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Abstract

Adakites are commonly associated with porphyry Cu–Au ore deposits worldwide. Two groups of early Cretaceous adak-
ites occur widely in central-eastern China but their association with mineralization contrasts sharply: adakites from the Lower
Yangtze River Belt (LYRB) host one of the largest porphyry Cu–Au deposit belts in China, whereas those from the South
Tan-Lu Fault (STLF), which is adjacent to the LYRB, are all ore-barren. These adakites, thus, provide a rare opportunity
to explore the main factor that controls the genetic links between adakites and Cu–Au mineralization. Here we report new
chronological, elemental and Sr–Nd–Pb isotopic data and present a comprehensive geochemical comparison for these two
groups of adakites. At a given SiO2, the STLF adakites show lower Al2O3 and higher K2O, K2O/Na2O, MgO, Cr, Ni and
Mg# than the LYRB adakites. These systematic differences may indicate a dry basaltic source for the STLF adakites and
a water-enriched basaltic source for the LYRB adakites. The STLF adakites have high Sr/Y and (La/Yb)N, which are pos-
itively correlated, and low Sr/La and Ce/Pb, while the LYRB adakites show lower (La/Yb)N but higher Sr/Y, Sr/La and Ce/
Pb than the STLF adakites. Furthermore, the LYRB adakites are characterized by highly radiogenic Pb isotopic compositions with
206Pb/204Pb(t) up to 18.8, which are clearly distinct from the STLF adakites with low radiogenic Pb (206Pb/204Pb(t) = 15.8–16.4).
Although the high Mg# of the two groups of adakites suggest reaction with mantle peridotites during magma ascent, the geo-
chemical comparisons indicate that the STLF adakites were derived from partial melting of the delaminated eclogitic lower
continental crust, while the LYRB adakites were derived from partial melting of the seawater-altered oceanic crust that was
being subducted towards the LYRB during the early Cretaceous. The petrogenetic contrasts between these two groups of
high-Mg adakites, therefore, indicate that the large-scale Cu–Au mineralization is associated with oceanic slab melting,
not delamination or recycling of the ancient lower continental crust, as previously proposed.
� 2010 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The Lower Yangtze River Belt (LYRB) in central-eastern
China, which hosts more than 200 copper (gold)-bearing
polymetallic ore deposits, makes up one of the most impor-
tant metallogenic belts in China (Pan and Dong, 1999;
Mao et al., 2006; Hou et al., 2007). Field investigations
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and chronological studies reveal that these deposits are
closely associated, both spatially and temporally, with early
Cretaceous intermediate to felsic calc-alkaline intrusions
(e.g., Chen et al., 1991, 1993; Sun et al., 2003; Wang et al.,
2006; Xie et al., 2007). Geochemical studies further show that
the host intrusions exhibit some distinctive compositional
characteristics resembling modern adakites in convergent
plate margins (Zhang et al., 2001; Xu et al., 2002; Wang
et al., 2003, 2004a, 2004b, 2006, 2007a; Xie et al., 2008; Li
et al., 2009; Xie et al., 2009), as originally defined by Defant
and Drummond (1990). These observations, thus, appear to
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confirm a causal relationship between adakite or adakite-like
magmatism and Cu–Au ore deposits, as suggested by a large
number of geochemical studies of ore-bearing intrusions in
porphyry districts of subduction zones around the world
(e.g., Thiéblemont et al., 1997; Sajona and Maury, 1998;
Oyarzun et al., 2001; Imai, 2002; Gonzalez-Partida et al.,
2003; Rae et al., 2004; Borisova et al., 2006; Chiaradia
et al., 2009).

Petrogenesis of the ore-bearing adakitic intrusions in the
LYRB, however, has been hotly debated in the past decade
(Zhang et al., 2001; Xu et al., 2002; Wang et al., 2003, 2004,
2004a, 2004b, 2006, 2007a; Hou et al., 2007; Xie et al.,
2008; Li et al., 2009; Ling et al., 2009; Sun et al., 2010). Given
similar bulk chemical composition but higher 87Sr/86Sr and
lower 143Nd/144Nd relative to adakites from subducted oce-
anic slabs, these rocks were proposed to have originated from
partial melting of the delaminated lower continental crust
(LCC) of the Yangtze Block, followed by interaction with
the mantle peridotites (Xu et al., 2002; Wang et al., 2003,
2004a, 2004b, 2006, 2007a). Consequently, delamination of
the LCC has been often considered an important mechanism
that could transfer Cu and Au from the mantle to the crust via
the delaminated LCC-derived adakitic magmas (Wang et al.,
2003, 2004a, 2004b, 2006, 2007a). Some authors, however,
proposed other mechanisms to form these adakites, such as
fractional crystallization of basaltic magmas possibly cou-
pled with crustal contamination (Wang et al., 2004; Xie
et al., 2008; Li et al., 2009), and partial melting of subducted
oceanic crust, based on tectonic considerations (Li and Li,
2007; Ling et al., 2009; Sun et al., 2010).

Several early Cretaceous dioritic intrusions developed
along the south Tan-Lu fault zone (STLF), adjacent to
the LYRB in central-eastern China, also show high-Mg
adakitic geochemical signatures. Derivation by partial melt-
ing of delaminated LCC of the Yangtze Block has been pro-
posed, but these intrusions show no relationship with ore
deposits (Huang et al., 2008; Zi et al., 2008; He et al.,
2009). The contrasting links to mineralization between
these two groups of high-Mg adakites call into question
the proposed genetic link between LCC-derived magmas
and Cu–Au mineralization. Because the ore-bearing and
ore-barren high-Mg adakites were intruded into the Yan-
gtze block along adjacent belts at about the same time, a
comprehensive geochemical comparison can elucidate dif-
ferences in their petrogenesis, and thus provide an explora-
tion guide for Cu–Au deposits, especially in the LYRB.

In this study, we report new chronological, elemental,
and Sr–Nd–Pb isotopic data for four ore-barren high-Mg
adakitic intrusions from the STLF and two representative
ore-bearing high-Mg adakitic intrusions from the LYRB.
A detailed geochemical comparison between them is then
undertaken, in order to better constrain their petrogenesis
and evaluate their implications for Cu–Au mineralization.

2. GEOLOGICAL BACKGROUND AND SAMPLE

DESCRIPTIONS

Eastern China comprises three main tectonic blocks:
North China, Yangtze and Cathaysia (inset of Fig. 1).
The Yangtze Block is separated from the North China
Block to the north by the Triassic Dabie-Sulu orogenic belt,
and from the Cathaysia block to the south by a Neoprote-
rozoic suture. The Dabie-Sulu orogen is the largest known
ultrahigh pressure metamorphic belt on the Earth. It was
formed by northward subduction of the Yangtze Block be-
neath the North China Block in the Triassic (e.g., Li et al.,
1993, 2000). The Sulu orogen is the eastern extension of the
Dabie orogen, displaced �500 km to the north by the left-
lateral movement of the Tan-Lu fault during the Late
Mesozoic time (inset of Fig. 1; Zhu et al., 2005). Thus,
the south Tan-Lu fault (STLF) constitutes a tectonic suture
between the Yangtze Block and the North China Block.

The LYRB is located in the northeast portion of the
Yangtze Block in central-eastern China, referring here to
the middle and lower reaches of the Yangtze River extend-
ing �400 km from the Hubei province in the southwest to
the Jiangsu province in the northeast (Fig. 1). This belt
makes up one of the most important metallogenic belts in
China and comprises seven major deposit districts from
southwest to northeast along the Yangtze River (Fig. 1).
The ore deposits throughout the LYRB mainly consist of
skarn, porphyry and strata-bound polymetallic (Cu, Au,
Fe, Mo, Zn, Pb, and Ag) deposits (Xing, 1999). Dating of
the ore-forming minerals indicates that they formed in the
early Cretaceous (143–134 Ma) and the skarn, porphyry
and strata-bound mineralization were contemporaneous
(Sun et al., 2003; Mao et al., 2006; Xie et al., 2007). The
host intrusions are mainly dioritic (adakite-like) rocks and
have emplacement ages identical to the formation ages of
associated deposits (�143–134 Ma; Chen et al., 1991; Sun
et al., 2003; Wang et al., 2003, 2004a, 2006, 2007a; Xie
et al., 2009; Li et al., 2009), indicative of spatial and tempo-
ral association between host rocks and ore deposits. In this
study, nine samples from two representative intrusions
(Tongguanshan and Yueshan; Fig. 1) were selected for geo-
chemical studies. Samples are mainly fresh quartz diorite,
with plagioclase (30–40%), quartz (20–25%), amphibole
(15–25%), K-feldspar (10–15%), biotite (5–10%), and minor
zircon and sphene.

