) (Table 2), lying above the northern
hemisphere reference line and to the right of the geochron (Fig. 7b).

5.3. Zircon Hf isotopes

Five samples, dated with the U-Pb zircon method, were also analyzed
for their Lu-Hf isotopes on the same domains or similar structures. The re-
sults are listed in Table 1. Initial '7®Hf/'””Hf ratios and €y (t) values were
calculated at the time of zircon growth from the magmas (Fig. 8a—e).

The results indicate that most of Yinshan igneous rocks have positive
initial ey values (age corrected using U-Pb age for individual grain),
with a weighted mean of + 3.1 (Xishan rhyolite), 4 2.2 (Jiuqu quartz por-
phyry), +1.9 (Beishan quartz porphyry), +3.7 (Jiuqu dacite porphyry),
and + 2.5 (Xishan andesite). In addition, the Hf model ages of zircons
from Yinshan igneous rocks were 1.02 Ga (Xishan rhyolite), 1.08 Ga
(Jiuqu quartz porphyry), 1.10 Ga (Beishan quartz porphyry), 0.98 Ga
(Jiuqu dacite porphyry), and 1.05 Ga (Xishan andesite porphyry).

6. Discussion
6.1. Genesis of Yinshan adakitic rocks

Igneous rocks in the Yinshan region have high Sr contents (up to
1174 ppm), Sr/Y (up to 93.21) and La/Yb ratios (12.4 to 65.1), and low
Y (<18 ppm) and Yb (<1.9 ppm) contents. In addition, Chondrite-
normalized REE patterns show that these igneous rocks are enriched
with light REE (LREE), are depleted in heavy REE (HREE), and have no
or relatively positive Eu anomalies (Fig. 6). Moreover, most samples
from these igneous rocks fall in the adakitic field on the (Lan/Yby) vs.

Yby diagram (Fig. 9). This result indicates that they have adakitic affin-
ities as described by Defant and Drummond (1990).

It is generally thought that most typical adakites are produced by
slab melting in subduction zones (Defant and Drummond, 1990; Kay,
1978; Kay et al., 1993). Similar models were proposed to explain the
origin of the Mesozoic adakitic rocks in the Dexing region and in the
YRMB of SE China (Ling et al., 2009; Wang et al., 2011). In the intra-
continental setting, partial melting of thickened or delaminated
lower continental crust is suggested to be a possible mechanism for
the genesis of adakitic rocks (Atherton and Petford, 1993; Chung et
al., 2003; Petford and Atherton, 1996; Wang et al., 2006b; Xu et al.,
2002; Zhao and Zhou, 2008). Alternatively, the genesis of adakitic
rocks has been attributed to fractional crystallization process from ba-
saltic magmas (Macpherson et al., 2006).

6.1.1. Fractional crystallization process

The Yinshan igneous rocks have wide ranges of SiO, with relatively
constant eng(t) values, indicating that fractional crystallization may
have been a possible process responsible for their evolution. Furthermore,
the fractional crystallization trend is clearly illustrated by the plot of Nb/Zr
vs. Zr and La/Sm vs. Sm (Fig. 10).

Removal of plagioclase and amphibole under low pressure will pro-
duce patterns that are concave-upwards between MREE and HREE, with
decreasing Dy/Yb ratios and increasing levels of SiO, (Macpherson et
al., 2006). However, samples from Yinshan igneous rocks show no
concave-upwards REE patterns between the middle and heavy rare
earth elements (Fig. 6a), and have no evidently decreasing Dy/Yb ratios
with increasing SiO, (Table 2). Therefore, their adakitic compositional
feature is unlikely to be produced by fractional crystallization under
low pressure. Alternatively, fractional process of an assemblage con-
taining garnet and/or amphibole from basaltic melt at high pressure
can also generate adakitic magmas (Macpherson et al., 2006). In this
model, their La/Yb ratios within a suite are strong positive correlation
with SiO, contents, because of a decrease in Y and the HREE with increas-
ing silica. However, their La/Yb ratios of samples from Yinshan igneous
rocks have no correlations with SiO, (Table 2), indicating that high La/
Yb ratios were inherited from a source materials rather than formed by
magma differentiation.

