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The Tongling district in the Lower Yangtze River belt is one of the most important Cu-polymetal producers in
China. Copper–Au deposits in the region are closely related to Early Cretaceous dioritic intrusions, which can
be classified into three rock associations: pyroxene diorite–pyroxene monzodiorite, quartz diorite–quartz
monzodiorite and granodiorite. The dioritic rock series (SiO2=54.6–64.5 wt.%) are calc-alkaline, with high
Al2O3 (>15.4 wt.%), Ba (Ba>700 ppm) and Sr concentrations (~920 ppm in average), and low Y and Yb
concentrations, all of which are typical for adakite. Geochemical characteristics suggest that the Tongling adakitic
rocks are genetically related to slab melting and subsequent interaction with the mantle, likely during a ridge
subduction along the Lower Yangtze River Belt in the Early Cretaceous. Geothermometers show high formation
temperatures of 800–900 °C, which is consistent with interaction with the asthenosphere mantle as indicated.
The relatively low εNd(t) values (−11.2 to−16.7) and high (87Sr/86Sr)i ratios (0.7067 to 0.7095)may be plausibly
interpreted by contamination of enrichedmantlematerials and/or continental crust. The Tongling dioritic rocks are
characterizedby high radiogenic Pb isotopeswith (206Pb/204Pb)i=17.80–18.56, (207Pb/204Pb)i=15.46–15.60, and
(208Pb/204Pb)i=37.92–38.48, whichmostly plot in the field ofMORB, near the intersection of EM-1 and EM-2, and
are clearly different from those of the upper and lower continental crust and Dabie adakites. These excludemajor
contamination from the continental crust. Given that eastern China has both EM-1 and EM-2 types of enriched
mantle, whereas the Tongling region is located near the transition from EM-1 to EM-2, the enriched Sr–Nd iso-
topic characteristics of Tongling adakites are best explained by slab melts with assimilation of enriched mantle
components.

© 2012 Published by Elsevier B.V.
1. Introduction

The Tongling region of Anhui Province is an important ore district of
the famous Lower Yangtze River metallogenic belt (LYRB) in central
eastern China, and also a good example of skarn deposits in China
(Chang et al., 1991; Pan and Dong, 1999; Zhai et al., 1996) (Fig. 1a).
Metal deposits are closely associated with and genetically related to
the Early Cretaceous dioritic rocks in the region (Chang et al., 1991;
Ling et al., 2009, 2011; Liu et al., 2010; Sun et al., 2010, 2011; Wang
et al., 2003a; Xie et al., 2009; Xing and Xu, 1996; Yang and Lee, 2011;
Yang et al., 2011; Zhai et al., 1996) (Fig. 1b). The petrogenesis of dioritic
rocks in the Tongling region, however, has been a subject of much
debate with a number of competing models: (1) the mixing of mantle-
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derived and crust-derivedmagmas, or assimilation and fractional crystal-
lization process of mantle-derived magmas, with major contributions
from an ancient crustal component (Chen and Jahn, 1998; Chen et al.,
1993; Xing and Xu, 1996); (2) partial melting of lower crust materials
in the Yangtze continental block (Zhang et al., 2001); (3) rocks with
SiO2≤55% were produced by crystallization of basaltic magmas derived
froman enrichedmantle,with limited assimilation of lower crustalmate-
rials, whereas rocks with SiO2>55% were generated by the mixing of
mantle-derived basaltic magmas and adakite-like magmas derived from
the melting of basaltic lower crust due to heating of underplating
shoshonitic magmas (Wang et al., 2003a,b); and (4) ridge subduction
induced magmas modified by enriched mantle components and crustal
assimilation (Ling et al., 2009, 2011; Sun et al., 2010).

This paper focuses on the petrology and geochemistry of dioritic
intrusions closely associated with Cu–Au–Fe ore deposits in the Tongling
region (e.g., Tongguanshan, Shizishan, Fenghuangshan, Shatanjiao and
Xinqiao ore fields) (Fig. 1b). These ore deposits are mainly typical
skarn-type Cu (Au) mineralization with the exception of the Xinqiao
deposit, which is Cu–Au–S–Fe mineralization attributed either to
synorogenic remobilization of a stratiform sulfide deposit (e.g., Xu and
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Fig. 1. Geological sketch map of the Tongling metallogenic district, eastern China.
Modified after Xie et al. (2009).
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Zhou, 2001), or to magmatic origin (Xie et al., 2009). The geochemical
characteristics of the ore-bearing dioritic rocks in the Tongling region
are summarized and discussed here, drawing upon systematical analyses
of major elements, trace elements and Sr–Nd–Pb isotopes together with
data collected from the literature. Our results support themodel of partial
melting of the subducted oceanic crust, likely during a ridge subduction.
2. Regional geological setting

The Tongling region is situated in the Yangtze craton in central
eastern China (Fig. 1a). Cambrian tomiddle Triassic sedimentation devel-
oped on a stable Precambrian basement, forming a thick sedimentary
sequence that became country rocks for later Cu, Au, and Fe skarn
deposits (Chang et al., 1991) (Fig. 1b). The Indosinian tectonic setting of
the region is dominated by compression, forming a series of NE trending
folds and faults, likely associated with the Triassic collision between
the South and North China blocks (Li et al., 1993; Sun et al., 2002).
During the Yanshanian period (Jurassic/Cretaceous), this region became
active again, in an event that has long been interpreted as an intraplate
deformational stage with abundant magmatism (Chang et al., 1991).
Intrusions of abundant intermediate felsic rocks and associated hydro-
thermal activity produced numerous metal deposits (Chang et al., 1991)
(Fig. 1b).

Marine deposits in the Tongling region, which include clastic
sedimentary rocks, carbonates, and evaporates, occurred from the
Silurian through to the Middle Triassic, with the exception of the
Middle–Late Devonian. Mesozoic sedimentary–volcanic basins are
widely distributed on these marine deposits (Chang et al., 1991)
(Figs. 1b and 2). The strata, which are closely related to the metal
deposits, are Carboniferous carbonate, Permian limestone, black shale,
and Triassic carbonate and argillaceous rocks (Chang et al., 1991; Pan
and Dong, 1999) (Fig. 2).
Mesozoic magmatic rocks (J–K) are abundant in the region, forming
more than 70 intrusions. These intrusions are mostly located within
the Lower Yangtze magmatic metallogenic belt controlled by the
EW trending Tongling–Nanling deep fault (Fig. 1b) (Chang et al., 1991).
Three main rock associations have been identified: (i) pyroxene diorite–
pyroxene monzodiorite association, which is closely related to regional
gold mineralization; (ii) quartz diorite–quartz monzodiorite association,
the most important magmatic rock series in the Tongling region and
primarily related to Cu–Au–Fe mineralization; and (iii) granodiorite
association, which is closely related to copper-polymetallic deposits
(Fig. 1b). High-precision zircon U–Pb (SHRIMP and LA-ICP-MS) results
for intrusive rocks in the Tongling region have shown that all the three
rock associations formed in the Early Cretaceous (mainly 145–137 Ma;
Wu et al., 2008; J.C. Xie et al., 2008; Xie et al., 2009; Xu et al., 2004;
Yang et al., 2011).

