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The Dadian alkaline intrusive complex is located within the Sulu orogenic belt, and includes hornblende
syenite, syenite, quartz syenite and syenite porphyry. All the rocks from the complex show high SiO2, K2O+
Na2O and LREE and low CaO, FeOT, MgO and HFSE (Nb, Ta, P, Ti) concentrations. The Sr, Nd, and Hf isotopic
compositions ((87Sr/86Sr)i=0.708505–0.70876, εNd(t)=−16.5 to −17.9, εHf(t)=−21.5 to −16.4) of the
rocks fall within the compositional field of mafic dykes occurring nearby, suggesting that the Dadian alkaline
complex was mainly derived from an enriched lithospheric mantle. The initial Pb compositions ((206Pb/
204Pb)i=16.706–16.779, (207Pb/204Pb)i=15.427–15.450, (208Pb/204Pb)i=37.266–37.352) of the Dadian
rocks are lower than those of the Yangtze lithospheric mantle, albeit similar to that reported from beneath
the North China Craton, implying that the mantle source of the Dadian alkaline complex most likely belong to
the North China Craton. The relatively high SiO2 and HREE contents and low Nb/Ta ratios as well as strongly
negative Eu and Sr anomalies of some of the rocks from the Dadian complex suggest that crustal material was
also involved in the formation of this complex and that the crustal component was probably derived through
partial melting at low pressure. The high crystallization temperatures revealed by zircon saturation
thermometry and low pressures suggested by Al-in-hornblende barometry indicate that the Dadian alkaline
complex crystallized at high temperature and intruded into shallow crustal level. This intrusive complex does
not show any relationship with post-orogenic process in the region, and its petrogenesis is inferred to be
associated with the Paleo-Pacific subduction tectonics.
+86 10 62010846.
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1. Introduction

Mesozoic igneous rocks in the Sulu orogenic belt of eastern China
include late Triassic alkaline intrusive complexes, late Jurassic granitoid
rocks and early Cretaceous mafic to acidic magmatic rocks (Guo et al.,
2005; Zhao and Zheng, 2009). The late Triassic alkaline intrusive
complexes and the late Jurassic granitoid rocks are related to collision or
post-collision process between the North China Craton (NCC) and the
Yangtze Craton (YC) (Chen et al., 2003b; Gao et al., 2004; Zhang et al.,
2004; Guo et al., 2005; Yang et al., 2005b; Xie et al., 2006b; Siebel et al.,
2009; Zeng et al., 2009; Zhao and Zheng, 2009). The petrogenesis of the
widespread early Cretaceous magmatic rocks consisting of minor
pyroxenites/gabbros and mafic dykes and abundant granites, syenites,
monzonites and volcanic rocks (Zhou et al., 2003b; Wang et al., 2009a;
ZhaoandZheng, 2009) remainsequivocal, particularlywith regard to the
geodynamic setting and source material. Someworkers have correlated
these rocks with post-collisional processes (Li et al., 2002; Guo et al.,
2006; Xie et al., 2006a; Xu et al., 2007; Zhao et al., 2007), whereas others
consider that they are the products of lithosphere thinning of eastern
China (Guo et al., 2005; Yang et al., 2005c). The lithospheres of both NCC
and YC have been proposed as potential magma sources.

Most of the early Cretaceous intermediate to acidic intrusive rocks
in the Sulu orogenic belt are enriched in K2O+Na2O. The syenitic
rocks fall in the alkaline field and granites are generally A-type (Wang
et al., 1995; Zhao et al., 1997; Wei et al., 2001; Liu et al., 2008a; Wang
et al., 2009b). Alkaline rocks and A-type granites are usually generated
in post-collision extensional settings (Nédélec et al., 1995; Bonin et al.,
1998; Hadj-Kaddour et al., 1998; Liégeois et al., 1998; Yang et al.,
2005b; Oyhantçabal et al., 2007), intra-plate rifts or deep faults
(Melluso et al., 2002; Burke et al., 2003; Peccerillo et al., 2003; Ridolfi
et al., 2006; Upadhyay et al., 2006; Jung et al., 2007; Kaymakci, et al.,
2007; Shellnutt and Zhou, 2008), or by mantle plumes (Mchone,
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1996; Karmalkar et al., 2005; Muñoz et al., 2005; Srivastava et al.,
2005). These rocks thus offer important information on the crust–
mantle interaction and evolution of continental crust (Yang et al.,
2007 and references therein).