6.1.2. Partial melting of subducted oceanic slab

Partial melting of subducted oceanic slab was originally proposed
to produce adakites (Defant and Drummond, 1990; Kay, 1978; Kay et
al., 1993). The origin of partial melting of subducted oceanic slab is a
plausible mechanism to explain the signatures for adakitic rocks in
the Yinshan region that are enriched with LREE, Sr, and depleted in
HREE, Y, Nb, Ta, and Ti. However, Yinshan adakitic rocks have high
SiO, contents (up to 79 wt.%) (Fig. 5), indicating that they were probably
not directly generated from oceanic slab. Adakitic rocks from Yinshan
have similar 2°°Pb/2°Pb ratios to typical adakites but higher 2°’Pb/
204ph ratios than MORB and adakites derived from slab melting (Kay,
1978), which is different from radiogenic 2°’Pb from the adakitic rocks
originating from subducted oceanic crust (Fig. 7b). They have remark-
ably higher (37Sr/%Sr);, and lower eng(t) (Fig. 7a) than MORB and
adakites derived from slab melting (Kay, 1978), suggesting a different
source from the oceanic crust. More importantly, no definite Mesozoic
basaltic arc magmatism has been found in the intra-continental region
of SE China.

6.1.3. Partial melting of delaminated lower continental crust

Partial melting of delaminated lower continental crust was pro-
posed to produce adakitic rocks in SE China (Wang et al., 2006b; Xu
et al., 2002). In this model, the delaminated lower crust is heated by
the surrounding relatively hot mantle and undergoes partial melting.
The pristine melt rises, and passes through a zone of mantle rocks en
route to its emplacement in the upper crust, with significant chemical
interaction between the mantle rocks and the pristine melt. Thus,
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Fig. 8. Histograms of € ¢ (t) values for zircons from the Yinshan igneous rocks.

adakitic magma derived from partial melting of delaminated lower
crust shows high MgO, Cr and Ni contents, indicating significant man-
tle components. These are the key to discriminate the delaminated
lower crust model from the other models for adakitic rocks (Wang
et al., 2006b, 2007a; Xu et al., 2002). However, the Yinshan adakitic
rocks have lower MgO (0.2-2.9 wt.%) relative to the adakitic rocks
formed by partial melting of the delaminated lower crust (Fig. 11), in-
dicating that they were not affected by the mantle rocks. Clearly, the
delaminated lower crust model cannot reasonably explain the origin
of the Yinshan adakitic rocks.

150

100 .
Adakite

La/Yb,

Arc magmatic rocks

0 5 10 15 20 25
Yby

Fig. 9. Lan/Yby vs. Yby for the Yinshan igneous rocks (after Defant and Drummond,
1990). Symbols are the same as in Fig. 4.

6.1.4. Partial melting of thickened juvenile continental crust

Direct partial melting of basaltic rock in a thickened lower crust is an-
other important mechanism for the formation of adakitic magmas
(Atherton and Petford, 1993; Chung et al., 2003; Petford and Atherton,
1996; Zhao and Zhou, 2008). This model is consistent with elemental
characteristics of Yinshan adakitic rocks, such as high SiO, (Fig. 5). A rel-
atively high radiogenic 2°’Pb/2°*Pb indicates that Yinshan adakitic rocks
derived from continental crustal materials (Fig. 7b). The low &nq(t) and
high (87Sr/%Sr); of Yinshan igneous rocks coincide with adakitic porphy-
ries from the melting lower continental crust (Wang et al., 2006b), indi-
cating that these igneous rocks were probably generated by partial
melting from continental crust rather than oceanic crust. As shown by
the eng vs. (87Sr/3%Sr); diagram (Fig. 7a), most of samples are plotted
below and along the average Nd isotopic bulk earth line, indicating
their origin from juvenile continental crust (McCulloch and Chappell,
1982; Wu et al., 2006b). Two stage model ages of Nd and Hf isotope,
which are significantly older than their emplacement age, also support
the continental crustal origin. In addition, their relatively low MgO con-
tents (0.2-2.9 wt.%) are similar to the experimental melts of metabasalts
and eclogites at 1.0-4.0 Gpa (Rapp and Watson, 1995; Rapp et al., 1999)
and adakitic rocks generated by partial melting of the lower continental
crust (Zhao and Zhou (2008) and reference therein) (Fig. 11). The low
MgO content suggests that these adakitic magmas were directly derived
from the lower continental crust without any interaction between the
adakitic melts and the mantle source (Atherton and Petford, 1993). The
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Fig. 10. Fractional crystallization discriminative diagrams for the Yinshan igneous

rocks. (a) Zr/Nb-Zr diagram; (b) La/Sm-La diagram. Symbols are the same as in Fig. 4.