Deposits so far discovered in the Tongling district are grouped
into several ore fields, such as Tongguanshan, Shizishan, Xinqiao,
Fenghuangshan and Shatanjiao (Fig. 1b). These deposits show a
clear spatial zonation with a central Cu–Au–Fe–S deposit belt and
the south and north polymetallic deposit belts (Fig. 1b). The Tongling
district is characterized by skarn- and strata-bound-type mineralization,
whereas porphyry-type Cu deposits are generally minor and occurs in
the deeper parts of a few skarn deposits (Chang et al., 1991; Pan and
Dong, 1999). In some deposits, skarn and porphyrymineralization devel-
oped simultaneously (Chang et al., 1991). Moreover, there also exist a
number of bedded skarn and/or bedded massive sulfide ore bodies. The
presence of skarn and strata-bound deposits in the same system has
caused much debate as to whether those deposits were associated with
igneous (Chang et al., 1991; Ling et al., 2009, 2011; Mao et al., 2006;
Pan and Dong, 1999; Xie et al., 2009; Yang and Lee, 2011; Zhou et al.,
2010) or sedimentary rocks (Gu and Fu, 1999; Guo et al., 2010; Lu et al.,
2008; Xu and Zhou, 2001). Recent studies have shown that the porphyry
and skarn deposits have molybdenite Re–Os ages identical to the strata-



Fig. 2. Stratigraphic section of the Tongling metallogenic district, eastern China.
Modified after Xie et al. (2009).
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bound deposits (Mao et al., 2006; Sun et al., 2003). These ore deposits all
formed in the Early Cretaceous (143–134 Ma;Mao et al., 2006; Sun et al.,
2003), supporting the view that they are genetically related to Early
Cretaceous igneous rocks (Wu et al., 2008; J.C. Xie et al., 2008; Xie et al.,
2009; Xu et al., 2004; Yang et al., 2011).

3. Petrography

The dioritic rocks mainly consist of pyroxene diorite–pyroxene
monzodiorite association, quartz diorite–quartzmonzodiorite association
and granodiorite association. These rocks are gray in color with fine grain
or porphyritic textures. The samples were collected from fresh outcrops
and drill cores in the Tongling metallogenic district. Characteristics of
samples from intrusive rocks are listed in Table 1.

3.1. Pyroxene diorite–pyroxene monzodiorite association

Rock types of this association are primary pyroxene diorite (diorite
porphyry) and pyroxene monzodiorite (diorite porphyry). Pyroxene
diorite is dark gray in color with porphyritic texture. Phenocrysts main-
ly consist of plagioclase, augite, hornblende and alkali-feldspar (Fig. 3a).
Plagioclase develops multiple twins and zone texture, with modal
proportions of 15%. The grain size of plagioclase phenocrysts ranges
from 1×2 mm to 2×4 mm. Alkali-feldspar has Carlsbad twins with
modal proportions of 5%. Hornblende phenocrysts (about 10%) are
mostly brown in color with a few green pleochroic grains. Augite
(about 15 modal %) is subhedreal to euhedral with zonations. The
matrix is plagioclase, hornblende and augite, with a total proportion
of ~40%.

3.2. Quartz diorite–quartz monzodiorite association

The quartz diorite–quartz monzodiorite rock association, which
consists mainly of quartz diorite, quartz monzodiorite and diorite
porphyrite, is the most abundant rock type in the Tongling region.

Quartz monzodiorite is offwhite with a fine grained texture. The typ-
ical modal mineralogy is ~40% plagioclase, ~35% alkali-feldspar, ~10%
green hornblende, ~8–15% quartz, and traces of sulfide minerals, apatite
and titanite (Fig. 3b and c). Plagioclase is subhedral to euhedral, with
multiple twins, rims of albite and fragmentation phenomenon. Alkali-
feldspar has Carlsbad twin, poikilitic texture, with rims of albite.
Hornblende encloses alkali-feldspar, biotite, apatite andmetalminerals,
implying magma mixing.

Quartz diorite is gray in color, displays fine grained texture, and con-
sists of plagioclase (66%–71%), K-feldspar (3%–6%), quartz (1%–7%),
hornblende (10%–17%), and biotite (1%–3%), with a few traces of metal
minerals, apatite, zircon and titanite (Fig. 3d and e).

3.3. Granodiorite association

The granodiorite association consists of granodiorite and granodiorite
porphyrite. Granodiorite (Fig. 3f) is gray in colorwith subhedral grain tex-
ture and massive structure, consisting mainly of plagioclase (45–60%),
hornblende (10–15%), quartz (15–20%), K-feldspar (10–15%), biotite



Table 1
Characteristics of samples from dioritic rocks in Tongling region.

Sample no Location Outcrop area
(km2)

Shape Lithology Wallrock Alteration Related deposit

TLMS01 Shujiadian E117°57′13.7″,
N30°54′41.3″

0.5 Irregular triangle, stock Pyroxene
monzodiorite

Devonian, Carboniferous
and Permian

Fresh Cu deposit

TLXDGS01 Shizishan E117°53′18.6″,
N30°55′26.4″

b0.5 Irregular stock Quartz diorite Triassic limestone and
dolomite

Fresh Cu–Au deposit

TLBMS01 Shizishan E117°53′26.2″,
N30°54′57.0″

0.3 Dyke Pyroxene
diorite

Triassic limestone and
dolomite

Fresh Au deposit

TLJGS01 Shizishan E117°54′06.9″,
N30°54′28.8″

1.1 Small-sized
mushroom, stock

Quartz
monzodiorite

Triassic limestone and
dolomite

Fresh, weakly
altered

Cu–Au deposit

TLBC02 Shizishan E117°53′29.4″,
N30°55′47.6″

About 0.3 Ellipsoidal stock Quartz
monzodiorite

Triassic limestone and
dolomite

Fresh Au deposit

TLSTJ02 Shatanjiao E118°11′15.3″,
N30°55′49.7″

About 12 Irregular long circle,
stock

Quartz
monzodiorite

Triassic limestone and
dolomite

Fresh Cu–Au deposit

TLXQT02 Xinqiao E118°01′39.4″,
N30°56′06.7″

4 Irregular stock Diorite
porphyry

Silurian siltstone Fresh Cu–Au deposit

TLTEBD01 Tongguanshan E117°49′54.3″,
N30°54′50.8″

0.8 irregular round, stock quartz diorite Permian limestone fresh Cu–Au deposit

TLHS01 Tongguashan E117°49′57.7″,
N30°55′50.3″

0.35 Irregular long circle,
apophyses

Diorite
porphyry

Triassic limestone and
dolomite

Fresh Cu–Au deposit

TLWLS01 Shizishan E117°53′28.1″,
N30°54′45.1″

0.7 Irregular stock Quartz
monzodiorite

Triassic limestone and
dolomite

Fresh Cu–Au deposit

TLFHS01 Fenghuangshan E118°01′
50.1″, N30°52′29.0″

9.5 Ellipsoidal stock Quartz diorite Devonian–Triassic Fresh Cu–polymetallic
deposit

TGS16 Tongguanshan E117°48′51.5″,
N30°54′27.7″

1.5 Long circle, stock Quartz diorite Devonian, Carboniferous
and Permian

Fresh Cu–Au deposit

TLJKL01 Tongguanshan E117°47′09.8″,
N30°54′51.0″

5 Irregular round, stock Quartz
monzodiorite

Triassic limestone and
dolomite

Fresh Cu–Au deposit

TLHC01 Shizishan E117°53′11.2″,
N30°54′24.3″

b0.5 Ellipsoidal stock Quartz
monzodiorite

Triassic limestone and
dolomite

Fresh Cu–Au deposit

TLQTY01 Shujiadian E118°07′31.7″,
N30°54′58.1″

2? Irregular long circle,
stock

Granodiorite Silurian siltstone Fresh Cu–Au deposit
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(0–5%), and accessory minerals including titanite, magnetite, apatite
and zircon. Plagioclase with grain sizes of 0.3–1.0 mm is subhedral
to euhedral, with multiple twins, rims of albite and fragmentation
phenomenon. Hornblende with grain size of 0.3–0.8 mm is semi-
automorphic to automorphic texture. Quartz is anhedral with grain
size of ~0.2 mm. K-feldspar is semi-automorphic to anhedral with a
grain size of generally less than 0.2 mm.