The STLF refers here to the areas adjacent to the south
segment of the Tan-Lu fault zone in the eastern Yangtze
Block and in the eastern margin of the Dabie orogen, which
is adjacent to the LYRB on the north (Fig. 1). The early
Cretaceous dioritic to granodioritic intrusions located in
the eastern margin of the Dabie orogen, southern section
of the STLF, have been identified as high-Mg adakitic
rocks, e.g., Chituling, Guanghui, and Meichuan intrusions
(Huang et al., 2008; He et al., 2009; Liu et al. 2010)
(Fig. 1). In the northern section of the STLF, the early Cre-
taceous Guandian (Zi et al., 2008), Wawuliu, and Wawuxue
intrusions (Niu et al., 2002) were also categorized into high-
Mg adakitic rocks (Fig. 1). In this study, we selected 16
samples from four intrusions in the northern section of
the STLF in the eastern Yangtze Block, i.e., Fangjiangzhu-
ang, Damaocun, Xiaolizhuang and Qiaotouji (Fig. 1).
These localities occur as small intrusions having an expo-
sure area of about 8, 4, 2 and 10 km2, respectively. Samples
consist mainly of monzonite and quartz monzonite, with
plagioclase (25–40%), amphibole (20–30%), K-feldspar
(15–25%), quartz (10–20%), biotite (5–10%), and minor



Fig. 1. Simplified geologic map of the central-eastern China, showing the spatial distribution of early Cretaceous adakites from the Lower
Yangtze River Belt (LYRB) and areas along the south segment of the Tan-Lu fault zone (STLF). The seven major mineralization districts in
the LYRB are also shown: r, Edong; s, Jiurui; t, Anqing; u, Luzong; v, Tongling; w, Ningwu; x, Anjishan. JSF in the inset denotes the
Jiangshan-Shaoxing fault which represents the geological boundary between the Yangtze and Cathaysia blocks.
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zircon and sphene. These intrusions are not spatially asso-
ciated with mafic igneous rocks, and all are ore-barren.

3. ANALYTICAL METHODS

Zircon grains were separated from the four investigated
STLF intrusions using magnetic and heavy liquid separa-
tion methods and finally by hand-picking under a binocular
microscope. Approximately 100–200 grains for each sample
were mounted in an epoxy resin disc together with the
zircon standard TEMORA (Black et al., 2004). Prior to
U–Th–Pb isotope analysis, all grains were photographed
under transmitted- and reflected-light, and subsequently
examined using the cathodoluminescence (CL) image tech-
nique to reveal the internal structures of individual zircon
grains. Isotopic analysis was performed using a Cameca-
IMS 1280 in the SIMS center of the Institute of Geology
and Geophysics, Chinese Academy of Science, following
the procedure outlined in Li et al. (2010). The spot size of
an ion beam was �30 lm. Measured isotopic ratios were
corrected for common Pb using the measured non-radio-
genic 204Pb. U–Pb ages were calculated using the ISOPLOT
program of Ludwig (2001).

Major elements for the STLF samples were analyzed by
wet-chemistry methods at the Langfang laboratory of
Regional Geological Exploration Bureau of Hebei Province,
China. Losses of ignition (LOI) were determined by gravi-
metric methods. Analytical uncertainties for the majority of
major elements were better than 1%. Major elements for
the LYRB samples were analyzed in Göttingen using a
PANalytical AXIOS advanced sequential X-ray spectrome-
ter. The long-term analytical precision was better than
1–2%. For trace element determination, whole-rock powder
(�50 mg) was dissolved in a mixture of HF + HNO3 at
190 �C using Parr bombs for �72 h. Dissolved samples were
diluted to 50 ml using 1% HNO3 before analyses. Analyses
were accomplished using an inductively coupled plasma mass
spectrometer (ICP-MS) at the University of Science and
Technology of China. Detailed analytical procedures were
described in Hou and Wang (2007). Reproducibility was bet-
ter than 5% for elements with concentrations >10 ppm and
less than 10% for those <10 ppm.

The Rb–Sr and Sm–Nd concentrations and isotopic ratios
were determined by isotope dilution methods. Isotopic mea-
surement was performed on a Finnigan MAT-262 thermal
ionization mass spectrometer (TIMS) at the Institute of
Geology and Geophysics, Chinese Academy of Sciences.
The mass fractionation corrections for Sr and Nd isotopic ra-
tios were based on 86Sr/88Sr = 0.1194 and 146Nd/144Nd =
0.7219, respectively. Detailed analytical procedures were



Fig. 2. Zircon U–Pb concordia diagrams and CL images of representative zircon grains for (a) Fangjiangzhuang, (b) Damaochun,
(c) Xiaolizhuang, and (d) Qiaotouji intrusions. Data are from Supplementary Table A1. The uncertainties of ages are reported at 1r.
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described in Chen et al. (2002b). Analyses of standards dur-
ing the period of analysis were as follows: NBS987 of 87Sr/
86Sr = 0.710248 ± 12 (2r); and Jndi-1 of 143Nd/144Nd =
0.512112 ± 12 (2r). For Pb isotopic determination, fresh
plagioclase of the LYRB samples was analyzed for common
Pb and the STLF samples were analyzed in whole-rock pow-
der. Samples were dissolved in concentrated HF, and Pb was
purified by cation-exchange technique following the proce-
dure described by He et al. (2005). Isotopic ratios were mea-
sured with a multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS) at the Institute of Geology,
Chinese Academy of Geological Sciences. Thallium was
added as an internal standard to determine thermal
fractionation. Long-term analysis of the NBS981 standard
yielded 206Pb/204Pb = 16.940 ± 0.010 (±2r), 207Pb/204Pb =
15.498 ± 0.009, and 208Pb/204Pb = 36.716 ± 0.023, respec-
tively.

4. RESULTS

4.1. Zircon U–Pb dating

Zircons from the four investigated STLF intrusions are
generally prismatic, colorless, transparent, and euhedral.
Most zircon grains display oscillatory zoning as shown in
CL images with Th/U values of 0.6–1.4 (Supplementary
material Table A1; Fig. 2), typical of magmatic zircons.
Analyses of >15 spots yielded concordant U–Pb ages, with
weighted mean 206Pb/238U ages of 129.1 ± 1.1 Ma, 128.1 ±
1.2 Ma, and 125.1 ± 1.3 Ma for the Fangjiangzhuang,
Damaochun and Xiaolizhuang intrusions, respectively
(Fig. 2a–c). Analyses of 11 spots of zircons from the Qiao-
touji intrusion yielded large uncertainties on 207Pb/235U
ages (Fig. 2d), which is probably due to low accumulated
amounts of radiogenic 207Pb in these young (Phanerozoic;
see below), low-U zircons (23–65 ppm; Supplementary
Table A1). Nevertheless, all analyses gave homogeneous
206Pb/238U ages with a weighted mean of 131.7 ± 1.8 Ma
(Fig. 2d), which is considered as the crystallization time
of the Qiaotouji intrusion. Zircon dating results and CL
images did not reveal any inherited zircons in any of the
four intrusions.

In summary, zircon U–Pb dating results of the four
investigated STLF intrusions are comparable to those of
previously reported high-Mg adakitic intrusions from the
STLF (Huang et al., 2008; Zi et al., 2008; He et al.,
2009), which have zircon U–Pb ages of 132–125 Ma with
a peak at 132–130 Ma. There appears to be a geographic



Table 1
Major (wt.%) and trace element (ppm) concentrations of adakitic intrusions from the STLF and the LYRB reported in this study.