history of regional evolution shows that, while the growth of juvenile
crust resulted from arc magmatism at 1.1-0.9 Ga, the reworking (e.g.
weathering, deposition, remelting, and emplacement) was also thought
to occur along the Jiangnan Orogen (Wu et al., 2006b; Zheng et al.,
2008). The reworking of arc crust by syn- and post-collisional
magmatism (870-800 Ma) caused bulk crust composition toward
amore continental one (Wu et al., 2006b; Zheng et al., 2008). There-
fore, the continental origin of the Yinshan adakitic rocks are consistent
with the regional reworking of juvenile crust in Neoproterozoic, which
support the assumption of partial melting of thickened continental crust.

Adakitic rocks in Yinshan have arc geochemical affinities. They
contain high levels of elements such as Th, U, and LREE but marked
depletion in Nb, Ta, Ti, which is similar to rocks generated from the
arc-like magma source (Kelemen et al., 2003). However, many studies
suggest that South China was in an intra-continental tectonic setting
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Fig. 11. MgO vs. SiO, diagram for Yinshan adakitic rocks. Data are from Zhao and Zhou
(2008) and references therein. Symbols are the same as in Fig. 4.

during Jurassic (Chen et al., 2002; He et al., 2010; Li and Li, 2007;
Wang et al., 2006b; Zhou et al., 2006). Therefore, the typical arc-like
characteristic of Yinshan igneous rocks may be inherited from juve-
nile crust in the Dexing region, produced during the Neoproterozoic
oceanic subduction between the Yangtze and Cathaysia Blocks (Li et
al.,, 1997, 2009; Wang et al., 2007b, 2008; Zhou et al., 2009).

Recently, the growth of Neoproterozoic juvenile crust in South
China has been suggested based on the geochemical characteristics
of the ca. 0.88-0.78 Ga volcanic and granitic rocks, which have posi-
tive epe(t) values and late Mesoproterozoic Hf model ages of 1.1-
1.2 Ga, and arc-like trace geochemical features in response to the ear-
lier subduction (Wu et al., 2006b; Zheng et al., 2008). Moreover, a
wide generation of Neoproterozoic juvenile crustal materials in the
eastern Jiangnan Orogen resulting from oceanic subduction also was
distinguished, based on the depleted Hf isotopes and Mesoproterozoic
Hf model age (0.9-1.1Ga), and Neoproterozoic arc-related trace
element features of the basement sequences (0.88-0.92 Ga), e.g. the
Shuanggiaoshan Group sedimentary rocks, the Shuangxiwu arc volcanic
rocks, and the Tieshajie arc volcanic rocks (Li et al., 2009; Wang et al.,
2008; Zhang et al., 2009a). As shown in Fig. 124, zircons from Yinshan
adakitic rocks almost plot in the Neoproterozoic band of crustal evolu-
tion of eastern Jiangnan Orogen, suggesting that these rocks can be
mainly generated by melting of Neoproterozoic juvenile crust. Yinshan
adakitic rocks also fall in the field of Neoproterozoic ophiolites in the
Dexing region (Fig. 12b), indicating that these adakitic rocks have close
relationship with Neoproterozoic oceanic crust subduction along eastern
Jiangnan Orogen.