4. Analytical methods

Major elements were analyzed at the Physics and Chemistry
Laboratory Center of the University of Science and Technology of
China; rare earth and other trace elements were analyzed at ALS Labo-
ratoryGroup— anAustralian ICP-MS analytical lab inGuangzhou.Major
elements were analyzed on a PHILIPS PW-2404 X-fluorescence spec-
trometer. The analyzed samples were first fused in Li2B4O7 flux with a
sample to flux ratio of 1:5 at temperatures of 1150–1250 °C. Then, the
fused samples were made into glass disks for analyses. The accuracy
was better than 1%. Trace and rare earth elements of the samples
were determined using ICP-MS on an ELEMENT-2 mass spectrometer.
Whole-rock powders (50 mg) were dissolved in sealed Teflon beakers
with mixed HNO3+HF for 1–2 days. Then the beakers were opened
and HClO4 was added for further digestion. After evaporation, a 5%
HNO3 solution was used to dilute the sample to a determined volume
of 50 ml for final measurement. Rock standards of the GBW series
were analyzed together with samples to check the external reproduc-
ibility. The analysis accuracy was estimated to be better than 10%. The
major, rare earth and other trace element concentrations determined
are given in Table 2.

The Rb, Sr, Sm, Nd and Pb data were determined using a MAT-262
mass spectrometer in the Laboratory for Chemical Geodynamics of the
University of Science and Technology of China. Total procedure blanks
were 0.4 ng for Sr and 50 pg for Nd. The mass fractionations of Sr, Sm
and Nd isotopic ratios were calibrated using 86Sr/88Sr=0.1194, 149Sm/
152Sm=0.516858, and 146Nd/144Nd=0.7219, respectively. Detailed ana-
lytical procedures are similar to those described in Foland and Allen
(1991). Standards analyzed along with samples were as follows:
NBS987 of 87Sr/88Sr=0.710250±12 (2σ); and La Jolla of 143Nd/
144Nd=0.511860±12 (2σ). Lead was purified using conventional
anion-exchange method using HBr as an eluant. The whole procedure
blank for Pb is 0.05–0.1 ng. Fractionation of Pb isotopes during mass
spectrometry analysis was calibrated against a standard, NBS981. The
average isotopic composition for NBS981 measured during the course
of this study was 206Pb/204Pb=16.9344±0.0013 (2σ), 207Pb/204Pb=
15.4460±0.0013 (2σ), and 208Pb/204Pb=36.6054±0.0033 (2σ). The
precision of Pb isotope data on the mass spectrometry was better than
0.1%. Isotopic data are given in Tables 3 and 4.
5. Results

5.1. Major and trace elements

The Tongling dioritic rocks show large compositional variations,
with SiO2 contents ranging from 54.6 to 64.5 wt.% (Table 2). The
total alkali contents of (Na2O+K2O) vary from 6.70 to 8.48 wt.%,
showing characteristics of the sub-alkaline series (Fig. 4a). The low
A.R. values of 1.84–2.63 [A.R.=(Al2O3+CaO+Na2O+K2O)/(Al2O3+
CaO−Na2O−K2O)] show calc-alkaline characteristics (Fig. 4b). The
Tongling dioritic rocks also have TiO2 (0.43–1.08 wt.%), P2O5

(0.14–0.57 wt.%), Th contents (4.17–11.7 ppm), and Th/Ce ratios
(0.08–0.15), comparable to adakites derived from partial melting of
subducted young oceanic crust (Aguillón-Robles et al., 2001; Defant
and Drummond, 1990; Drummond et al., 1996; Stern and Kilian,
1996). All the Tongling rocks formed at high temperatures, about
800–900 °C, as estimated from P2O5 and TiO2 contents using conven-
tional geothermometers (Fig. 5a and b) (Green and Pearson, 1986;
Harrison and Watson, 1984).
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Fig. 3. Photomicrographs illustrating minerals of the dioritic rocks in the Tongling region. All the images were taken using a Leica microscope under polarized light conditions. The
scale bar for each image is 0.50 mm. Abbreviations in the images: Pl, plagioclase; Kfs, potassic feldspar; Hbl, hornblende; and Bi, biotite. a — Pyroxene diorite, which mainly consists
of plagioclase, pyroxene, hornblende and alkali-feldspar, has different grain texture–porphyritic texture; b and c— plagioclase, alkali-feldspar, hornblende and quartz are the major
mineral components of quartz monzodiorite, note the zoning texture of plagioclase and packing texture (plagioclase packing alkali-feldspar and hornblende); d and e— plagioclase,
potassic feldspar, hornblende and quartz are the major mineral components of quartz diorite, note the hornblende packing alkali-feldspar and plagioclase; and f — granodiorite
which mainly consists of plagioclase, hornblende, quartz, K-feldspar and biotite has half-automorphic grain texture and massive structure.
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The Tongling dioritic samples have geochemical features similar to
those of adakites: high Al2O3 (>15.4 wt.%), high Ba (Ba>700 ppm)
and Sr concentrations (>629 ppm, average 920 ppm), high Sr/Y
(most>40), La/Yb (>20), and low Yb (0.80–2.59 ppm, mean
1.75 ppm) and Y concentrations (9.80–24.4 ppm, average 17.6 ppm)
(Defant and Drummond, 1990; Kay and Kay, 1993; Martin, 1999;
Martin et al., 2005). As shown in Fig. 6a and b, most of the diorites
plot in the adakite field with high Sr/Y and low Y similar to other Meso-
zoic adakites observed in eastern China, e.g., LYRB (Gao et al., 2006; Liu
et al., 2010; Wang et al., 2003a,b; 2004a,b; 2006; 2007b; G.Q. Xie et al.,
2008; Xu et al., 2002; Y.L. Wang et al., 2004), and the Dabie orogen
(Huang et al., 2008; Wang et al., 2007a).

The Tongling dioritic rocks have 109–240 ppm of total REE and
display coherent REE patterns characterized by relative enrichments
of LREE and nearly flat HREE ((La/Yb)N=12.2–26.5; Table 2), with
weak negative Eu anomalies (average Eu*/Eu=0.87) (Fig. 7a). On a
N-MORB normalized trace element plot, Tongling dioritic rocks show
coherent patterns, with pronounced negative Nb, Ta, Ti anomalies and
a positive Sr anomaly (Fig. 7b). Both the REE pattern and N-MORB
normalized diagram are comparable to those of adakites from the
Austral Volcanic Zone (AVZ) and circum-Pacific adakites (Fig. 7a
and b), which are believed to be formed through partial melting of the
subducted oceanic crust (Liu et al., 2010; Stern and Kilian, 1996; Sun
et al., 2012).