The Dadian complex is the largest alkaline intrusive complex in the
Sulu orogenic belt. In this paper, we report the geochronological,
petrological and geochemical data on this complex, with an aim to
constrain its petrogenesis and tectonic setting within the Sulu orogenic
belt.

2. Geological background

The Sulu belt, the eastern part of the Dabie–Sulu Orogenic belt,
formed during the Triassic collision between the North China and
Yangtze Cratons (Fig. 1a; Zheng, 2008). The major components of the
Sulu belt include Paleoproterozoic metamorphic rocks (Wang et al.,
2004),Neoproterozoic granites andgranitic gneisses (Zhou et al., 2003a;
Wanget al., 2004;Huang et al., 2006;Xue et al., 2006a,b; Li et al., 2007b),
Triassic ultrahigh- to high-pressure metamorphic rocks (Katsube et al.,
2009; Li et al., 2009; Zhang et al., 2009b) and alkaline rocks, as well as
late Jurassic granitoid rocks and early Cretaceous mafic to acidic
magmatic rocks (Fig. 1b). The Dabie–Sulu orogenic belt has been in
focus for evaluating the exhumation mechanism of subducted conti-
Fig. 1. (a) Simplified geological map showing the major tectonic units in the eastern
nental crust, orogenic evolution and crust–mantle interaction. The belt
has also attracted considerable attention with regard to the early
Cretaceous magmatic activity, and the question whether the magma-
tism was controlled by post-collisional processes or not.

The Dadian alkaline intrusive complex is located within the Dadian
region of Junan county in the Sulu orogenic belt and is exposed over an
area of 550 km2 (Liu et al., 2008a). Quartz monzonite, hornblende
syenite, syenite, quartz syenite, syenite porphyry and alkali-feldspar
granite are the major components of the complex (Zhou et al., 2003b).
Thisworkmainly focuses on the alkaline rockswhich includehornblende
syenite, syenite, quartz syenite and syenite porphyry (Fig. 2).

3. Petrography

3.1. Hornblende syenite

The hornblende syenite is grayish white and consists typically of
feldspar and hornblende with subordinate quartz and biotite and
accessory titanite, apatite, zircon and magnetite. The subhedral–
anhedral feldspars (90–95 vol.%) are perthite, albite, orthoclase and
oligoclase (0.2–4 mm). The columnar or irregular hornblende is
magnesiohornblende (1–5 vol.%, 0.5–1 mm). Quartz (b1 vol.%,
b1 mm) is irregular. The subhedral–anhedral biotite (~1 vol.%, 0.5–
China. (b) Geological map of the Sulu orogenic belt (after Zhang et al., 2005a).



Fig. 2. Geological sketch of the Dadian intrusive complex.
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1.5 mm) is platy. Euhedral titanite is the most common accessory
mineral in the hornblende syenite. Mafic enclaves are also foundwithin
the syenite body.

3.2. Syenite

The syenite is also grayish white and is composed dominantly of
feldspar, subordinate quartz, biotite and hornblende and accessory
titanite, zircon and magnetite. The subhedral–anhedral feldspars
(~95 vol.%, 0.5–4 mm) are perthite, albite and orthoclase. Quartz
(b5 vol.%, ~0.5 mm) is irregular. Biotite (b1 vol.%, b0.5 mm) is platy
and anhedral. The sporadic hornblende (b0.5 mm) is subhedral–
anhedral. Titanite is euhedral and is themost common accessorymineral
in the syenite.

3.3. Quartz syenite

The pale red quartz syenite is composed mainly of feldspar and
quartz with subordinate biotite and accessory titanite and magnetite.
The subhedral–anhedral feldspars (~90 vol.%, 0.1–3 mm) are grainy
or irregular and characterized by the intergrowth of orthoclase and
albite. Quartz grains (~10 vol.%, 0.05–1 mm) are generally anhedral.
Biotite (b1 vol.%, b0.2 mm) is euhedral–subhedral.