6.2. REE modeling for partial melting of thickened juvenile continental
crust

As mentioned before, the adakitic geochemical affinity shows that
the most probable petrogenetic model of Yinshan igneous rocks is
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partial melting of thickened lower crust. Experimental studies on pro-
ducing adakitic liquids/tonalite-trondhjemite-granodiorite (TTG) lig-
uids have shown three possible ways to generate adakitic liquids,
including amphibolite-melting (Foley et al., 2002), amphibole eclo-
gite melting (Xiong, 2006) and anhydrous eclogite melting (Rapp et
al., 2003). Using the batch melting model, we have carried out the
REE modeling (D's applicability) to determine how it was possible
to form the Yinshan adakitic rocks corresponding to the source com-
positions (the average of Neoproterozoic volcanics within NE Jiangxi
province ophiolite, which were formed during the Neoproterozoic
ocean-continental subduction, data form Li et al,, 1997). Our REE model-
ing results show that model melts in equilibrium with amphibole-
dominated residues cannot match the adakitic rocks at LILEs or heavy
REEs (Fig. 13a). These results do not support the amphibolite-melting
model for the adakitic rocks/TTG production (Foley et al.,, 2002). The
model melts in equilibrium with amphibole-eclogites and anhydrous
eclogites exhibit rare earth elements abundances and patterns matching
the Yinshan adakitic rocks, suggesting that the eclogite melting model
(Rapp et al,, 2003; Xiong, 2006) is feasible (Fig. 13b). As indicated by
the concave MREE patterns of the adakites (Fig. 6), the magma source is
also thought to have contained residual amphibole. Xiong (2006)
suggested that dehydration melting of amphibole-bearing eclogite may
be an appropriate process for the production of adakitic rocks. Thus, the
Yinshan adakitic melts were probably formed with the amphibole and
garnet-dominated residues. In addition, the REE modeling further sup-
ports the model of direct partial melting of thickened lower crust.

The Yinshan adakitic melts were generated with the residual pres-
ence of garnets and the loss of plagioclase in the source, indicating that
the crustal thickness in the Dexing area was at least 40 km (>1.2 Gpa)
at that time (Petford and Atherton, 1996; Rapp and Watson, 1995). The
formation of the over-thickened continental crust was probably in re-
sponse to the Triassic collision between the Indochina and South China
blocks, as well as the amalgamation of South China and North China
blocks (Carter et al., 2001; Lepvrier et al., 2004; Li et al., 1993). With
the increase in depth and temperature, amphibole-bearing eclogitic ma-
terial appears in the mafic rocks of the lower continental crust, resulting
in formation of two kinds of adakitic rocks in the Dexing area. On the
one hand, as the heat anomaly occurred, the dehydration melting
of amphibole-bearing eclogite materials in the lower crust may have
been an appropriate process (Xiong, 2006) to produce low MgO adakitic
rocks (e.g. Yinshan adakitic rocks). On the other hand, the high density
of amphibole-bearing eclogitic may have led to delamination (Kay et al.,
1993; Xu et al., 2002), followed by partial melting of the delaminated
crustal materials in the sub-crustal mantle and the emplacement of rel-
atively high MgO adakitic porphyries (e.g. Dexing adakitic rocks).

6.3. Geodynamic model for generating the Yinshan adakitic igneous rocks

The geodynamic environment responsible for the Jurassic adakitic
rocks in the Dexing area is still a controversial issue. As discussed ear-
lier, an extensional setting has been proposed to interpret the origins
of the Dexing porphyries with the delamination model based on the
northwestward flat-slab subduction model from ca. 250 Ma to ca.
150 Ma (Li et al., 2007b). However, South China in the Triassic was char-
acterized by ~E-W tectonic elements (Zhang et al., 2009b), which is in-
consistent with the existence of westward subduction of the Pacific
plate initiated at ~250 Ma. Recently, a ridge subduction model was
suggested for the formation of Cu-Au mineralization related adakitic
rocks in the Dexing area (Wang et al.,, 2011). However, this model is
not supported by the lack of arc-related magmatism in SE China during
late Mesozoic.