5.2. Sr–Nd–Pb isotopes

The Tongling dioritic rocks show high (87Sr/86Sr)i values of
0.7067–0.7095 and low εNd(t) values of −11.2 to −16.7 (Table 3),
which are similar to the values of other adakitic rocks from the
LYRB (Fig. 8) (Chen et al., 1993; Gao et al., 2006; Liu et al., 2010;
Wang et al., 2003a,b; 2004a,b; 2006; 2007b; G.Q. Xie et al., 2008; Xu
et al., 2002). In a εNd(t) versus (87Sr/86Sr)i diagram, all samples of the
Tongling dioritic rocks roughly define a negative correlation line,mostly
plotted near the fields of marine sediments and OIB (Hofmann, 2003).
They are distinctly different from Dabie adakites derived from partial
melting of delaminated (generally high-Mg) or thickened lower crust
(usually low-Mg) (Huang et al., 2008; Ling et al., 2011; Wang et al.,
2007a), but are similar to those of the Early Cretaceous adakitic rocks
from the LYRB (Fig. 8).

The Tongling dioritic rocks are characterized by high radiogenic
Pb isotopes with (206Pb/204Pb)i=17.80–18.56, (207Pb/204Pb)i=15.46–



Table 2
Major and trace elements compositions of the dioritic rocks in the Tongling region.
Normalizing values after Sun and McDonough (1989).

Sample TLMS01 TLXDGS01 TLBMS01 TLJGS01 TLBC02 TLSTJ02 TLXQT02 TLTEBD01 TLHS01 TLWLS01 TLFHS01 TGS16 TLJKL01 TLHC01 TLQTY01

Major oxides (wt.%)
SiO2 54.6 57.3 57.6 59.1 59.5 59.8 60.9 61.1 61.5 62.1 62.4 63.0 63.4 64.1 64.5
TiO2 1.08 0.95 0.96 0.86 0.78 0.71 0.57 0.74 0.71 0.65 0.62 0.54 0.57 0.59 0.43
Al2O3 16.4 16.7 16.9 16.7 16.1 16.8 17.0 16.3 16.1 16.3 15.8 16.3 16.6 15.4 15.6
Fe2O3 5.24 6.15 6.44 6.47 5.42 5.28 6.49 5.13 5.79 5.21 4.93 4.56 4.72 3.28 2.87
MnO 0.08 0.08 0.16 0.16 0.07 0.09 0.06 0.10 0.11 0.09 0.07 0.08 0.09 0.05 0.02
MgO 3.50 2.51 2.30 2.26 2.08 2.04 1.84 2.09 2.14 1.75 1.68 1.50 1.43 1.49 1.05
CaO 6.89 5.83 6.37 5.93 4.89 5.31 1.88 5.65 4.57 4.88 4.34 4.42 4.66 4.99 3.31
Na2O 4.46 3.67 4.62 3.92 4.08 4.78 4.83 4.05 4.17 4.27 4.04 4.60 4.53 4.27 4.85
K2O 2.61 3.03 2.98 2.77 3.29 2.28 3.65 3.21 2.66 2.74 3.04 2.55 2.44 3.42 3.35
P2O5 0.57 0.41 0.33 0.35 0.31 0.32 0.20 0.29 0.35 0.27 0.26 0.24 0.25 0.23 0.14
LOI 3.51 2.88 0.49 1.57 2.73 1.04 1.57 0.98 2.24 1.14 2.14 0.68 0.58 1.67 3.4
Total 99.0 99.5 99.1 100.0 99.2 98.5 99.0 99.6 100.4 99.4 99.4 98.5 99.3 99.5 99.6

Trace elements (ppm)
Ba 646 717 747 721 795 742 1145 928 870 913 871 918 934 952 868
Cr 20.0 10.0 b10 b10 30.0 10.0 20.0 10.0 10.0 70.0 10.0 10.0 10.0 10.0 20.0
Cu b5 61.0 28.0 19.0 167 140 b5 18.0 8.00 6.00 208 12.0 6.00 156 53.0
Ga 19.9 23.3 22.6 21.4 22.6 23.1 23.9 21.7 22.9 21.9 22.5 23.8 23.4 20 23.2
Hf 5.40 5.90 5.60 4.80 5.50 6.60 4.50 5.60 5.80 5.10 5.30 5.40 5.00 4.50 5.20
Nb 14.7 14.7 14.5 12.5 14.1 14.4 11.2 14.6 15.2 13.1 15.3 12.9 12.4 12.8 12.9
Ni 24.0 10.0 6.00 7.00 18.0 6.00 11.0 9.00 8.00 52.0 23.0 12.0 10.0 10.0 14.0
Pb 23.0 14.0 19.0 13.0 15.0 11.0 7.00 29.0 19.0 17.0 13.0 12.0 15.0 15.0 15.0
Rb 64.7 86.1 74.7 75.1 92.2 53.6 140 87.3 74.0 81.8 134 77.7 58.2 70.3 89.9
Sr 1225 887 871 776 819 1100 629 894 863 914 792 1050 1080 841 996
Ta 1.10 1.00 0.90 0.80 0.90 0.80 0.70 1.00 1.10 0.90 1.20 0.80 0.80 1.00 0.80
Th 10.6 9.22 11.7 10.6 9.50 6.92 4.17 11.5 9.48 7.88 8.93 9.01 6.63 9.72 7.48
U 2.96 2.23 3.19 2.72 2.53 2.76 1.43 2.25 2.38 2.20 2.95 2.79 1.89 2.69 2.38
V 148 126 139 122 103 90.0 79.0 97.0 86.0 85.0 81.0 64.0 68.0 82.0 49.0
Y 24.4 20.9 20.8 20.7 20.0 18.0 10.0 20.8 21.5 16.6 18.0 13.1 13.3 15.3 9.80
Zr 211 236 219 183 220 251 173 216 223 189 204 201 188 163 198
La 46.8 43.8 45.2 40.4 40.8 42.2 22.8 40.9 53.9 37.1 41.9 36.9 35.4 35.6 33.0
Ce 91.1 86.4 84.5 77.5 80.4 86.1 43.8 78.5 104 71.3 81.0 68.6 67.6 66.6 64.0
Pr 10.6 10.2 9.81 8.90 9.39 10.2 5.51 9.09 11.9 8.14 9.28 7.92 7.89 7.54 7.31
Nd 39.8 37.6 35.7 32.4 34.5 38.6 22.0 33.9 43.2 29.6 33.4 29.6 29.2 27.1 27.1
Sm 6.99 6.79 6.28 5.95 6.15 6.65 4.18 6.06 7.24 5.34 5.77 5.3 5.35 4.94 4.84
Eu 1.81 1.83 1.79 1.57 1.62 1.72 1.51 1.56 1.84 1.47 1.47 1.41 1.43 1.28 1.11
Gd 6.42 5.95 5.79 5.45 5.48 5.99 3.60 5.61 6.62 4.84 5.27 4.42 4.43 4.47 3.88
Tb 0.90 0.83 0.81 0.79 0.77 0.77 0.47 0.79 0.87 0.67 0.72 0.59 0.58 0.57 0.45
Dy 4.94 4.15 4.14 4.15 4.03 3.68 2.18 4.23 4.5 3.37 3.63 2.7 2.88 3.07 2.02
Ho 0.99 0.83 0.87 0.82 0.82 0.69 0.39 0.82 0.85 0.65 0.71 0.51 0.54 0.62 0.37
Er 2.86 2.33 2.29 2.33 2.26 1.88 1.02 2.33 2.49 1.9 2.07 1.38 1.41 1.75 0.98
Tm 0.39 0.31 0.34 0.31 0.33 0.22 0.13 0.33 0.34 0.24 0.3 0.19 0.2 0.25 0.12
Yb 2.59 2.03 2.21 2.20 2.00 1.69 0.80 2.05 2.19 1.62 1.94 1.25 1.23 1.57 0.84
Lu 0.38 0.3 0.36 0.36 0.33 0.25 0.11 0.32 0.34 0.25 0.29 0.19 0.21 0.25 0.12
∑ 217 203 200 183 189 201 109 186 240 166 188 161 158 156 146
(La/Yb)N 12.2 14.6 13.8 12.4 13.8 16.9 19.3 13.5 16.6 15.5 14.6 19.9 19.4 15.3 26.5
Eu*/Eu 0.83 0.88 0.91 0.84 0.85 0.83 1.19 0.82 0.81 0.88 0.81 0.89 0.90 0.83 0.78
Sr/Y 50.2 42.4 41.9 37.5 41.0 61.1 62.9 43.0 40.1 55.1 44.0 80.2 81.2 55.0 102