3.4. Syenite porphyry

The syenite porphyry is maroon red and is mainly composed of
feldspar with subordinate quartz and accessory apatite, magnetite
and epidote. The feldspar can be divided into phenocryst and matrix
phases according to grain size. The subhedral–anhedral feldspar
phenocrysts (~30 vol.%, 0.5–4 mm) are mainly orthoclase. The
euhedral–anhedral matrix feldspar (~70 vol.%, 0.1–0.3 mm) is an
intergrowth of orthoclase, albite and oligoclase. The sporadic quartz is
granular or irregular (b0.2 mm). Some of the feldspars are traversed
by secondary calcite veinlets.

4. Analytical methods

Fresh rock samples were prepared in three groups: thin sections for
petrography andmineral analyses; 200micronmesh powder for major,
trace element, and Sr–Nd–Pb isotope analyses; and 40–60micronmesh
crushings for zircon separation and U–Pb dating and Hf analyses.

4.1. Mineral compositions and cathodoluminescence (CL) images of
zircon grains

Mineral compositions and CL images of zircon grains were obtained
using a CAMECA SX50 electron microprobe at the Institute of Geology
and Geophysics, Chinese Academy of Sciences (IGGCAS). The operating
conditions were 15 kV accelerating voltage and 20 nA beam current.

4.2. Major and trace elements

Major and trace elements were analyzed in the Major and Trace
Elements Laboratories of IGGCAS. For major element analyses,
mixtures of whole-rock powder (0.5 g) and Li2B4O7+LiBO2 (5 g)

image of Fig.�2
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were heated and fused into glass disks and analyzed by X-ray
fluorescence spectroscopy (XRF) with an AXIOS Minerals spectrom-
eter. The analytical uncertainties were generally within 0.1–1% (RSD).
Simultaneous analysis of Chinese granite standard GSR1 showed that
the accuracy of the results reported is better than 1% (Table 3). Loss on
ignition (LOI) was obtained using 0.5 g powder heated up to 1100 °C
for 1 h. For trace element analyses, whole-rock powders (40 mg)were
dissolved in distilled HF+HNO3 in Teflon screw-cap capsules at
200 °C for 5 days, dried, and then digested with HNO3 at 150 °C for
1 day, and the final stepwas repeated. Dissolved sampleswere diluted
to 49 ml with 1% HNO3 and 1 ml 500 ppb indium was added to the
solution as an internal standard. Trace element abundances were
determined by inductively coupled plasma mass spectrometry (ICP-
MS) using a Finnigan MAT ELEMENT spectrometer. A blank solution
was prepared and the total procedural blank was b100 ng for all trace
elements. Multi-element standard solution was measured for matrix
effects and instrument drift correction. Precision for all trace elements
is estimated to be 5% and accuracy is better than 5% for most of the
elements as evaluated from the GSR1 standard (Table 3).
4.3. Sr, Nd and Pb isotopes

Whole-rock powders for Sr and Nd isotopic analyses were dissolved
in Teflon bombs after being spiked with 87Rb, 84Sr, 147Sm and 150Nd
tracers prior to HF+HNO3+HClO4 dissolution. Rb, Sr, Sm and Nd were
separated using conventional ion exchange procedures and measured
using a Finnigan MAT262 multi-collector mass spectrometer at the
IGGCAS. Detailed descriptions of the analytical techniques are described
by Chu et al. (2009). Procedural blanks are b100 pg for Sm and Nd and
b300 pg for Rb and Sr. The isotopic ratios were corrected for mass
fractionation by normalizing to 86Sr/88Sr=0.1194 and 146Nd/144Nd=
0.7219, respectively. The measured values for the JNdi-1 Nd standard
and NBS987 Sr standard were 143Nd/144Nd=0.512118±12 (2σ,
n=10) and 87Sr/86Sr=0.710257±12 (2σ, n=10), respectively. USGS
reference material BCR-2 was measured to monitor the accuracy of the
Table 1
Representative electron microprobe analyses of minerals from the Dadian alkaline complex