It is generally accepted that in the Mesozoic before the Early Jurassic
(J1), South China was predominantly influenced by the Tethyan tectonic
domain and since the Middle Jurassic (J») has been predominantly affect-
ed by the Pacific tectonics since (He et al., 2010; Zhou and Li, 2000; Zhou
et al,, 2006). During the Triassic, the collision between the Indochina and
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(amph) experimental partition coefficients (D's) were used here are from 1.0 Gpa and
800 °C experiments by Klein et al. (1997); the D's for plagioclase are from 1.0 Gpa and
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South China blocks as well as the amalgamation of South China and
North China blocks occur (Carter et al., 2001; Lepvrier et al., 2004; Li et
al., 1993), creating the development of nearly E-W trending compres-
sional deformations in the northern part of the South China (Zhang et
al., 2009b) and NWW- and SEE-dipping cleavages, faults and shear
zones in the southern part of South China (Wang et al.,, 2005). The
tectonic quiescence at ~205-180 Ma was characterized by waning
magmatism, which possibly corresponds to the tectonic transition from
Tethyan to paleo-Pacific (Zhou et al., 2006). Subsequently, the north-
westward subduction of the paleo-Pacific plate, based on the paleo-
magnetic data determining a northwestward convergence vector
(Gilder et al., 1996; Ratschbacher et al., 2000), may have been initiated
in the Early Jurassic (Maruyama et al,, 1997; Zhou and Li, 2000). There
was no magmatism in this active continental margin in SE China, proba-
bly because the Pacific lithosphere had not subducted to ~110 km in
depth (Tatsumi and Eggins, 1995). However, the stress that may have
been quickly propagated to the inland areas of the rigid South China
block may have reactivated pre-existing deep fault (e.g. NE Jiangxi
Deep Fault) ( He et al,, 2010; Wang et al., 2006b; Zhou et al., 2006).
The reactivation of deep fault would lead to the localized intra-plate ex-
tension, which may have allowed asthenospheric mantle upwelling and
decompression melting. As a consequence, the associations of Middle Ju-
rassic A-type granites, within-plate bimodal volcanic-intrusive com-
plexes, and alkaline basalts and gabbros were produced in the interior
part of South China (Chen et al.,, 2002, 2005; He et al., 2010; Wang et
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al.,, 2003; Zhu et al., 2008). Therefore, the Yinshan volcanic-
subvolcanic complex and the Dexing porphyries, which occur near to
NE Jiangxi Deep Fault, were generated at Early to Middle Jurassic
(ca. 176-166 Ma) in accord with the extensional geological setting rather
than subduction zone setting.

Given the Neoproterozoic oceanic crust subduction between Yangtze
Block and Cathaysia Block and the occurrence of Jurassic adakitic rocks in
the Dexing region, one two-stage model for petrogenesis of Yinshan ig-
neous rocks is outlined as follows (Fig. 14). Stage 1: Oceanic crust sub-
duction occurred between the Yangtze and Cathaysia Blocks during
Neoproterozoic (Li et al, 1997; Wang et al.,, 2007b, 2008; Zhou et al.,
2009). The juvenile crustal materials with rich Cu-Au is derived from
the oceanic crust subduction, with the arc magma and related Cu miner-
alization generated at Shuangxiwu and Tieshajie along Jiangnan orogen
(Li et al, 2009; Wang et al., 2008; Wu et al., 2006b; Zhang et al.,
2009b; Zheng et al., 2008) (Fig. 14a). Stage 2: The Triassic collision in
South China resulted in over thickened lower continental crust (the
thickness of crust >40 km) (Carter et al., 2001; Li et al., 1993). The in-
crease in pressure and temperature might result in mafic rocks in the
lower crust transferring into amphibole-bearing eclogites. Because of
the high density, parts of heavy amphibole-bearing eclogitic materials in
the lower crust delaminated prior to partial melting (Kay et al., 1993;
Wang et al., 2006b; Xu et al., 2002), while the adjacent lower continental
crust did not undergo delamination and still kept over-thickened. During
the Middle Jurassic, the localized intra-continental lithospheric extension
took place along the pre-existing structures (e.g. NE Jiangxi Province Deep
Fault) responding to the far-field compressional stress formed under NW
subduction of paleo-Pacific plate (He et al., 2010; Zhou and Li, 2000; Zhou
et al., 2006). When the hotter asthenospheric material rose and replaced
the colder lithospheric mantle, the flux of heat from the underlying as-
thenosphere could trigger partial melting of the delaminated and the
over-thickened lower crust. Thus, the low MgO Yinshan and the high
MgO Dexing Cu-Au mineralization related (CAMR) adakitic rocks were
formed from partial melting of the thickened or the delaminated
Neoproterozoic juvenile lower crust were formed, respectively
(Fig. 14b). The similar associations of adakitic rocks were formed si-
multaneously because of the partial melting of the thickened and
delaminated lower crust that also occurred in other areas (Karsli et al.,
2010; Wang et al., 2004). These kinds of adakitic rock associations
indicate that the delamination can sometimes occur at a local region
sometimes instead of the total region.