Location STLF LYRB

Sample DMC DMC DMC DMC XLZ XLZ XLZ XLZ FJZ FJZ FJZ FJZ QTJ QTJ QTJ QTJ YS YS YS YS YS YS TGS TGS TGS
No. �1 �2 �5 �7 �1 �2 �4 �6 �1 �2 �4 �6 �2 �3 �4 �5 �1 �2 �3 �4 �5 �7�2 �2 �3 �7
SiO2 58.9 62.0 62.5 62.6 65.9 66.0 66.1 66.1 60.4 61.7 60.5 60.3 56.2 63.4 62.5 62.2 59.8 57.4 59.3 57.5 59.0 57.8 62.8 63.78 61.6
TiO2 0.81 0.72 0.69 0.68 0.52 0.49 0.43 0.47 0.65 0.68 0.75 0.66 0.62 0.55 0.59 0.66 0.62 0.78 0.68 0.77 0.69 0.77 0.54 0.55 0.57
Al2O3 15.6 15.2 15.1 15.2 15.1 15.1 15.2 15.3 14.6 14.6 14.5 14.7 15.6 14.4 14.8 14.0 16.2 16.6 16.2 16.7 16.2 16.6 16.5 16.5 16.4
TFe2O3 6.61 5.66 5.42 5.28 3.58 3.46 3.30 3.39 5.94 5.59 5.91 6.04 5.91 4.64 5.14 5.53 4.98 6.13 5.24 6.05 5.33 5.91 2.36 4.4 4.55
MnO 0.11 0.09 0.09 0.09 0.06 0.06 0.05 0.05 0.10 0.09 0.09 0.10 0.10 0.08 0.08 0.09 0.09 0.10 0.09 0.10 0.09 0.10 0.07 0.07 0.06
MgO 3.45 3.02 2.74 3.07 1.97 2.30 2.21 2.33 4.57 3.85 4.17 4.83 6.05 3.86 3.93 4.28 3.0 3.21 2.87 3.39 2.47 3.43 1.43 1.47 1.63
CaO 4.79 4.03 3.93 3.57 3.90 3.65 3.43 3.26 5.21 4.69 5.13 4.89 4.29 3.77 4.27 4.27 5.09 5.77 4.88 5.71 4.69 5.65 7.67 4.65 4.64
Na2O 4.09 4.05 4.05 4.13 4.32 4.17 4.44 4.40 3.94 3.98 3.86 3.86 4.55 3.92 4.15 3.85 4.66 5.0 4.75 4.94 4.75 4.93 5.29 4.83 4.74
K2O 3.48 4.14 4.14 4.17 3.62 3.84 3.37 3.48 3.26 3.81 3.40 3.51 3.70 3.96 3.44 3.70 2.66 2.91 3.19 2.88 3.3 2.98 0.53 2.68 2.76
P2O5 0.41 0.34 0.32 0.33 0.20 0.19 0.18 0.37 0.35 0.36 0.39 0.35 0.35 0.25 0.28 0.29 0.34 0.47 0.38 0.44 0.38 0.46 0.25 0.26 0.27
H2O 0.42 0.33 0.39 0.46 0.18 0.27 0.24 0.16 0.59 0.52 0.34 0.5 1.62 0.44 0.43 0.45 nd nd nd nd nd nd nd nd nd
LOI 0.95 0.89 0.84 0.92 0.83 0.85 1.12 0.81 1.00 0.77 0.94 1.13 2.43 0.87 0.81 1.03 nd nd nd nd nd nd nd nd ndP

98.8 99.7 99.5 99.7 99.8 99.9 99.7 99.8 99.6 99.8 99.3 99.9 99.4 99.4 99.6 99.5 97.4 98.3 97.6 98.5 97.0 98.6 97.5 99.2 97.2
K2O/Na2O 0.85 1.02 1.02 1.01 0.84 0.92 0.76 0.79 0.83 0.96 0.88 0.91 0.81 1.01 0.83 0.96 0.57 0.58 0.67 0.58 0.69 0.60 0.10 0.55 0.58
Mg# 51 52 50 54 52 57 57 58 61 58 59 62 67 62 60 61 55 51 52 53 48 54 55 40 42
Ba 1284 1209 1148 1143 1211 1670 1201 1257 1758 1725 1906 1912 1983 1775 1563 1673 1127 1167 1110 1195 1196 1191 1322 1222 1089
Rb 111.0 134.0 137.0 139.0 80.0 92.3 81.7 83.4 71.4 77.9 73.0 74.6 88.3 77.6 69.8 74.9 60.0 48.0 61.0 49.0 63.0 51.0 50.1 61.0 73.0
Sr 949 794 769 775 743 782 820 807 911 780 921 939 1040 816 876 793 1487 1763 1498 1702 1445 1659 1138 1121 1101
Y 17.1 17.7 18.1 17.4 11.1 10.4 10.1 10.7 15.5 15.9 15.4 16.5 14.3 13.8 15.0 16.5 12.2 15.3 14.8 15.3 16.4 14.8 14.9 15.3 16.2
Sc 14.4 12.9 11.9 11 6.91 7.4 6.84 7.17 14.1 13.6 14.1 15.4 14.9 11 11.7 13.1 nd nd nd nd nd nd nd nd nd
Co 20.5 16.5 15.7 15.5 10.8 10.8 10.1 10.3 20.2 15.4 19.9 21.3 24.4 16.0 18.5 19.8 15.0 20.0 17.0 18.0 14.0 18.0 5.0 8.0 9.0
Cr 95.2 49.4 50.9 48.4 59.3 50.7 66.1 46.2 172 154 163 185 263 151 166 176 43 25 31 38 19 33 12 15 19
Ni 49.8 28.9 27.9 25.7 32.2 29.3 45.2 25.9 67.3 56.5 65.1 72.0 121 64.6 78 80.1 22 18 17 21 12 22 12 10 10
Zr 30.1 62.8 296.0 212.0 158.0 147.0 166.0 148.0 164.0 139.0 183.0 220.0 162 134 177 163 144 182 158 131 170 180 195 189 189
Nb 11.5 14.4 13.6 13.3 10.1 8.6 8.8 10.1 8.9 8.5 9.0 9.3 7.9 9.4 10.4 11.6 3.7 5.1 6.8 4.3 8.1 4.3 11.2 10.1 11.6
Th 11.4 13.4 13 12.6 6.08 6.1 7.06 7.66 7.29 7.73 7.94 8.57 4.85 3.1 8.3 8.3 8.9 8.0 10.0 7.1 11.3 8.2 7.7 0.9 6.0
Pb 24.5 24.7 26.1 24.2 16.6 18 19 18.4 21.7 21.7 22.5 24.8 20.8 24.7 14.9 16.6 15 14 17 15 15 18 4 7 10
V 128 109 120 107 67 73 68 69 130 107 134 141 128 99 106 122 112 146 132 153 124 155 59 64 65
Hf 1.1 1.7 6.4 4.6 3.5 3.3 3.7 3.4 3.7 3.2 4.2 5.0 3.7 3.2 4.1 3.9 3.5 4.7 4.5 3.2 4 4.2 5.1 4.9 4.8
Cs 5.6 5.7 6.3 6.0 1.2 1.3 1.4 1.4 3.1 3.0 2.8 2.7 1.4 1.53 0.8 0.82 nd nd nd nd nd nd nd nd Nd
Ta 0.61 0.77 0.74 0.68 0.76 0.63 0.64 0.79 0.54 0.52 0.57 0.56 0.36 0.54 0.64 0.75 nd nd nd nd nd nd nd nd Nd
U 3.3 3.2 2.9 2.7 1.5 1.6 1.9 2.1 1.9 2.0 1.9 1.8 1.7 1.7 5.6 2.4 2.4 2.1 2.6 1.9 3 2.2 2 0.3 1.5
La 45.1 53.3 49.9 51.9 33.3 31.3 30.2 34.7 37.2 37.0 36.5 38.4 42.1 26.4 37.9 34.2 33 45 42 39 51 44 30 36 34
Ce 86.7 101.0 94.3 95.6 57.4 53.8 52.7 59.4 68.5 64.8 66.9 70.7 79.4 53.6 70.1 67.7 67.0 93.0 85.0 84.0 98.0 85.0 63.0 68.0 70.0
Pr 9.7 11.1 10.4 10.4 6.0 5.6 5.5 6.1 7.6 7.6 7.5 7.9 9.0 6.4 7.8 7.9 nd nd nd nd nd nd nd nd Nd
Nd 38.1 42.1 39.2 38.9 21.5 20.3 19.8 21.5 29.4 29.3 28.8 30.9 34.9 25.2 29.5 31.0 30.8 41.9 38 40.5 42.8 39.8 28 30.1 34.2
Sm 6.8 7.1 6.6 6.5 3.4 3.2 3.1 3.4 4.9 4.9 4.9 5.2 5.8 4.4 4.9 5.4 6.1 8.6 7.8 8.2 8.5 8.3 6.0 6.4 7.4
Eu 1.9 1.7 1.5 1.5 0.95 0.97 0.95 0.96 1.4 1.3 1.4 1.5 1.6 1.2 1.4 1.4 nd nd nd nd nd nd nd nd nd
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age structure among these intrusions, i.e., intrusions further
apart from the Tan-Lu fault (e.g., Damaochun and
Xiaolizhuang) are younger than those located closer to
the Tan-Lu fault (Fig. 1). Notably, ore-barren intrusions
from the STLF are slightly younger than the ore-bearing
intrusions from the LYRB.

4.2. Major and trace element compositions

The intrusions from the STLF studied here are dioritic
with SiO2 contents ranging from 56.2 to 66.1 wt.% (Table 1).
They can be classified as monzonite and quartz monzonite
(Fig. 3) and belong to the sub-alkaline series based on the
classification of Irvine and Baragar (1971). They have
Al2O3 contents of 14.0–15.6 wt.% and K2O/Na2O ranging
from 0.81 to 1.02. These intrusions are characterized by
prominent enrichment in light rare earth elements (LREE)
relative to heavy REE (HREE) with (La/Yb)N ranging
from 16.6 to 26.7 (Fig. 4). They are enriched in large ion
lithophile elements (LILEs) and depleted in high field
strength elements (HFSEs), with pronounced negative
anomalies of Nb, Ta, and Ti and positive anomalies of
Pb (Fig. 4). The high Sr (743–1040 ppm), low Y (10.1–
18.1 ppm) and HREE contents (e.g., Yb = 0.90–1.48 ppm)
and resultant high Sr/Y (42.5–81.2) and (La/Yb)N jointly
indicate that the SLTF intrusions studied here can be clas-
sified as adakitic rocks (Fig. 5), as defined by Defant and
Drummond (1990). In addition, they have relatively high
Mg# (50–67), MgO (1.97–6.05 wt.%), Cr (46–263 ppm),
and Ni (26–121 ppm) contents (Table 1).