Eu*/Eu=EuN/(SmN×GdN)1/2.

Table 3
Nd and Sr isotopic compositions of the dioritic rocks from Tongling region.

Sample no Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr 2σ (87Sr/86Sr)i Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd (143Nd/144Nd)i 2σ εNd(t)

TLMS01 64.7 1225 0.1491 0.707241 14 0.706946 6.99 39.8 0.11062 0.512149 0.512048 15 −11.2
TLXDGS01 86.1 887 0.2740 0.707644 13 0.707103 6.79 37.6 0.11374 0.512072 0.511969 15 −12.7
TLBMS01 74.7 871 0.2421 0.707566 12 0.707088 6.28 35.7 0.11079 0.512118 0.512017 15 −11.8
TLJGS01 75.1 776 0.2732 0.707259 12 0.706719 5.95 32.4 0.11566 0.512092 0.511987 12 −12.3
TLBC02 92.2 819 0.3177 0.708270 13 0.707642 6.15 34.5 0.11227 0.512032 0.511930 14 −13.5
TLSTJ02 53.6 1100 0.1375 0.708722 15 0.708450 6.65 38.6 0.10851 0.512073 0.511974 13 −12.7
TLXQT02 140 629 0.6282 0.709442 15 0.708201 4.18 22.0 0.11967 0.511998 0.511889 14 −14.2
TLTEBD01 87.3 894 0.2756 0.707314 14 0.706777 6.06 33.9 0.11259 0.511962 0.511860 15 −14.9
TLHS01 74 863 0.2420 0.709629 14 0.709151 7.24 43.2 0.10556 0.511866 0.511770 14 −16.7
TLWLS01 81.8 914 0.2526 0.707259 12 0.706767 5.34 29.6 0.11363 0.512027 0.511924 14 −13.6
TLFHS01 134 792 0.4775 0.710239 15 0.709295 5.77 33.4 0.10881 0.511831 0.511732 14 −15.6
TGS16 77.7 1050 0.2089 0.707616 11 0.707203 5.30 29.6 0.11277 0.511944 0.511841 12 −15.2
TLJKL01 58.2 1080 0.1521 0.707183 13 0.706887 5.35 29.2 0.11540 0.511958 0.511853 12 −14.9
TLHC01 70.3 841 0.2359 0.709998 12 0.709532 4.94 27.1 0.11481 0.511989 0.511885 15 −14.3
TLQTY01 89.9 996 0.2548 0.708743 14 0.708240 4.84 27.1 0.11249 0.512029 0.511927 10 −13.6

Initial Sr and Nd isotopic ratios for Tongling samples are calculated based on t=139 Ma (Yang et al., 2011).
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Table 4
Pb isotopic compositions of the dioritic rocks from Tongling region.

Sample no U (ppm) Th (ppm) Pb (ppm) 206Pb/204Pb 2σ 207Pb/204Pb 2σ 208Pb/204Pb 2σ (206Pb/204Pb)t (207Pb/204Pb)t (208Pb/204Pb)t

TLMS01 2.96 10.55 23 18.3720 12 15.5163 13 38.2572 16 18.235 15.560 38.221
TLXDGS01 2.23 9.22 14 18.2514 12 15.4813 13 38.3063 13 18.072 15.523 38.180
TLBMS01 3.19 11.7 19 18.5200 12 15.5354 13 38.3194 14 18.329 15.576 38.212
TLJGS01 2.72 10.55 13 18.5925 13 15.5590 13 38.6008 18 18.342 15.597 38.404
TLBC02 2.53 9.5 15 18.2602 11 15.4862 13 38.3145 14 18.068 15.527 38.200
TLSTJ02 2.76 6.92 11 18.6519 13 15.5581 13 38.5415 16 18.344 15.593 38.427
TLXQT02 1.43 4.17 7 18.4592 11 15.5286 13 38.3671 14 18.217 15.567 38.269
TLTEBD01 2.25 11.45 29 18.1640 12 15.5070 13 38.2825 16 18.098 15.554 38.276
TLHS01 2.38 9.48 19 18.1551 12 15.4573 13 38.1655 15 18.023 15.501 38.112
TLWLS01 2.2 7.88 17 18.1660 11 15.4842 13 38.1394 14 18.029 15.528 38.102
TLFHS01 2.95 8.93 13 18.8393 11 15.5107 13 38.6238 14 18.564 15.547 38.483
TGS16 2.79 9.01 12 18.0923 12 15.4204 13 38.0890 18 17.814 15.457 37.922
TLJKL01 1.89 6.63 15 17.9365 13 15.4461 13 37.9534 16 17.804 15.490 37.926
TLHC01 2.69 9.72 15 18.3340 12 15.4997 12 38.3793 13 18.127 15.540 38.258
TLQTY01 2.38 7.48 15 18.5269 12 15.5510 13 38.4843 14 18.348 15.592 38.430

For the whole-rock of the Tongling samples, (206Pb/204Pb)t, (207Pb/204Pb)t and (208Pb/204Pb)t are Pb isotopic ratios at t=139 Ma (Yang et al., 2011), calculated by the measured
whole-rock U, Th and Pb contents and whole-rock Pb isotopic ratios.
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15.60, and (208Pb/204Pb)i=37.92–38.48 (Table 4), which mostly plot
near the field of MORB (Hofmann, 1997) near the intersection of EM-1
and EM-2 (Hofmann, 1997), and are clearly different from those of
HIMU (Hofmann, 1997), LCC, UCC (upper continental crust) (Zartman
and Haines, 1988) and Dabie adakites derived from the LCC (Huang et
al., 2008) (Fig. 9). These are again consistent with isotopic signatures of
the LYRB adakitic rocks (Gao et al., 2006; Liu et al., 2010; Wang et al.,
2006; Zhou et al., 2007), and Mesozoic mantle derived mafic intrusive
rocks from the LYRB (Yan et al., 2008).
a

b

Fig. 4. a) SiO2–(Na2O+K2O) diagram (Middlemost, 1994). The alkaline and sub-alkaline
division is after Irvine and Baragar (1971); b) A.R.–SiO2 diagram, A.R.=(Al2O3+CaO+
Na2O+K2O)/(Al2O3+CaO−Na2O−K2O). The solid line represents the division among
calc-alkaline, alkaline and peralkaline (Geng et al., 2009).
The Sr–Nd–Pb isotopes of the Tongling adakitic rocks can be plausibly
interpreted as slab melts contaminated by enriched mantle components
without major contributions from the continental crust/sediments.