6.4. Implication for Cu-Au mineralization

The ages of Yinshan adakitic rocks (zircons U-Pb ages of ca. 176-
166 Ma) are in good agreement with the mineralization age (“°Ar-3°Ar
muscovite ages of 179-175 Ma) (Li et al., 2007a), indicating that both
porphyry emplacement and Cu-Au polymetallic mineralization occurred
simultaneously. In addition, Dexing porphyry deposits also yield the
same zircon U-Pb age (ca. 171 Ma) of CAMR porphyries and molybde-
nite Re-Os age (171 Ma) of Cu-Au-(Mo) mineralization (Zhou et al.,
2012). Therefore, both the Dexing and Yinshan deposits belong to coeval
typical Middle Jurassic porphyry type deposits with the close relation-
ship between the porphyries and the copper-gold mineralization.

Most of the porphyry Cu deposits worldwide are formed in associa-
tion with subduction-related calc-alkaline magmas and spatially occur
in magmatic arcs (Cooke et al.,, 2005; Oyarzun et al., 2001; Reich et al.,
2003; Sillitoe, 1972). Recent studies show that typical adakites, which
were produced by melting of subducted oceanic crust in arc tectonic
settings, are probably important source for metals in giant porphyry
Cu-Au deposits (Oyarzun et al., 2001; Reich et al., 2003).

For Cu-Au mineralization and CAMR adakitic rocks in the Dexing re-
gion, an oblique subduction model was proposed (Wang et al., 2011),
based on the roughly southwestward drift motion of the Pacific plate
(Sun et al., 2007), northeastward progression of younger igneous rocks,
and the spatial distributions of metallogenic belts characterized by Cu-
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Fig. 14. Cartoon illustrating the magma genesis of the Jurassic adakitic igneous rocks
and associated Cu-Au mineralization of Yinshan deposit in the South China. (a) Oceanic
subduction happened between Yangtze and Cathaysia Blocks during Neoproterozoic
(ca. 1.1-0.86 Ga). The Cu-Au rich juvenile continental crust was formed at island arc
geological setting, with the arc magma generated at Shuangxiwu and Tieshajie along
Jiangnan Orogen (panel a). (b) The continental crust was over-thickened in the Dexing
region during Triassic in response to the compression (Lepvrier et al., 2004; Li et al.,
2003; Ratschbacher et al., 2003). With the increase in depth and temperature, the
mafic rocks of the lower continental crust consisted of amphibole-bearing eclogitic ma-
terial, which resulted in the formation of the thickened or delaminated lower curst.
During Early-Middle Jurassic (ca. 176-166 Ma), the initial NW subduction of the
paleo-Pacific plate triggerd a localized intra-continental lithospheric extension causing
upwelling of the hotter asthenospheric material and heat anomaly. The thickened or
delaminated Neoproterozoic subduction-modified juvenile crustal materials in the
lower crust or in the sub-crustal mantle produced the low MgO Yinshan or the high
MgO Dexing Cu-Au mineralization related (CAMR) adakitic melts at sufficient depths
(>1.2 Gpa; >40 km), respectively (panel b).

Au through Pb-Zn-Ag to Sn-W deposits towards SW (Wang et al.,
2011). According to this model, a southwestward subduction and the
corresponding slab rollback are proposed here to explain the distribu-
tions of the Late Mesozoic magmatism and the associated metallogenic
belts in SE China (Wang et al.,, 2011). However, this model requires the
southwestward drift motion of the paleo Pacific plate, which is inconsis-
tent with the northwestward subduction at ~180-125 Ma (Li and Li,
2007; Zhou and Li, 2000; Zhou et al., 2006). Hence, further studies, espe-
cially on the Pacific plate motion, need to be done.