Samples from the LYRB studied here exhibit smaller
variations in major element composition than the STLF
samples (Table 1). They can be mainly grouped as diorite
and monzonite and belong to the alkaline or sub-alkaline
series (Fig. 3). They have relatively high Al2O3 contents
of 16.2–16.7 wt.% and low K2O/Na2O of 0.10–0.69. All
samples exhibit high Sr (1101–1763 ppm), low Y (12.2–
16.4 ppm) and Yb (0.7–1.8 ppm) contents and high Sr/Y
(73.3–121.9) and (La/Yb)N (12.8–23.2; one sample = 36.9;
Table 1), which fall in the adakite field (Fig. 5). These intru-
sions have moderately high Mg# (40–55) and MgO (1.43–
3.43 wt.%), Cr (12–43 ppm) and Ni (10–22 ppm) contents
(Table 1).

4.3. Sr–Nd–Pb isotopic compositions

The STLF intrusions studied here have initial Sr and Nd
isotope compositions with (87Sr/86Sr)i = 0.70569 to 0.70696
and eNd(t) = –17.4 to –11.4 (Table 2). Samples from the
Tongguanshan intrusion in the LYRB have (87Sr/86Sr)i

from 0.70720 to 0.70730 and eNd(t) from –10.8 to –11.4;
samples from the Yueshan intrusion show slightly lower
(87Sr/86Sr)i (0.70648–0.70670) and higher eNd(t) (–7.1 to –
8.1), comparable to previously reported data for the Yue-
shan intrusion ((87Sr/86Sr)i = 0.7064–0.7066; eNd(t) = –6.6
to –8.7; Wang et al., 2004a).

In this study we report new Pb isotopic data for intrusions
from both the STLF and LYRB (Table 3). Samples from the
STLF are characterized by low radiogenic Pb isotopes with
206Pb/204Pb(t) = 16.26–16.38, 207Pb/204Pb(t) = 15.34–15.40,



Fig. 3. Total alkalis (Na2O + K2O) versus SiO2 diagram for
investigated intrusions from the LYRB and STLF. The dashed
line represents the division between alkaline and sub-alkaline
(Irvine and Baragar, 1971). GD: granitic diorite; MD: monzonitic
diorite; M: monzonite; QM: quartz monzonite. Data are from this
study (Table 1) and the literature (Supplementary Tables A2 and
A3; Niu et al., 2002; Xu et al., 2002; Wang et al., 2001, 2002, 2003,
2004a, 2004b, 2006, 2007a; Huang et al., 2008; Zi et al., 2008; He
et al., 2009; Li et al., 2009).

Fig. 5. Sr/Y versus Y classification diagram for investigated
intrusions from the LYRB and STLF (after Defant and Drum-
mond, 1990). Data sources are the same as in Fig. 3.
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and 208Pb/204Pb(t) = 36.56–36.90, which are similar to
previously reported data of the Chituling high-Mg adakitic
intrusions from the STLF (206Pb/204Pb(t) = 15.81–16.29,
207Pb/204Pb(t) = 15.17–15.30 and 208Pb/204Pb(t) = 36.62–
37.35; Huang et al., 2008). Plagioclases from the Yueshan
and Tongguanshan samples in the LYRB display higher
radiogenic Pb with 206Pb/204Pb = 17.74–17.90, 207Pb/204

Pb = 15.48–15.55, and 208Pb/204Pb = 37.94–38.06.
Fig. 4. Chondrite normalized rare earth element patterns (a and b) and
investigated intrusions from the LYRB and STLF. The normalizing value
Gao (2003) and N-MORB is from Sun and McDonough (1989). Data so
5. DISCUSSION

The chemical and isotopic data for the STLF and LYRB
intrusions reported in this study and in the literature are
compiled here for discussion. Generally, these two groups
of intrusions have a similar SiO2 concentration range
(Fig. 3) with adakitic signature that extends throughout
the entire compositional range (Fig. 5). However, a detailed
geochemical comparison between them reveals remarkable
differences (Table 4), suggesting that they have distinct pet-
rogenesis, although they were almost contemporaneously
intruded into the Yangtze Block. The geochemical differ-
ences and the relevant interpretations for these differences,
primitive mantle normalized trace element patterns (c and d) for
s are from Sun and McDonough (1989). LCC is from Rudnick and
urces for the LYRB and STLF samples are the same as in Fig. 3.



Table 2
Whole-rock Sr and Nd isotopic data of adakitic intrusions from the STLF and the LYRB reported in this study.

Sample No. Rb ppm Sr ppm 87Rb/86Sr 87Sr/86Sr 2r (87Sr/86Sr)i Sm ppm Nd ppm 147Sm/144Nd 143Nd/144Nd 2r eNd(t)

STLF

DMC-1 103.7 942.9 0.3183 0.70730 12 0.70671 6.394 35.79 0.1080 0.51184 11 �14.2
DMC-2 126.1 800.2 0.4561 0.70770 11 0.70671 6.430 37.90 0.1026 0.51180 10 �14.8
DMC-5 122.9 768.1 0.4631 0.70772 10 0.70686 6.345 36.74 0.1044 0.51182 11 �14.5
DMC-7 125.7 757.3 0.4803 0.70784 11 0.70696 6.337 37.50 0.1022 0.51182 13 �14.3
XLZ-1 77.85 784.8 0.2871 0.70665 13 0.70612 3.472 20.88 0.1005 0.51194 13 �12.1
XLZ-2 83.86 776.0 0.3128 0.70665 13 0.70607 3.188 19.37 0.0995 0.51195 13 �11.8
XLZ-4 75.00 828.7 0.2619 0.70655 9 0.70607 2.954 18.55 0.0963 0.51197 14 �11.4
XLZ-6 75.30 808.8 0.2694 0.70654 10 0.70604 3.147 20.29 0.0938 0.51190 14 �12.7
FJZ-1 66.69 957.0 0.2017 0.70629 10 0.70592 4.881 28.79 0.1025 0.51179 15 �15.0
FJZ-2 73.97 847.7 0.2525 0.70615 11 0.70569 4.636 27.86 0.1006 0.51176 11 �15.6
FJZ-4 65.87 953.0 0.2000 0.70627 11 0.70590 4.433 26.46 0.1013 0.51176 11 �15.7
FJZ-6 66.34 958.2 0.2004 0.70628 10 0.70591 4.627 27.21 0.1028 0.51175 13 �15.8
QTJ-2 82.69 1097 0.2182 0.70716 11 0.70675 6.581 39.78 0.1000 0.51175 12 �15.8
QTJ-3 72.60 863.9 0.2431 0.70658 10 0.70675 4.195 24.09 0.1053 0.51171 13 �16.7
QTJ-4 62.68 861.8 0.2105 0.70666 14 0.70627 4.453 26.48 0.1017 0.51167 13 �17.4
QTJ-5 67.42 806.9 0.2418 0.70668 12 0.70623 5.200 30.20 0.1041 0.51169 15 �17.0

LYRB

YS-1 67.56 1346 0.1452 0.70669 11 0.70641 4.220 25.55 0.0999 0.51214 10 �8.1
YS-3 53.52 1414 0.1095 0.70670 13 0.70653 13.26 82.70 0.0970 0.51218 10 �7.2
TGS-2 50.17 1041 0.0326 0.70728 12 0.70720 9.729 52.95 0.1111 0.51201 11 �10.8
TGS-3 64.19 929.6 0.1998 0.70769 10 0.70734 8.738 47.69 0.1108 0.51198 10 �11.3
TGS-7 74.36 944.6 0.2277 0.70769 11 0.70723 10.17 53.34 0.1154 0.51198 12 �11.4

Initial Sr and Nd isotopic ratios for STLF samples are calculated based on the zircon U–Pb ages obtained in this study, and for LYRB
samples are calculated based on t = 136 Ma (Wang et al., 2004a).

Table 3
Pb isotopic data of adakites from the STLF and the LYRB reported in this study.