Feldspar

Sample
Spot

08LX96

1-1 1-2 2 3-2 3-3 5-1 6-1

SiO2 65.8 67.2 63.8 66.4 65.8 66.6 67.4
Al2O3 18.3 20.7 21.8 20.8 18.4 20.5 20.3
TiO2 0.02 0.00 0.00 0.01 0.00 0.01 0.10
FeO 0.20 0.25 0.18 0.21 0.05 0.20 0.20
MnO 0.04 0.00 0.00 0.00 0.00 0.00 0.01
MgO 0.00 0.01 0.01 0.00 0.01 0.04 0.00
CaO 0.05 1.68 3.60 1.89 0.00 1.71 1.55
Na2O 2.08 11.0 9.72 10.6 1.05 10.9 10.8
K2O 13.9 0.09 0.15 0.11 15.4 0.22 0.27
Total 100.4 100.9 99.2 100.0 100.7 100.2 100.6

Cations to 8 oxygens

Si 3.01 2.93 2.84 2.92 3.01 2.93 2.95
Al 0.99 1.06 1.14 1.08 0.99 1.06 1.05
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.00 0.08 0.17 0.09 0.00 0.08 0.07
Na 0.18 0.93 0.84 0.90 0.09 0.93 0.91
K 0.81 0.01 0.01 0.01 0.89 0.01 0.02
Ab 18.5 91.8 82.3 90.5 9.4 90.9 91.2
An 0.24 7.72 16.9 8.92 0.00 7.87 7.27
Or 81.3 0.50 0.82 0.59 90.6 1.20 1.50
Mg/(Mg+Fe2+)
analytical procedures, with the following results: 143Nd/144Nd=
0.512633±13 (2σ, n=12) and 87Sr/86Sr=0.705035±12 (2σ, n=12).

For Pb isotope determination, the whole-rock powders were
dissolved in Teflon vials with purified HF+HNO3 at 120 °C for 7 days
and then separated using anion-exchange columns with diluted HBr as
elutant. Isotopic ratios were also measured by the Finnigan MAT262
multi-collector mass spectrometer at IGGCAS. Repeated analyses of Pb
isotope standard NBS981 yielded 206Pb/204Pb=16.941±14 (n=6),
207Pb/204Pb=15.495±14 (n=6) and 208Pb/204Pb=36.733±14
(n=6).

4.4. Zircon U–Pb dating and in situ Hf isotopic analyses

U–Pb dating and trace element analyses of zircon were conducted
synchronously by LA-ICP-MS at the State Key Laboratory of Geological
Processes and Mineral Resources, China University of Geosciences,
Wuhan. Detailed operating conditions for the laser ablation system
and the ICP-MS instrument and data reduction were similar to those
described by Liu et al. (2008b, 2010). Laser sampling was performed
using a GeoLas 2005 coupled with an Agilent 7500a ICP-MS
instrument. A laser spot size of 32 μm and a laser repetition of 6 Hz
were used during the analyses. Quantitative calibration for trace
element analyses and U–Pb dating were performed by ICPMSDataCal
(Liu et al., 2008b, 2010). Zircon 91500 was used as external standard
for U–Pb dating, and was analyzed twice every 5 analyses. Preferred
U–Th–Pb isotopic ratios used for 91500 are from Wiedenbeck et al.
(1995). Concordia diagrams and weighted mean calculations were
made using Isoplot/Ex_ver 3 (Ludwig, 2003).

In situ zircon Hf isotopic analyses were conducted on the same
spots where U–Pb determinations were made. Hf isotopic composi-
tions were determined by a Neptune MC-ICP-MS equipped with
GeolasPlus 193 nm ArF excimer laser at the IGGCAS. A laser spot size
of 40 μm and a laser repetition of 8 Hz with energy density of 15 J/cm2

were used during the analyses. The signal collection model was one
block with 200 cycles, with an integration time of 0.131 s for 1 cycle
and a total time of 26 s during each analyses. Zircon 91500 was used
.

Hornblende

08LX100 08LX96

6-2 7-2 7-3 8-2 2-1 4-3 3-1 4 5 7-1

65.0 66.1 65.2 65.2 67.5 65.8 50.2 50.5 50.8 50.8
18.1 20.6 18.0 18.1 19.7 20.6 4.55 3.98 4.50 4.24
0.02 0.00 0.03 0.05 0.00 0.09 0.61 0.58 0.58 0.48
0.16 0.26 0.21 0.26 0.11 0.52 13.8 13.0 13.8 13.7
0.03 0.02 0.00 0.00 0.06 0.02 1.38 1.41 1.50 1.47
0.03 0.02 0.00 0.00 0.02 0.07 14.6 15.1 14.4 14.8
0.03 2.02 0.00 0.03 0.24 0.94 10.9 11.0 10.8 11.1
1.00 10.6 1.58 1.82 11.8 10.7 1.98 1.84 2.06 2.06