6. Discussion

6.1. Petrogenesis of dioritic rocks

The Tongling dioritic samples have geochemical features similar to
other Mesozoic adakites observed in the LYRB (Gao et al., 2006; Liu
et al., 2010; Wang et al., 2003a,b; 2004a,b; 2006; 2007b; G.Q. Xie
et al., 2008; Xu et al., 2002; Y.L. Wang et al., 2004). The enrichment
of Sr, lack of negative Eu anomalies together with depleted Y and HREE
(Fig. 7a) and highly varied (La/Yb)N (Fig. 6b and Table 2) in the Tongling
dioritic rocks (Fig. 7a and b) indicate the existence of garnet rather than
plagioclase as a residue in the source (Defant and Kepezhinskas, 2001).
a

b

Fig. 5. Harker diagrams for the dioritic rocks from Tongling area. Temperature evalua-
tion based on TiO2 and P2O5 after Harrison and Watson (1984) and Green and Pearson
(1986), respectively.



a

b

Fig. 6. Plots of Y vs. Sr/Y (a) and Sr/Y vs. (La/Yb)N (b) for the dioritic rocks in Tongling
region, showing adakitic affinity for these rocks, comparable with adakites produced
from subducted oceanic slab melting.
Data for slab derived adakites are from Defant and Drummond (1990), Drummond et
al. (1996), Stern and Kilian (1996), Aguillón-Robles et al. (2001) and references therein;
thickened LCC-derived adakitic rocks from Petford and Atherton (1996), Wang et al.
(2007a), Huang et al. (2008), and Zhao and Zhou, 2008; LYRB adakitic rocks from Xu
et al. (2002), Wang et al. (2003a and b; 2004a,b; 2006; 2007b), Y.L. Wang et al. (2004),
G.Q. Xie et al. (2008), and Liu et al. (2010); and Dabie adakites from Wang et al. (2007a)
and Huang et al. (2008).

a

b

Fig. 7. Rare earth element patterns (a) and spider trace element variation diagrams (b).
Chondrite and N-MORB normalizing values after Sun and McDonough (1989). The field
of subducted oceanic crust-derived adakites was constructed using data from Defant and
Drummond (1990), Kay and Kay (1993), Stern and Kilian (1996), Sajona et al. (2000),
Aguillón-Robles et al. (2001), Defant et al. (2002), and Martin et al. (2005).

Fig. 8. Nd–Sr isotopic components diagram for the dioritic rocks in the Tongling region.
Data source: MORB (Hofmann, 1997) and Marine sediments (Hofmann, 2003); Cenozoic
slab-derived adakites (Defant andKepezhinskas, 2001); Yangtze lower crust (Chen and Jahn,
1998; Xing et al., 1994); Early Cretaceousmafic rocks in the LYRB (Wang et al., 2006; Yan et
al., 2008); LYRB adakitic rocks (Wang et al., 2003a and b; 2004 a and b; 2006; 2007b; G.Q.
Xie et al., 2008; Liu et al., 2010); and Dabie adakites (Huang et al., 2008;Wang et al., 2007a).
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The strong depletion of both Nb and Ti in the Tongling dioritic rocks
(Fig. 7b) suggests that the source has residual rutile (Xiong, 2006). The
highly varied and overall subchondritic Nb/Ta may be plausibly inter-
preted by Nb, Ta fractionation under thermal gradient at the early stage
of subduction (Ding et al., 2009; J.L. Liang et al., 2009; Xiao et al., 2006).
In general, the P–T conditions of most eclogites are below the dry solidus
line. Therefore, dry eclogite without amphibole usually cannot be partial-
ly melted. The Tongling adakitic magmas are best explained as having
formed through dehydration melting of subducting oceanic crust during
the transition from amphibolite to eclogite (e.g., Xiao et al., 2006; Xiong,
2006), a process which readily accounts for their negative Nb, Ta and Ti
anomalies, the inconspicuous Eu depletion, positive Sr anomalies and ob-
vious HREE depletion.

The petrogenesis of these adakites in the LYRB has been under
debate in the past decade (Hou et al., 2007; Li et al., 2009; Ling
et al., 2009, 2011; Liu et al., 2010; Sun et al., 2010, 2011; Wang et al.,
2003a,b; 2004a,b; 2006; 2007b; G.Q. Xie et al., 2008; Xu et al., 2002;
Zhang et al., 2001). Based on similar whole chemical compositions,
but lower initial Nd isotopic compositions relative to adakites from
a subducted oceanic slab, some authors proposed that these adakitic
rocks had originated from partial melting of the delaminated lower
continental crust (LCC) of the Yangtze block, followed by interaction
with the mantle peridotites (Wang et al., 2003a,b; 2004a,b; 2006;
2007b; Xu et al., 2002). In contrast, other models such as fractional
crystallization of basaltic magmas possibly coupled with crustal con-
tamination (Li et al., 2009; G.Q. Xie et al., 2008), and/or partial melt-
ing of subducted oceanic crust (Ling et al., 2009; Liu et al., 2010; Sun
et al., 2011), likely during a ridge subduction (Ling et al., 2009, 2011;
Sun et al., 2007a, 2010) have also been proposed.

Adakites with different origins display different geochemical char-
acteristics, such as MgO, TiO2, P2O5, Th and U contents, and K2O/Na2O,
Th/Ce, Th/U, Sr/Y, Sr/La, Ce/Pb and (La/Yb)N ratios. Samples of



a

b

Fig. 9. Initial Pb isotope ratios of the dioritic rocks in the Tongling area. The Tongling
dioritic rocks have obviously higher (206Pb/204Pb)i, (207Pb/204Pb)i and (208Pb/204Pb)i
than Dabie adakites derived from thickened lower crust. The solid line labeled
“Geochron” marks the locus of possible primitive mantle values assuming an overall
age of the mantle of 4.50 Gyr (Faure, 1986; Galer and Goldstein, 1996). Upper conti-
nental crust and LCC mark average compositions of upper and lower continental
crust, respectively (Zartman and Haines, 1988).
MORB, HIMU, EM-1 and EM-2 are from Hofmann (1997). Early Cretaceous mafic rocks
in the LYRB are after Wang et al. (2006) and Yan et al. (2008). LYRB adakitic rocks are
after Gao et al. (2006), Wang et al. (2006), Zhou et al. (2007) and Liu et al. (2010); Dabie
adakites are from Huang et al. (2008). Data sources for MORB and Marine sediments are
the same as in Fig. 8.