Sample No. 206Pb/204Pb 2r 207Pb/204Pb 2r 208Pb/204Pb 2r 206Pb/204Pb(t) 207Pb/204Pb(t) 208Pb/204Pb(t)

STLF

DMC-7 16.485 2 15.364 2 36.941 3 16.348 15.358 36.734
XLZ-6 16.389 3 15.404 3 36.725 6 16.258 15.398 36.564
FJZ-2 16.494 3 15.352 3 37.043 6 16.384 15.346 36.900
FJZ-6 16.454 1 15.348 1 37.008 2 16.366 15.343 36.869

LYRB

YS-1 17.850 3 15.532 2 38.051 6 17.850 15.532 38.051
YS-5 17.898 1 15.503 1 38.034 3 17.898 15.503 38.034
TGS-2 17.828 4 15.545 4 38.058 8 17.828 15.545 38.058
TGS-7 17.742 4 15.479 3 37.940 7 17.742 15.479 37.940

Initial Pb isotopic ratios of the STLF samples are calculated using the U, Th, and Pb contents determined by ICP-MS in this study and the
zircon U–Pb ages obtained in this study (Table A1). The LYRB samples were determined for plagioclase common Pb.
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petrogenesis of these two groups of adakites, and their
implications for Cu–Au mineralization, are discussed
below.

5.1. Geochemical differences and petrogenesis

5.1.1. K2O contents and K2O/Na2O ratios

The major geochemical differences between the LYRB
and STLF high-Mg adakites are summarized in Table 4.
The LYRB adakites are sodic with Na2O = 3.2 to
7.2 wt.% and K2O = 0.5 to 4.1 wt.%. Their K2O/Na2O ra-
tios vary from 0.10 to 0.89 with an average of 0.6. The
broad K2O/Na2O range, coupled with high Al2O3 contents
(average 16.1 wt.%), generally agree with oceanic slab-de-
rived adakites (Fig. 6). These characteristics are also similar
to those of experimental partial melts generated by melting
of low-K MORB at pressures of 1–2 GPa and temperatures
of 61100 �C (Rapp et al., 1991; Winther and Newton, 1991;
Sen and Dunn, 1994; Wolf and Wyllie, 1994; Rapp and
Watson, 1995; Prouteau et al., 2001). In contrast, the STLF
adakites are mostly potassic with distinctly higher K2O con-
tents (3.3–5.4 wt.%) and K2O/Na2O (0.65–1.96; average
1.0) (Fig. 6). These features are similar to those of low-
Mg adakitic rocks from the Dabie orogen (Fig. 6), which



Table 4
Summary of geochemical differences between the STLF and LYRB
high-Mg adakites.

STLF LYRB

Mineralization ore-barren ore-bearing
Age (Ma) 132–125 �143–134
SiO2 (wt.%) 56.2–69.5 56.3–69.9
Al2O3 (wt.%) avg. 14.9 avg. 16.1
K2O/Na2O 0.65–2.0 (avg. 1.0) 0.1–0.89 (avg. 0.6)
MgO (wt.%) 1.42–6.05 0.56–3.99
Mg# avg. 56 avg. 45
Cr (ppm) 36.1–263 6.4–113
Ni (ppm) 15.5–121 3.7–64.6
Sr (ppm) 529–1040 490–2303
Y (ppm) 8–21 7–24
Sr/Y avg. 60 avg. 85
(La/Yb)N avg. 28.2 avg. 21.5
Ce/Pb avg. 3.8 avg. 6.8
Sr/La avg. 19 avg. 32
(87Sr/86Sr)i 0.7057–0.7077 0.7051–0.7099
eNd(t) �26.5 to �11.4 �12.1 to �3.4
206Pb/204Pb(t) 15.8–16.4 16.7–18.8

Age data are from this study (Table A1) and literature (Chen et al.,
1991; Wang et al., 2006, 2007a; Huang et al., 2008; Zi et al., 2008;
He et al., 2009; Li et al., 2009; Xie et al., 2009). Elemental and
isotopic data are from this study (Tables 1–3) and literature (Tables
A2–A5).
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were derived from partial melting of eclogitic LCC rocks of
the over-thickened mountain root (Wang et al., 2007b; He
et al., 2010).

The differences in K2O contents and K2O/Na2O between
the LYRB and STLF adakites can be explained by the pres-
ence or absence of amphibole in sources. Because amphi-
bole is the main K-bearing mineral, having much higher
K2O than garnet and clinopyroxene in residual phases dur-
ing high-pressure melting of metabasaltic rocks (e.g., Sen
Fig. 6. K2O/Na2O versus Al2O3 diagram comparing the LYRB
adakites, the STLF adakites, thickened lower crust-derived low-Mg
adakitic rocks from the Dabie orogen (Wang et al., 2007b; He
et al., 2010), and oceanic slab-derived adakites (after Kamei et al.,
2009). Data sources for STLF and LYRB samples are the same as
in Fig. 3.
and Dunn, 1994; Rapp and Watson, 1995), the presence
of amphibole in the residue can buffer the K concentration
in the melt and thus, produce low-K silicic melts. For in-
stance, oceanic adakites with Na-enrichment and K-deple-
tion (low K2O/Na2O) are interpreted to be products of
partial melting of the MORB compositions (e.g., amphibo-
lites) with garnet + clinopyroxene + amphibole in the resid-
ual (Defant and Drummond, 1990; Rapp et al., 1991; Sen
and Dunn, 1994; Rapp and Watson, 1995; Martin et al.,
2005). In addition, some Na-rich adakitic rocks were also
suggested to result from partial melting of newly underplat-
ed basaltic material with residues of garnet, clinopyroxene,
and amphibole (Petford and Atherton, 1996). In contrast,
given an eclogite residual assemblage without amphibole,
partial melting of dry mafic LCC rocks (e.g., eclogites)
would be expected to generate high K melts (Huang and
He, 2010). Accordingly, the differences in K2O and K2O/
Na2O between the LYRB and STLF adakites may reflect
the key role of water during melting, as only water-bearing
melting has amphibole as a residual phase. The STLF adak-
ites could originate from a dry eclogitic LCC, whereas the
LYRB adakites likely originated from partial melting of hy-
drous oceanic crust with residual amphibole during
melting.

5.1.2. MgO, Cr, Ni, and Mg#

Both the LYRB and STLF adakites show relatively
higher Mg# and MgO contents than the pristine experi-
mental melts (Rapp et al., 1999) (Figs. 7 and 8). For
example, almost all the LYRB adakites plot in the field of
slab-derived adakites that are inferred to have interacted
with the mantle wedge during ascent (e.g., Defant and
Kepezhinskas, 2001) (Fig. 8). However, at a given SiO2

the STLF adakites display higher Mg#, MgO, Cr, and Ni
contents than the LYRB adakites and oceanic slab-derived
adakites (Figs. 7 and 8). In particular, their Mg# (up to 67),
Cr (up to 263 ppm) and Ni (up to 121 ppm) are equal to or
even higher than those of late Mesozoic basaltic igneous
rocks in the adjacent LYRB area (e.g., Mg# <58; Yan
et al., 2008), and mafic dikes (e.g., Mg# <50) found in
the adjacent Dabie orogen (Chen et al., 2002a; Wang
et al, 2005; Huang et al., 2007; He et al., 2010). These obser-
vations, in conjunction with the absence of spatial-temporal
association with mafic rocks, suggest that the high-Mg fea-
tures of the STLF adakites were not derived from mixing
with mafic magmas, but could be indicative of substantial
interaction with the mantle.

There are broadly negative correlations between MgO
and SiO2 for both STLF and LYRB adakites (Fig. 8),
which are nearly parallel to each other, although the former
have systemically higher MgO contents than the latter at a
certain SiO2. This difference may reflect their difference in:
(1) Mg# and MgO of initial magmas, (2) degrees of interac-
tion with the mantle, (3) degrees of magma differentiation,
and/or (4) extents of crustal contamination. Because these
two groups of adakites were intruded into the Yangtze
Block, more crustal contamination would produce higher
contents of incompatible elements (e.g., potassium)
(DePaolo, 1981), which is contradictory to what is observed
(Fig. 6). Thus, the lower K contents of the LYRB adakites



a

b

Fig. 8. (a) MgO versus SiO2 diagram; (b) Cr versus Ni diagram.
Both the STLF and LYRB adakites have MgO contents higher
than those of the experimental melts, but the former display
systemically higher Mg#, MgO, Cr and Ni contents at given
SiO2 than the latter and slab-derived adakites. Data sources for
the STLF and LYRB adakites are the same as in Fig. 3. The
field for adakites derived from slab melting is from Defant and
Kepezhinskas (2001), for experimental melts is from Rapp et al.
(1999), and for arc xenolith glass inclusion is from Schiano et al.
(1995).