15.4 0.21 14.4 14.3 0.12 0.47 0.57 0.53 0.53 0.56
99.8 99.9 99.6 99.8 99.6 99.3 98.7 98.0 99.0 99.2

Cations to 23 oxygens

3.01 2.92 3.02 3.01 2.97 2.93 7.21 7.28 7.26 7.27
0.99 1.07 0.98 0.98 1.02 1.08 0.77 0.68 0.76 0.71
0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.06 0.06 0.05
0.00 0.00 0.00 0.00 0.00 0.00 0.66 0.63 0.62 0.58
0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.94 1.03 1.06
0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.17 0.18 0.18
0.00 0.00 0.00 0.00 0.00 0.00 3.12 3.24 3.08 3.15
0.00 0.10 0.00 0.00 0.01 0.04 1.68 1.70 1.65 1.70
0.09 0.91 0.14 0.16 1.01 0.92 0.55 0.51 0.57 0.57
0.91 0.01 0.85 0.84 0.01 0.03 0.11 0.10 0.10 0.10
9.00 89.4 14.3 16.3 98.2 92.8
0.15 9.41 0.00 0.16 1.10 4.50

90.9 1.18 85.8 83.6 0.67 2.70
0.76 0.78 0.75 0.75



Fig. 3. Classification of feldspar (a) and amphibole (b) from the Dadian alkaline complex. (b) Is after Leake et al. (1997).

Fig. 4. Representative CL images of zircon grains (a), LA-ICP-MS zircon U–Pb concordia diagrams of syenite (b) and quartz syenite (c) from the Dadian alkaline complex. Large circles
represent locations of Hf isotopic analyses, small circles indicate spots of LA-ICP-MS U–Pb dating. The scale bar is 100 μm in (a).
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as external standard for Hf isotopic analyses and was analyzed twice
every 5 analyses. Replicate analyses of 91500 yielded a mean 176Hf/
177Hf ratio of 0.282300±24 (2σ, n=82)which is concordant with the
176Hf/177Hf ratios measured by Goolaerts et al. (2004) andWoodhead
et al. (2004). The detailed analytical procedures are described in Wu
et al. (2006a) and Xie et al. (2008).

5. Results

5.1. Mineral chemistry

Feldspars in the alkaline rocks of the Dadian complex are mostly
alkali feldspars enriched in K2O or Na2O and can be classified as
orthoclase, albite and oligoclase (Table 1 and Fig. 3a). The hornblende is
dominantly magnesiohornblende (Fig. 3b) according to the nomencla-
ture of amphiboles recommended by International Mineralogical
Association Commission on New Minerals and Mineral Names (Leake
et al., 1997). The Al (cations to 23 oxygens) of the hornblende varies
from 0.68 to 0.77 p.f.u. (Table 1) which is evidently low.

5.2. Geochronology

Zircon crystals in the syenite (08LX94) are euhedral–subhedral
and range from 100 to 200 μm in size, with length to width ratios of
1:1 to 1.5:1. Most grains are transparent to light maroon in color. In
the CL images, they are dark and have inconspicuous oscillatory
zoning or wide oscillatory zoning in the cores and narrow oscillatory
zoning in the rims (Fig. 4a). All the 17 zircons analyzed are concordant
and yield a mean 206Pb/238U age of 123.9±0.8 Ma (2σ) (Fig. 4b and
Table 2
LA-ICP-MS U–Pb data of zircons for the Dadian alkaline complex.