Alternatively, partial melting of sediments in the subducted slab
was proposed, on the basis of the Sr-Nd-Hf isotopic compositions of
the Dexing porphyries with different characteristics from those of
MORB (Zhou et al., 2012). This model gives a plausible explanation
for the elemental and isotopic characteristics of Dexing adakitic
rocks. However, typical arc magmatism was not seen during the late
Mesozoic in SE China. Thus, using this model, it is difficult to explain
the Cu-Au mineralization of the Dexing porphyries copper deposits.
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In addition to partial melting of subducted oceanic crust, it also has
been proposed that the Dexing adakitic rocks were derived from partial
melting of delaminated lower crust, based on the intra-continental ex-
tensional tectonic setting, the high Th/Ce ratios indicating a lower conti-
nental crustal origin, and high Mg-number suggesting the involvement
of a mantle component (Wang et al.,, 2006b). This model suggests that
the mantle source of the chalcophile elements plays a crucial role during
the Cu mineralization (Wang et al., 2006b, 2007a). However, the abun-
dance of copper in the primitive mantle is not high (~20 ppm)
(Kelemen et al., 2003). Thus, it is difficult for the primitive mantle
to directly form large-scale copper deposits.

The most plausible mechanism for Cu-Au mineralization associated
with Yinshan and Dexing CAMR adakitic rocks is the partial melting of
Neoproterozoic Subduction-related Cu-Au rich juvenile lower continen-
tal crust. It is widely accepted that the development of the Jiangnan
Orogen occurred during Neoproterozoic (Li et al., 1997, 2009; Wang et
al,, 2008; Zhou et al., 2009). With the subduction in the eastern Jiangnan
Orogen, some typical subduction-related copper deposits were formed,
such as volcanogenic massive sulfide (VMS) type Pingshui copper deposit
in the Zhejiang Province and Tieshajie copper deposit in the Jiangxi Prov-
ince. These VMS-type copper deposit are lens-like to sheet-like volumes
of sulfide mineral-rich rock bodies associated with Neoproterozoic
(970-902 Ma) arc volcanic rocks (Li et al,, 2009; Zhang et al., 2009a). In
addition, the world class orogenic type Jinshan gold deposit in the Dexing
region was formed during the Jinning orogeny with the Neoproterozoic
Shuanggiaoshan Group as a source of the gold (Li et al, 2010). These
Cu-Au deposits indicate that Neoproterozoic oceanic crust subduction
lead to Cu-Au enrichment along the eastern Jiangnan Orogen. More im-
portantly, melts generated from subducted oceanic crust probably formed
Neoproterozoic Cu-Au rich juvenile lower crust in the Dexing region
along eastern Jiangnan Orogen. Therefore, Yinshan and Dexing CAMR
adakitic rocks were likely generated by the partial melting of Cu-Au rich
juvenile materials generated from Neoproterozoic oceanic slab.

Similar cases, in which CAMR magmas generated after subduction
completed, have been reported in other places. For example, mid-
Miocene porphyry Cu-Au deposits in Tibet postdate the Late Cretaceous
collision between India and Asia (Hou et al., 2005), and the late Miocene
Sari Gunay Au deposit in northwest Iran postdates Paleogene-early
Neogene Neo-Tethyan collision (Richards et al., 2006).

It is important to note that giant Cu-Au deposits were formed by
Cu-Au rich arc-like magmas extracted from ancient juvenile conti-
nental crust. This crust had been modified by prior subduction pro-
cesses, but with remelting caused by later post-subduction events.

7. Conclusions

(1) During Middle Jurassic (ca. 176-166 Ma), Yinshan adakitic igne-
ous rocks were probably generated by the partial melting of
thickened lower crust at sufficient depths (>40 km, 1.2 Gpa)
for garnet 4+ amphibole to be stable within the residual assem-
blage in an intra-continental extensional setting.
Adakitic igneous rocks in Yinshan have arc-like geochemical
characteristics, depleted Sr-Nd-Hf isotope, and Meso- or Neo-
proterozoic Hf and Nd model ages, indicating their magma
sources are melts of Neoproterozoic arc-related juvenile crust-
al materials resulting from Neoproterozoic slab subduction
along the eastern Jiangnan Orogen.
(3) Middle Jurassic Cu-Au mineralization of Yinshan deposits were
generated in non-arc settings by partial melting of Neoproterozoic
subduction-related Cu-Au rich juvenile continental crust.
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