Fig. 7. Mg# versus SiO2 diagram for adakites from the LYRB and
STLF. The field for experimental melts at 1–4 GPa and Mantle
AFC curves are after Rapp et al. (1999). The proportion of
assimilated peridotite is also shown. Data sources are the same as
in Fig. 3.
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than the STLF adakites indicate that their lower Mg# and
MgO were not derived from crustal contamination (Model
(4)). Model (3) can also be excluded, because different de-
grees of magmatic differentiation of a similar initial magma
cannot dramatically change MgO, Mg#, Cr, and Ni but
leave SiO2 unchanged (e.g., Ickert et al., 2009). Conse-
quently, two remaining possibilities are that their initial
magmas either have had different Mg# and MgO (Cr and
Ni), or they experienced different degrees of interaction
with the mantle during ascent.

Although experimental studies have shown that fluid-
absent melting of basaltic rocks would generate melts with
slightly higher MgO and Mg# than those of water-satu-
rated melting (e.g., hydrous MORB) (Sen and Dunn,
1994; Rapp and Watson, 1995; Prouteau et al., 2001;
Pertermann and Hirschmann, 2003; Xiong et al., 2006),
the fact that the STLF adakites have MgO contents about
twice as high as the LYRB adakites at a given SiO2 (Fig. 8)
appears not to be simply a result of source effect. Instead,
different extents of interaction with the mantle, a process
by which silicic melts can dramatically elevate their MgO
and Mg# (e.g., Rapp et al., 1999; Prouteau et al., 2001),
might play a crucial role in causing this difference.
Although fully addressing this problem is beyond the scope
of this study, here we propose a hypothesis. Since partial
melts from hydrous MORB melting may have higher water
contents than those from dry eclogite melting, the former
(wet silicate melts) should have lower viscosity than the lat-
ter (dry silicate melts) (e.g., Lange, 1994). If true, the dry
melts would be expected to migrate through the surround-
ing mantle more slowly than the wet melts, and thus pre-
sumably have a longer time and greater extent to interact
with the mantle, resulting in their higher MgO (Cr and
Ni) contents (Rapp et al., 1999). It is also possible that
the wetter magmas were colder at their liquidus, and there-
fore less able to react with or assimilate peridotite. How-
ever, since the colder (wetter) magmas should quickly
reach thermo-equilibrium with the surrounding mantle,
the melt–rock interaction temperature would mainly de-
pend on the temperature of lithospheric mantle. Therefore,
we suggest that the fluxing ability of the two different mag-
mas with respect to peridotite wall-rocks is more important.
In any case, the observed differences of Mg#, MgO, Cr, and
Ni between these two groups of adakites consistently reflect
their difference in water amounts available in magma
sources (i.e., the hydrous MORB for LYRB adakites and
the dry eclogitic LCC for STLF adakites). This is also in
good agreement with the conclusion based on their K2O
and K2O/Na2O differences as discussed above.

5.1.3. Trace elements

The LYRB and STLF adakites share similar patterns of
trace elements and rare earth elements, with enrichment in
LREE relative to HREE, enrichment in LILE, depletion in
HFSE (Nb, Ti, and Ta), and lacking or positive Eu anom-
alies (Fig. 4). These features are typical of adakitic rocks
regardless of diverse origins. However, there are still
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prominent differences in several key trace elements between
them (Table 4).

High Sr/Y and (La/Yb)N values are two most important
parameters to identify adakites (Defant and Drummond,
1990; Martin et al., 2005; Moyen, 2009). The LYRB adak-
ites are characterized by relatively low (La/Yb)N (average
21.5) but variable and high Sr/Y (29–201; average 85),
which are comparable to oceanic adakites from subduction
zones (Fig. 9). On the contrary, the STLF adakites exhibit
higher (La/Yb)N (average 28.2 but up to 53) but lower Sr/Y
(average 60) than the LYRB adakites and oceanic adakites
(Fig. 9). Furthermore, they follow the trend defined by the
thickened LCC-derived low-Mg adakitic rocks in the Dabie
orogen (Wang et al., 2007b; He et al., 2010). This means
that the ratio of Sr/Y to (La/Yb)N (i.e. the slope in
Fig. 9) of the LYRB adakites and slab-derived adakites is
approximately twice of that of the STLF and Dabie adak-
itic rocks. We note that these two different trends are
mainly attributed to significantly higher Sr contents of the
LYRB adakites than the STLF adakites (average 1112 ver-
sus 784 ppm; Table 4).

The positive correlation between Sr/Y and (La/Yb)N of
the Dabie low-Mg adakitic rocks could be due to different
degrees of partial melting of thickened LCC at high pres-
sures, with absence of plagioclase in the residues (He
et al., 2010). Theoretically, if Sr/Y and (La/Yb)N of an
adakite magma are produced by various levels of partial
melting of an eclogite or garnet amphibolite, they should
define a positive correlation because under such conditions
both Sr and La are incompatible whereas both Y and Yb
are compatible in the garnet-bearing and plagioclase-free
residues (e.g., Defant and Drummond, 1990; Rapp and
Fig. 9. Sr/Y versus (La/Yb)N diagram for adakites from the LYRB and
et al., 1984; Defant and Drummond, 1990; Defant et al., 1991; Morris, 199
2001) and thickened lower crust-derived low-Mg adakitic rocks in the Da
comparison. The positive correlation between Sr/Y and (La/Yb)N in the D
eclogitic lower crust at various degrees (He et al., 2010).
Watson, 1995; Moyen, 2009). The consistent trend of the
STLF adakites with the Dabie low-Mg adakitic rocks in
the plot of Sr/Y versus (La/Yb)N, thus, suggests that they
both were derived from partial melting of the LCC of the
Yangtze Block.

Despite some overlaps, many of the LYRB adakites dis-
play much higher Sr/Y than the STLF adakites at a given
(La/Yb)N (Figs. 5 and 9), suggesting a decoupling of Sr/Y
and (La/Yb)N in the LYRB adakites. Such a decoupling
was unlikely to have been caused by plagioclase and garnet
fractionation, because plagioclase fractionation would low-
er Sr/Y of the melts while garnet fractionation would in-
crease not only Sr/Y but also (La/Yb)N. Instead, this
decoupling is most likely due to their parental magmas or
magma sources having high Sr/Y but low (La/Yb)N. Given
that sediments on the ocean floor may have compositions
equivalent to the upper continental crust (Plank and Lang-
muir, 1998), sediment involvement during oceanic crust
melting would increase both these ratios and thus might
not cause the decoupling. Consequently, the high Sr/Y
but low (La/Yb)N suggests that the LYRB adakites origi-
nated from the subducted oceanic crust (MORB) experi-
enced by low-temperature seawater alteration, which is a
common process potentially elevating Sr of the altered
MORB with little change in REE (e.g., Alt et al., 1986;
Nakamura et al., 2007). For example, Kogiso et al. (1997)
pointed out that N-MORB has �90 ppm Sr while altered-
MORB has significantly higher Sr contents of �180 ppm.
It should be noted, however, that the average LCC (Sr/Y
�22, La/Yb �6; Rudnick and Gao, 2003) is remarkably
more enriched in trace element compositions than the
N-MORB (Sr/Y �3, La/Yb �0.8; Sun and McDonough,
STLF. Adakites related to slab melting in subduction zones (Puig
5; Stern and Kilian, 1996; Aguillón-Robles et al., 2001; Beate et al.,
bie orogen (Wang et al., 2007b; He et al., 2010) are also shown for
abie adakitic rocks was interpreted to reflect partial melting of the
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1989). Therefore, the low (La/Yb)N but variable high Sr/Y
of the LYRB adakites and slab-derived adakites, relative to
adakites from the STLF and the Dabie orogen (Fig. 9), can
be mainly due to (1) much lower Sr/Y and La/Yb of the
N-MORB than the LCC, and (2) Sr elevation of the
subducted oceanic slabs by interaction with seawater at
low-temperatures. Sen and Dunn (1994) found that Sr/Y
of natural adakites are about twice of those of adakitic
melts in melting models with an N-MORB starting compo-
sition, and suggested that oceanic adakites are derived from
melting of a source with higher Sr/Y than N-MORB. Our
explanation of the Sr/Y and La/Yb decoupling in the
LYRB adakites and some oceanic adakites as a result of
oceanic crust alteration is also consistent with the observa-
tion in Cenozoic adakites from Vizcaino Penisula in Mex-
ico, which have relatively low (La/Yb)N (10.4–23.0) but
variable high Sr/Y ratios (62–164). These rocks were pro-
posed to result from partial melting of low-temperature sea-
water-altered oceanic crust, based upon their high
radiogenic Pb and Sr isotope compositions (Aguillón-Ro-
bles et al., 2001).