Spot Th (ppm) U (ppm) Th/U Pb (ppm) 207Pb/206Pb 1σ

08LX94 (syenite)
1 410 165 2.48 5.5 0.0493 0.0024
2 505 181 2.80 6.4 0.0489 0.0023
3 1658 617 2.69 21.8 0.0486 0.0013
4 1233 537 2.30 18.5 0.0490 0.0024
5 1999 435 4.60 19.8 0.0484 0.0016
6 345 127 2.71 4.5 0.0491 0.0028
7 1307 412 3.17 16.1 0.0484 0.0021
8 488 275 1.77 8.0 0.0486 0.0018
9 402 225 1.79 6.8 0.0491 0.0026
10 1827 648 2.82 23.4 0.0493 0.0020
11 415 288 1.44 7.9 0.0481 0.0017
12 661 176 3.75 7.6 0.0497 0.0023
13 1651 688 2.40 23.1 0.0500 0.0015
14 1967 607 3.24 22.8 0.0486 0.0015
15 466 340 1.37 9.1 0.0491 0.0017
16 514 346 1.49 9.7 0.0488 0.0023
17 505 315 1.60 9.0 0.0491 0.0017

08LX98 (quartz syenite)
1 150 81 1.87 2.4 0.0502 0.0038
2 229 119 1.93 3.7 0.0496 0.0030
3 169 127 1.33 3.5 0.0477 0.0032
4 132 77 1.72 2.2 0.0513 0.0037
5 256 158 1.62 4.7 0.0493 0.0024
6 746 266 2.81 9.7 0.0485 0.0019
7 278 202 1.38 5.5 0.0485 0.0030
8 313 171 1.83 5.2 0.0487 0.0024
9 614 253 2.43 8.5 0.0486 0.0016
10 304 127 2.39 4.4 0.0493 0.0023
11 357 116 3.08 4.4 0.0491 0.0025
12 390 170 2.29 5.8 0.0493 0.0029
13 367 204 1.80 6.1 0.0484 0.0026
14 517 318 1.63 9.5 0.0490 0.0030
15 347 208 1.67 6.0 0.0472 0.0037
16 294 116 2.54 3.9 0.0495 0.0029
17 198 102 1.94 3.1 0.0514 0.0031
18 204 169 1.21 4.2 0.0495 0.0027
Table 2). The apparent oscillatory zoning and high Th/U ratios (1.4–
4.6) of the zircon grains reveal their magmatic origin. Thus, we
interpret the age of 123.9 Ma as the crystallization age of the syenite.

Zircon grains in the quartz syenite (08LX98) are subhedral–
anhedral and range from 100 to 250 μm in size, with length to width
ratios of 1:1 to 2:1. In the CL images, they typically display gray cores
and dark rims, with oscillatory zoning (Fig. 4a). All the 18 zircons
analyzed are concordant and yield a mean 206Pb/238U age of 124.8±
0.8 Ma (2σ) (Fig. 4c and Table 2). Similar to the syenite, the apparent
oscillatory zoning and high Th/U ratios (1.2–3.1) of the zircon grains
from the quartz syenite reveal their magmatic origin. We therefore
consider the age of 124.8 Ma as the crystallization age of the quartz
syenite.

The above ages are slightly older than those reported in previous
studies on the quartzmonzonite and granite (122–123 Ma, Zhou et al.,
2003b; Liu et al., 2008a) from the Dadian alkaline complex. Combined
with the previous zircon U–Pb ages reported from the Dadian alkaline
intrusive complex, we regard that this intrusive complex was
emplaced during 122–125 Ma.

5.3. Major oxides and trace elements

Major and trace element analyses are presented in Table 3. All the
rocks from Dadian complex show high SiO2 contents, with a
progressive increase in SiO2 from the syenite porphyry (61.5–
62.7 wt.%), hornblende syenite (64.5 wt.%), syenite (66.5–67.5 wt.%)
to quartz syenite (69.4–69.7 wt.%). In the R1–R2 diagram, the rocks
fall within the fields of syenite and quartz syenite (Fig. 5a). The
syenite porphyry shows the highest Al2O3 (17.2–17.3 wt.%), whereas
207Pb/235U 1σ 206Pb/238U 1σ 206Pb/238U (Ma) 1σ

0.1319 0.0058 0.0196 0.0003 125.1 1.8
0.1311 0.0059 0.0196 0.0002 125.0 1.4
0.1327 0.0033 0.0198 0.0001 126.3 0.9
0.1304 0.0062 0.0193 0.0002 123.4 1.3
0.1295 0.0043 0.0194 0.0002 123.6 1.0
0.1315 0.0070 0.0196 0.0003 125.1 1.8
0.1305 0.0054 0.0196 0.0002 125.3 1.4
0.1299 0.0047 0.0194 0.0002 124.0 1.3
0.1298 0.0067 0.0194 0.0002 123.7 1.6
0.1326 0.0053 0.0195 0.0002 124.3 1.4
0.1275 0.0045 0.0193 0.0002 123.0 1.3
0.1327 0.0059 0.0195 0.0002 124.5 1.5
0.1329 0.0041 0.0193 0.0002 123.1 1.5
0.1256 0.0035 0.0188 0.0002 120.0 1.3
0.1302 0.0047 0.0192 0.0002 122.4 1.2
0.1294 0.0058 0.0194 0.0002 123.7 1.5
0.1304 0.0047 0.0193 0.0002 123.4 1.4