Fig. 10. K2O/Na2O versus Al2O3 diagram comparing the Tongling dioritic rocks, thick-
ened lower crust-derived adakitic rocks from the Dabie orogen (Huang et al., 2008;
Wang et al., 2007a), and oceanic slab-derived adakites (Kamei et al., 2009). Data source
of LYRB adakitic rocks is same as in Fig. 9.
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Tongling dioritic rocks have Al2O3 contents of 15.4 to 17.0 wt.% with
an average of 16.3 wt.%, and K2O/Na2O ratios ranging from 0.54 to
0.83 with an average of 0.68. These contents generally agree with
those of oceanic slab-derived adakites (Fig. 10), and are obviously
lower than those of Dabie adakitic rocks derived from the LCC
(Huang et al., 2008), showing the presence or absence of amphibole
in sources. Amphibole as the primary K-bearing mineral has much
higher K2O than garnet and clinopyroxene in residual phases (e.g.,
Rapp and Watson, 1995; Sen and Dunn, 1994). The presence of
amphibole in the residue can buffer the K concentration in the melt,
and thus produce low-K silicious melts. Oceanic adakites with Na-
enrichment and K-depletion are products of partial melting of the
MORB compositions with amphibole in the residual (Defant and
Drummond, 1990; Martin et al., 2005; Rapp and Watson, 1995; Sen
and Dunn, 1994). On the other hand, partial melting of dry mafic
LCC rocks with an eclogite residual assemblage without amphibole
may produce high K melts (Huang and He, 2010; Liu et al., 2010).
Therefore, based on the relatively low K content, the Tongling and
LYRB adakites likely formed through partial melting of hydrous
oceanic crust with residual amphibole during melting.

The MgO contents of the Tongling adakitic rocks vary from 1.05 to
3.50 wt.%, which is typical for adakites formed during slab melting
in subduction zones (Defant and Kepezhinskas, 2001). The Mg# is a
useful index for discriminating melts of crust origin from those that
have interacted with the mantle. Melts from the basaltic lower conti-
nental crust are characterized by low Mg# (b0.4) regardless of melt-
ing degrees, whereas those with Mg# >0.4 can only be obtained with
a mantle component involved (Rapp and Watson, 1995). The dioritic
rocks from Tongling and other places in the LYRB have relatively high
Mg# (0.35–0.56) (Hou et al., 2007; Liu et al., 2010), indicating the
involvement of mantle components.

High Sr/Y and (La/Yb)N values are two important parameters in
the identification of adakites (Defant and Drummond, 1990; Martin et
al., 2005;Moyen, 2009). Dioritic rocks of this study have high Sr/Y ratios
(37.5–102, average 55.8) and relatively low (La/Yb)N values (12.2–26.5,
average 16.3), which are consistent with those of other LYRB intrusive
rocks and Cenozoic adakites from Vizcaino Peninsula in Mexico
(Aguillón-Robles et al., 2001). In the Sr/Y versus (La/Yb)N diagram,
all the Tongling samples fall in the field defined by circum-Pacific
adakites, which are dramatically different from adakites from the
Dabie Mountains (Fig. 6b). The former was derived from slab melting,
whereas the latter was formed through lower continental crust melts.

The continental crust has lower Ce/Pb (~4–5; Taylor and McLennan,
1985; Rudnick and Gao, 2003) than the oceanic crust (~24; Sun and
McDonough, 1989), and the altered oceanic crust has much higher Sr/
La than LCC due to LREE depletion of N-MORB (Sun and McDonough,
1989; Sun et al., 2008) and Sr enrichment by seawater alteration
(Liu et al., 2010). The Ce/Pa–Sr/La diagram is useful to discriminate
rocks derived from subducted oceanic crust and LCC (Liu et al., 2010).
Tongling adakitic rocks have Ce/Pb and Sr/La levels similar to other
adakitic rocks from the LYRB, which are higher than those for Dabie
adakites, showing an origin from subducted oceanic crust with addition
of sediment duringmelting. The Th/U values (2.51–5.09) from Tongling
dioritic rocks of this study are systematically lower and much less
variable, which is again consistent with the LYRB adakitic rocks (Ling
et al., 2011), falling around the field of N-MORB melts (Sun et al.,
2008), but different from mid-continental crust and LCC (Rudnick and
Gao, 2003). Thus the Th/U ratios are also evidence for the partial
melting of subducted oceanic slab as the origination.

Initial Sr–Nd isotopic compositions at 139 Ma of the Tongling adakitic
rocks plot between MORB and enriched mantle (Fig. 8), but are dramat-
ically different from those of the Yangtze lower crust, which are

image of Fig.�9
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consistent with those of the LYRB adakites, but different from those of
Dabie adakites. The Sr–Nd isotope compositions have been attributed
to contamination of slab melts by enriched mantle components or the
lower crust (Ling et al., 2009, 2011). Others have also argued that the
Sr–Nd isotopic signatures of Tongling and LYRB adakites are typically
displaced toward the EM-2 end member, showing the involvement
of subducted sediments in magma source (Fig. 8) (Liu et al., 2010).

The Pb isotopic compositions also provide important constraints on
the sources of these adakites. The Tongling dioritic rocks are character-
ized by high radiogenic Pb isotopes with (206Pb/204Pb)i=17.80–18.56,
(207Pb/204Pb)i=15.46–15.60, and (208Pb/204Pb)i=37.92–38.48, which
mostly plot in the field of MORB, near the intersection EM-1 and EM-2,
and are clearly different from those of the upper and lower continental
crust, which exclude major contamination from the continental crust
(Hofmann, 1997) (Fig. 9). Some samples are plotted in or near the field
of marine sediments (Fig. 9a), also implying contribution of subducted
sediments. The Tongling and LYRB adakites also both have heavy oxygen
isotopic compositions (δ18O=+7.55 to +11.85; Chen et al., 1993; Gao
et al., 2006; Zhou et al., 2007), supporting sediment involvements. Never-
theless, sediments usually have low Cu concentrations, so that it is not
likely to be the dominant component of the Tongling deposits.

Given that eastern China has both EM-1 and EM-2 types of enriched
mantle (Zhou et al., 1982; Peng et al., 1986; Xu, 2001), and the transition
from EM-1 to EM-2 is located slightly to the north of the Yangtze River
close to the Tongling region (Chung, 1999), the enriched Sr–Nd isotopic
characteristics of Tongling adakites are best explained by slab melts
with assimilation of enriched mantle components. The chemical and
isotopic signatures of the Tongling and LYRB adakites strongly support
an origin of subducted slab melting with limited contribution from
subducted sediments, followed by interaction with the enriched man-
tle during magma ascending processes. Adakitic magmas formed at
~800–900 °C, which is not hot enough to melt the enriched mantle
completely. Instead, adakiticmagmas cause small degrees of partialmelt-
ing of the enriched mantle during its way up, i.e. assimilation. Therefore,
the assimilation process can be modeled by mixing of adakitic magmas
with basaltic magmas that have Sr–Nd more than 20 times higher than
the primitive mantle values (Ling et al., 2009), which correspond to 5%
to 10% of partial melting of the enriched mantle components.

Our studies do not support previous models involving partial
melting of delaminated or thickened Yangtze lower continental crust
(e.g., Hou et al., 2007; Wang et al., 2003a,b, 2007b; Xu et al., 2002;
Zhang et al., 2001). In addition to the chemical and isotopic characteris-
tics mentioned above, the LCC usually has lower Cu concentrations
(Rudnick and Gao, 2003) under lower oxygen fugacity, which are not
favorable for Cu mineralization (Sun et al., 2011, 2012).