Furthermore, we use a Ce/Pb–Sr/La diagram (Fig. 10)
to distinguish rocks derived from subducted oceanic crust
and those derived from LCC. This is based on the observa-
tions that continental crust has lower Ce/Pb (�4–5; Taylor
and McLennan, 1985; Rudnick and Gao, 2003) than oce-
anic crust (�24; Sun and McDonough, 1989), and altered
oceanic crust has much higher Sr/La than LCC, due to
LREE depletion of N-MORB and Sr enrichment by seawa-
ter alteration. The average Sr/La of the LYRB adakites is
higher than that of the STLF adakites (32 versus 19). As
illustrated in Fig. 10, the LYRB adakites exhibit a wide
range of Ce/Pb ratios with an average of 6.8 also clearly
higher than that of the STLF adakites (3.8). The latter is al-
most the same as that of the thickened LCC-derived adak-
itic rocks in the Dabie orogen (3.8; Wang et al., 2007b; He
et al., 2010), consistent with a similar source in the LCC of
the Yangtze Block. This value is also generally consistent
with that of the average LCC. However, because crustal
Fig. 10. Sr/La versus Ce/Pb diagram for the LYRB and STLF
adakites. The LYRB adakites have Sr/La and Ce/Pb ratios higher
than the STLF adakites, reflecting their different sources from
altered oceanic crust and ancient lower continental crust, respec-
tively. Data sources are same as in Fig. 3.
contamination (if any) may lower Ce/Pb ratios of the mag-
mas, the variable and high Ce/Pb of the LYRB adakites do
not support a LCC origin. Instead, this signature suggests
an origin from subducted oceanic crust with addition of
sediments during melting. This conclusion is also supported
by low Nb/U (average 5.3) and high Ba/Th ratios (average
136) of the LYRB adakites, which probably indicate contri-
bution from sediments (e.g., Plank and Langmuir, 1998).

5.1.4. Sr, Nd, and Pb isotopic compositions

Initial Sr–Nd isotopic compositions of the LYRB adak-
ites differ from those of the STLF adakites and the Yangtze
LCC-derived low-Mg adakitic rocks (Wang et al., 2004a,
2007b; Guo et al., 2006; He et al., 2010) (Fig. 11). Given
that the melt/mantle interaction that mainly consumes oli-
vines in the mantle (Rapp et al., 1999) may not significantly
change Sr–Nd isotopic ratios of resulting magmas (e.g.,
Huang et al., 2008; Yang and Li, 2008), different Sr–Nd iso-
topic compositions of these two groups of adakites must re-
flect their different source features. Typically trending
towards the EM-1 end member, and similar to the Yangtze
LCC-derived adakitic rocks (Fig. 11), the STLF adakites
could be derived from partial melting of the Yangtze
LCC. In contrast, isotopic signatures of the LYRB adakites
are typically displaced toward the EM-2 end member,
reflecting the important role of sediments in magma source.
The LYRB adakites have heavy oxygen isotopic composi-
tions (d18O = +8.7 to +10.9; Chen et al., 1993), which fur-
ther supports sediment involvement in the magma source.
In addition, these isotopic signatures are similar to those
of the early Cretaceous mafic rocks formed by melting of
the lithospheric mantle beneath the LYRB, which was pre-
viously metasomatized by subducted slab-derived melts/flu-
ids (Fig. 11). Therefore, the isotopic signature of the LYRB
adakites may mainly reflect that of subducted slab.

Lead isotopic data provide additional insights into the
different sources of these two groups of adakites. The low
radiogenic Pb of the STLF adakites (Fig. 12) are the typical
features of the ancient LCC, consistent with their deriva-
tion from partial melting of the Yangtze LCC. In contrast,
the LYRB adakites show much higher radiogenic Pb
(Fig. 12). These Pb isotopic signatures mostly overlap with
MORB (Hofmann, 2003), consistently showing that the
LYRB adakites originated from oceanic crust rather than
ancient LCC. Some samples have Pb isotopic compositions
similar to marine sediments (Fig. 12), suggesting a mixture
of sediments and basaltic oceanic crust, consistent with the
conclusions based on Sr and Nd as well as O isotopes.

In conclusion, the differences in elemental and isotopic
compositions between the STLF and LYRB adakites sug-
gest distinct petrogenesis. The STLF adakites were likely
derived from partial melting of the delaminated dry mafic
LCC of the Yangtze Block, followed by interaction with
the mantle peridotites during ascent (Huang et al., 2008;
Zi et al., 2008; He et al., 2009; this study). The distinct geo-
chemical characteristics of the LYRB adakites are best
interpreted to be produced by partial melting of the sub-
ducted oceanic slab plus sediments, and subsequent interac-
tion with the mantle during ascent. Our study does not
support the interpretation that the LYRB adakites were



Fig. 11. Initial Sr–Nd isotopic compositions of adakites from the LYRB and STLF. Cenozoic slab-derived adakites (Defant and
Kepezhinskas, 2001), thickened Yangtze lower crust-derived low-Mg adakitic rocks, e.g., in the Dabie orogen (Wang et al., 2007b; He et al.,
2010), in the Sulu belt (Chuzhou; Guo et al., 2006) and in the LYRB (Hongzhen; Wang et al., 2004a), and early Cretaceous mafic igneous
rocks in the LYRB (Yan et al., 2008) are shown for comparison. Data sources: LYRB and STLF adakites, this study (Table 2) and the
literature (Supplementary Table A4); MORB and marine sediments, Hofmann (2003); Yangtze lower crust, Jahn et al. (1999).
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from the delaminated Yangtze LCC as previously proposed
(e.g., Xu et al., 2002; Wang et al., 2003, 2004a, 2004b, 2006,
2007a).

5.2. The relationship between early Cretaceous adakites and

basaltic igneous rocks in the LYRB

Several studies proposed that some of the LYRB adak-
ites might be formed by fractional crystallization of basaltic
magmas, with or without crustal contamination (Wang
et al., 2004; Xie et al., 2008; Li et al., 2009). The major evi-
dence supporting the fractional crystallization model is the
similarity of Sr–Nd–Pb isotopic compositions between
adakites and basaltic igneous rocks in the LYRB (Figs. 11
and 12). However, the lack of temporal association between
the early Cretaceous adakites and basaltic igneous rocks in
the LYRB does not support a direct petrogenetic connec-
tion between them. The intermediate-felsic adakitic intru-
sions in the LYRB were formed generally before 134 Ma
and are rarely associated with basaltic igneous rocks (Chen
et al., 1993; Wang et al., 2004a; Yan et al., 2008, 2009). Re-
cent high-precision U–Pb zircon dating further confirms
that basaltic igneous rocks consisting of gabbros and alkali
volcanic rocks throughout the LYRB were formed at
131–125 Ma with a peak of �130 Ma (Zhang et al., 2003;
Xie et al., 2006; Yan et al., 2009), which are clearly younger
than the adakites in the LYRB (�143–134 Ma).

Early studies have suggested that the early Cretaceous
mantle domain beneath the LYRB, as sampled by high-K
basaltic igneous rocks, shows a clear EM2-like Sr–Nd–Pb
isotope signature (e.g., Yan et al., 2008, 2009; Wang
et al., 2006). This implies previous metasomatism of the
mantle by slab melts/fluids. Nevertheless, the timing and
process of this metasomatism event has not been explicitly
constrained. The similarity in Sr–Nd–Pb isotopes between
adakites and basaltic igneous rocks in the LYRB may
provide important insights into these issues. Our results
suggest that metasomatism of the underlying mantle be-
neath the LYRB could be related to melts/fluids derived
from the subducted oceanic slab at the early Cretaceous.
The metasomatized mantle was subsequently melted with
generation of the younger basaltic lavas or their intrusive
equivalents. This accounts well for the similar Sr–Nd–Pb
isotopic signatures of basaltic igneous rocks with the
recycled crustal rocks (e.g., in the Mediterranean area,
Lustrino, 2005; in the North China Craton, Huang et al.,
2007).

5.3. Tectonic implications from the two groups of high-Mg

adakites in eastern China

Although density of eclogitic LCC could be greater than
the underlying asthenospheric mantle, it is unlikely that the
density contrast is large enough for foundering of the whole
rigid lithosphere (Huang et al., 2008). The characteristic
distribution of the STLF high-Mg adakites (Fig. 1) implies
the possible role of movement of the Tan-Lu fault in trig-
gering delamination of the dense eclogitic LCC. Strike-slip
movement of the Tan-Lu fault in the late Jurassic to early
Cretaceous (Zhu et al., 2005; Wang, 2006) may be the prin-
cipal cause of foundering of the eclogitic lower crustal frag-
ments along this fault (Huang et al., 2008). Notably, the
STLF adakitic intrusions become slightly younger with
the distance to the Tan-Lu fault (Fig. 1). This geographic



Fig. 12. Initial Pb isotopic compositions of adakites from the LYRB
and the STLF. Data are from this study (Table 3) and literature
(Supplementary Table A5; Chen et al., 1993; Xu et al., 2002; Wang
et al., 2006; Huang et al., 2008; Zhao et al., 2010). Early Cretaceous
mafic igneous rocks in the LYRB (Yan et al., 2008) are also shown for
comparison. The Northern Hemisphere Reference line (NHRL) is
after Zindler and Hart (1986). Data sources for MORB and marine
sediments are the same as in Fig. 11.
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distribution and age variation among the STLF adakites
also support that the foundering of the eclogitic LCC was
initiated from the region close to the Tan-Lu fault.