6.2. Tectonic setting

The geodynamic setting and tectonic regime of the intensive and
widespread Jurassic to Cretaceous magmatism and incidental mineral
deposits in the LYRB remain controversial. Some authors have suggested
an extensional tectonic setting (e.g., Li et al., 2009; Wang et al., 2007b;
G.Q. Xie et al., 2008; Yan et al., 2008), based on the occurrence of
Early Cretaceous high-K volcanic rocks and the development of expan-
ding basins. In contrast, adakites have also been attributed to partial
melting of thickened or delaminated LCC (Wang et al., 2006; Xu et al.,
2002; Zhang et al., 2001), which presumably requires compression. Re-
cent studies suggest that eastern China was an active continental mar-
gin from the Jurassic to the Cretaceous, which was closely associated
with subduction of the paleo-Pacific plate (Zhou et al., 2006; Li and Li,
2007; Sun et al., 2007a). When the paleo-Pacific plate subduction
reached the Yangtze craton, it encountered the mountain root of the
Dabie orogen and the North China craton in the north and northwest
(e.g. Ernst et al., 2007; Huang and Zhao, 2006). Such a tectonic switch
from the Late Jurassic transpressive to the Early Cretaceous extensional
regimes in eastern China was considered to be related to the change
from the oblique, shallow subduction of the Izanagi Plate to the orthogo-
nal, steep subduction of the Pacific Plate (Zhu et al., 2010). Alternatively, a
ridge subduction model, i.e., subduction of a spreading ocean ridge, was
proposed for the genesis of the adakitic rocks in the LYRB at the early Cre-
taceous (Ling et al., 2009, 2011; Sun et al., 2010), based on different
drifting directions and rates of the Izanagi plate (Maruyama et al.,
1997) and the Pacific Plate (Sun et al., 2007a). The model proposed that
the ridge between the two plates was very likely subducted underneath
eastern China along the LYRB at ~140 Ma (Ling et al., 2009). These
adakitic rocks were derived from partial melting of subducting young,
hot oceanic slabs close to the ridge, followed by a slab window and A-
type granites (Li et al., 2011, 2011-this issue).

The dioritic rocks in this study are similar to the high-Si adakites and
completely different from the low-Si adakites as defined byMartin et al.
(2005), supporting the slab melting model. Martin (1998) proposed
that formation of these kinds of adakites requires high temperature,
which is also consistentwith the high formation temperature estimated
using conventional geothermometers (Fig. 5a and b).

6.3. Metallogenic significance

Ore deposits in the Tongling and other Lower Yangtze metallogenic
belt are closely associated with adakitic igneous rocks (Fig. 1) (Chang
et al., 1991; Mao et al., 2006, 2008). In the central belt, deposits are
mainly Cu, Au skarn and strata-bound types; at the south and north
sides, mineralization is much weaker, whereas the deposits are Cu-
polymetallic porphyry type (e.g., Yaojialing deposit of Shatanjiao ore
field) (Fig. 1b). The genetic links between adakites and their associated
Cu–Au deposits in the LYRB remain a subject of considerable debate.
For example, scholars have suggested that Cu–Au mineralization was
related to adakite-like rocks generated by partial melting of the lower
crust (Hou et al., 2007; Wang et al., 2003b, 2006), most likely derived
from the thickened mafic lower crust source, involving various propor-
tions of juvenilemantle components (Hou et al., 2007). In contrast, Ling
et al. (2009) proposed that the linear distributions of igneous rocks and
ore deposits in the LYRB can best be explained by the subduction of a
ridge between the Pacific and Izanagi plates, which is supported by
their slab melting origin as suggested by geochemical characteristics
(Ling et al., 2011; Liu et al., 2010).

A large number of studies suggested that large-scale Cu (Au)
metallogenesis is usually closely associated with convergent margin
magmas with high oxygen fugacity (Sillitoe, 1997; Sun et al., 2004;
Ulrich et al., 1999), especially in the subducted environments that
produce adakitic rocks (Liu et al., 2010; Mungall, 2002; Sun et al.,
2010). With similarity to other Cu–Au deposits worldwide (Liang et al.,
2006; H.Y. Liang et al., 2009; Mungall, 2002; Sillitoe, 1997; Sun et al.,
2004),most ore deposits in the LYRB are associatedwith adakitic igneous
rocks of high oxygen fugacity (Xie et al., 2009).

The high oxygen fugacity of the ore-forming systems in the LYRBwas
previously attributed to the high water contents or elevated Fe2O3 con-
tent in adakitic magmas formed through melting of thickened continen-
tal crust (Hou et al., 2007; Wang et al., 2006). However, the lower
continental crust consists mainly of granulite- or eclogite-facies rocks
(Rudnick and Gao, 2003; Weber et al., 2002), which are generally much
dryer than subducted oceanic crust. With systematic geochemical inves-
tigation, Liu et al. (2010) suggested that the Cu–Au ore deposits in the
Lower Yangtze River belt could be not due to the ancient LCC-derived
magmas, regardless of having interacted with the mantle or not.

Oxygen fugacity in convergent margin magmas is usually consider-
ably higher than magmas from other geologic settings (Ballhaus, 1993;
Brandon and Draper, 1996; Parkinson and Arculus, 1999; Sun et al.,
2007b), likely due to subduction-released fluids (Brandon and Draper,
1996; Sun et al., 2007b). High oxygen fugacity can extract additional
sulfur in the form of sulfate during partial melting, liberating more
chalcophile elements, which are consequently scavenged by magmatic
fluidswhen the oxygen fugacity is reduced (Sun et al., 2004). By contrast,
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Cu andAu contents in oceanic crust are generally 60–125 ppm(Sun et al.,
2003; estimated average 74 ppm from Hofmann, 1988), much higher
than those of the mantle (30 ppm; McDonough and Sun, 1995) and
continental crust (27 ppm; Rudnick and Gao, 2003), because Cu and Au
are incompatible elements. Therefore, the magmas formed by partial
melting of the oceanic crust have systemically high Cu and Au concentra-
tions, and are beneficial to mineralization (Sun et al., 2011).

The LYRB adakites are attributed to partial melting of subducted
altered oceanic crust (Liu et al., 2010; Xie et al., 2009), which have
high oxygen fugacity (Ballard et al., 2002; Kelley and Cottrell, 2009).
Consistently, ore-bearing intermediate intrusive rocks of the Tongling
region show high positive Ce anomalies (Xie et al., 2009), suggesting
magma formation in an oxidized environment. Therefore, the large
scale Cu–Au metallogenesis in the Tongling and LYRB is closely relat-
ed to partial melting of oceanic slab subduction, whereas adakite can
be an important indicator for Cu–Au deposit exploration.

7. Conclusions

The Tongling ore-forming dioritic rocks, which are calc-alkaline,
consist mainly of three associations: pyroxene diorite–pyroxene
monzodiorite association, quartz diorite–quartz monzodiorite associa-
tion and granodiorite association. All the rocks have adakite-like
major and trace element features, including high Al2O3 and Sr contents,
high Sr/Y and La/Yb ratios, but low Y and Yb contents.

The Tongling adakitic rocks have an EM2-like Sr–Nd–Pb isotopic
signature (high radiogenic Pb isotopes, negative εNd values, and high
(87Sr/86Sr)i ratio), and lower Mg# and MgO, K2O/Na2O, Th/U ratios,
and relatively low (La/Yb)N, but varied high Sr/Y, Sr/La, Ce/Pb, Zr/Nb
and Zr/Hf ratios, are distinctively different from magmas from either
the thickened or delaminated LCC but similar to oceanic adakites from
slab melting.

The Tongling dioritic rocks have a high temperature characteristic,
which is consistent with a ridge subduction model, which provide
feasible explanation for the distribution of igneous rocks and ore de-
posits in Tongling and LYRB in the Early Cretaceous (~140±5 Ma).
Adakites and large-scale Cu–Au metallogenesis in the Tongling and
LYRB was formed by partial melting of young, hot subducting oceanic
plates near the ridge.
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