The late Mesozoic intensive magmatism in the LYRB is
usually attributed to an extensional tectonic setting (e.g.,
Wang et al., 2004a; Wang et al., 2006, 2007a; Yan et al.,
2008, 2009; Xie et al., 2008; Li et al., 2009), as suggested
by the occurrence of early Cretaceous high-K volcanic
rocks and the development of expanding basins. Recent
studies, however, suggested that eastern China had become
an active continental margin from the Jurassic to the Creta-
ceous, which was closely associated with subduction of the
Pacific plate (Li and Li, 2007; Sun et al., 2007). Li and Li
(2007) proposed a model of Mesozoic flat-slab subduction
of the Pacific plate to explain the broad intercontinental
orogen in the South China Block and referred that the early
Cretaceous adakites in the LYRB might be formed by slab
melting. More recently, Ling et al. (2009) proposed a model
of mid-ocean ridge (MOR) subduction in central-eastern
China at the early Cretaceous, based on different drifting
directions and rates of the Izanagi plate (Maruyama
et al., 1997) and the Pacific plate (Sun et al., 2007). The
MOR between these two plates was estimated to be drifting
towards eastern China in a west or southwest direction,
which had passed through or very close to the LYRB at
about 140 Ma. Additionally, Ling et al. (2009) noted that
the early Cretaceous adakites, basaltic igneous rocks
including Nb-enriched basalts (NEBs), and A-type granites
in the LYRB are characteristically distributed into several
separate belts, but all are developed in a nearly east-west
direction. These characteristic distributions had been sug-
gested to support the MOR model and interpret the wide
occurrence of high-K volcanic rocks and expanding basins.
Our current study of the LYRB adakites presents direct
geochemical evidence for oceanic plate subduction and slab
melting in the LYRB at the early Cretaceous, which pro-
vides a new constraint on the MOR model, or any further
reconstruction of the plate subduction in the LYRB.

5.4. Implications for Cu–Au mineralization

Chalcophile elements (e.g., Cu and Au) are highly com-
patible in magmatic sulfide phases, in contrast to their gen-
eral incompatible behavior in silicate and oxide minerals
(Fleet et al., 1996; Ballard et al., 2002). For this reason, re-
moval of them from the mantle can only occur when the sul-
fide dominant in melt compositions is transformed to the
sulfate-dominant under oxidized conditions (Ballard et al.,
2002; Mungall, 2002). It has been widely accepted that
slab-derived melts/fluids have high oxygen fugacities and
thus potentially favor Cu–Au mineralization (Oyarzun
et al., 2001; Ballard et al., 2002; Mungall, 2002; Kelley and
Cottrell, 2009). This is supported by empirical association be-
tween porphyry Cu–Au ore deposits and adakitic intrusions
in subduction zones around the world (Thiéblemont et al.,
1997; Sajona and Maury, 1998; Oyarzun et al., 2001; Imai,
2002; Gonzalez-Partida et al., 2003; Rae et al., 2004).
Mungall (2002) also suggested that if an arc magma has log
fo2 > SSO (sulfide-sulfur oxide buffer), it must contain a com-
ponent of melted oceanic crust, i.e., adakitic melts or super-
critical fluids.

The genetic links between adakites and their associated
porphyry Cu–Au deposits in the LYRB remain a subject
of considerable debate. This is mainly due to the large dis-
crepancy between petrogenetic interpretations of the host
adakites. Recently, several studies (Wang et al., 2003,
2004a, 2004b, 2007a) performed systematic geochemical
comparisons between the ore-barren low-Mg adakitic
granitoids in central-eastern China (e.g., in the Dabie oro-
gen; Fig. 1) and the LYRB adakites to explain the genesis
of Cu–Au deposits in the LYRB. These authors concluded
that the low-Mg granitoids derived directly from LCC melt-
ing had not passed through the fertile mantle, so that they
are not able to generate Cu–Au mineralization. In contrast,
the LYRB adakites, which might have ascended through
the fertile mantle via LCC delamination as proposed by
these authors, could have transferred Cu and Au from the
mantle to the crust. Such an explanation is mainly based
on a hypothesis that the LCC-derived magmas may also
carry the oxidizing potential, e.g., having elevated Fe2O3

content (Wang et al., 2006, 2007a). This conclusion, how-
ever, is challenged by the observation of the ore-barren
high-Mg adakites from the STLF.

As discussed in this study, the STLF high-Mg adakites
most likely originated from partial melting of the Yangtze
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LCC via delamination, but none of them show any relation-
ship with Cu–Au ore deposits (Huang et al., 2008; Zi et al.,
2008; He et al., 2009; this study). This suggests that
although the LCC-derived magmas may have interacted
with the mantle, they did not give rise to Cu–Au minerali-
zation. It is not surprising because the thickened mafic LCC
should be relatively dry due to its general lithology of gran-
ulite- or eclogite-facies rocks, which generally contain little
H2O (e.g., Xia et al., 2006; Yang et al., 2008), particularly in
the case favoring delamination. This is consistent with dis-
tinctly high K2O/Na2O and MgO (Cr, Ni) in the STLF
high-Mg adakites suggesting dry eclogite sources. We there-
fore conclude that adakitic melts derived from partial melt-
ing of the delaminated or recycled LCC are not favorable
for Cu–Au mineralization.

In sharp contrast, the LYRB adakites could be geneti-
cally associated with partial melting of subducted altered
oceanic crust. Thus, the partial melts potentially have high
oxygen fugacity (fo2) (Jugo et al., 1999; Mungall, 2002;
Kelley and Cottrell, 2009). Studies of trace elemental com-
positions of zircons from the LYRB adakites show high po-
sitive Ce anomalies (Xie et al., 2009), also suggesting
magma formation at an oxidized environment. Conse-
quently, the high fo2 would facilitate destabilization of
mantle sulfides to release their Cu–Au that are mainly
hosted in sulfides, and contribute to subsequent enrichment
of Cu–Au in the magmas. The large-scale Cu–Au ore
deposits in the LYRB could thus be due to oceanic slab
subduction and melting. The new understanding of the ge-
netic links between adakites and relevant Cu–Au deposits in
the LYRB in central-eastern China is also consistent with
many studies of ore-bearing adakites in modern subduction
zones around the world (Thiéblemont et al., 1997; Sajona
and Maury, 1998; Oyarzun et al., 2001; Imai, 2002; Gonz-
alez-Partida et al., 2003; Rae et al., 2004). This provides an
important exploration guide for Cu–Au deposits, especially
in the LYRB.

6. CONCLUSIONS

A comprehensive geochemical comparison between
early Cretaceous ore-bearing high-Mg adakites from the
LYRB and ore-barren high-Mg adakites from the adjacent
STLF in central-eastern China reveals different petrogene-
sis, which provides important insights into the genetic rela-
tionships between adakites and Cu–Au mineralization.

(1) The STLF adakites have the ancient LCC-like
Sr–Nd–Pb isotopic signature and exhibit a good posi-
tive correlation between high Sr/Y and (La/Yb)N.
The high K2O, Mg#, MgO, Cr and Ni and low Ce/
Pb and Sr/La ratios indicate that their initial magmas
were derived from partial melting of delaminated
eclogitic LCC under dry condition, followed by inter-
action with the mantle.

(2) The LYRB adakites have an EM2-like Sr–Nd–Pb
isotopic signature and relatively low (La/Yb)N but
variable high Sr/Y, Sr/La and Ce/Pb ratios, distinct
from magmas from either the thickened or delami-
nated LCC but similar to oceanic adakites from slab
melting. In addition, their lower K2O/Na2O, Mg#
and MgO, Cr, and Ni contents at given SiO2 com-
pared to the STLF adakites are also similar to oce-
anic adakites. The LYRB adakites were derived
from partial melting of hydrous altered oceanic crust
with sediments, not supporting a derivation by par-
tial melting of the delaminated LCC proposed in pre-
vious studies.

(3) The early Cretaceous high-Mg adakites in central-
eastern China may be related to subduction of the
Pacific plate. Melting of the subducted oceanic crust
produced adakitic magmatism in the LYRB. North-
western subduction of the Izanagi plate in early Cre-
taceous induced the development of Tan-Lu fault
and triggered the foundering of the lower crustal
fragments near the fault zone. The delaminated
LCC was later partially melted to generate the STLF
high-Mg adakites.

(4) The Cu–Au mineralization in the LYRB was likely
related to oceanic subduction and slab melting. While
the ancient LCC-derived magma, regardless of hav-
ing interacted with the mantle or not, does not favor
Cu–Au mineralization.
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