0.1283 0.0089 0.0191 0.0004 122.0 2.8
0.1328 0.0075 0.0198 0.0003 126.6 1.6
0.1310 0.0081 0.0196 0.0003 125.0 2.0
0.1347 0.0092 0.0195 0.0005 124.6 2.9
0.1332 0.0064 0.0199 0.0003 127.0 2.2
0.1299 0.0053 0.0195 0.0002 124.2 1.3
0.1300 0.0077 0.0195 0.0003 124.2 1.8
0.1301 0.0062 0.0194 0.0003 123.7 1.8
0.1298 0.0043 0.0194 0.0002 124.1 1.2
0.1334 0.0058 0.0199 0.0003 127.1 1.8
0.1301 0.0062 0.0194 0.0002 124.0 1.5
0.1330 0.0079 0.0198 0.0004 126.5 2.2
0.1316 0.0075 0.0198 0.0002 126.1 1.6
0.1307 0.0079 0.0195 0.0002 124.3 1.4
0.1267 0.0102 0.0196 0.0005 125.4 2.9
0.1301 0.0073 0.0195 0.0003 124.2 1.7
0.1357 0.0076 0.0196 0.0003 125.0 2.1
0.1302 0.0074 0.0195 0.0004 124.2 2.7



Table 3
Major oxides (wt.%) and trace elements (ppm) for the Dadian alkaline complex.

Rock-type Syenite Hornblende syenite Quartz syenite Syenite porphyry Granite

Sample 08LX94 08LX95 08LX96 10LX33 08LX98 08LX99 08LX100 08LX101 GSR1 GSR1

Latitude N35°22′17″ N35°22′09″ N35°22′50″ N35°22′52″ N35°22′59″ N35°23′18″ N35°24′00″ N35°24′0″ Avg. Rem.

Longitude E118°55′41″ E118°55′51″ E118°55′39″ E118°55′38″ E118°49′43″ E118°49′38″ E118°48′49″ E118°48′48″

SiO2 66.5 67.5 64.5 64.1 69.7 69.4 61.5 62.7 73.1 72.8
TiO2 0.44 0.47 0.51 0.54 0.26 0.33 0.52 0.50 0.28 0.28
Al2O3 17.0 16.4 16.9 17.4 15.6 14.5 17.3 17.2 13.4 13.4
FeOT 1.93 2.02 2.83 3.01 1.69 2.07 3.17 2.97 1.92 1.93
MnO 0.08 0.07 0.10 0.10 0.04 0.04 0.10 0.09 0.06 0.06
MgO 0.25 0.22 0.83 0.94 0.26 0.39 0.94 0.93 0.41 0.42
CaO 0.93 0.67 1.83 2.03 0.69 0.48 2.05 1.78 1.54 1.55
Na2O 5.80 5.78 5.11 5.14 4.87 5.04 5.06 4.28 3.11 3.13
K2O 6.00 6.00 5.84 5.92 5.69 5.95 6.21 6.52 5.02 5.01
P2O5 0.05 0.04 0.20 0.21 0.06 0.08 0.25 0.23 0.09 0.09
LOI 0.24 0.30 0.44 0.24 0.54 0.94 1.88 1.80 0.69 0.69
Total 99.4 99.7 99.5 100.0 99.6 99.4 99.3 99.4 99.8 99.6
Mg# 18.7 16.2 34.4 35.7 21.5 25.1 34.6 35.8
Cr 88.6 76.8 68.7 102 112 106 67.8 40.4 2.79 5.00
Co 1.48 1.24 3.94 5.11 1.98 3.44 3.87 3.41 3.40 3.40
Ni 62.1 0.57 1.62 16.9 1.63 2.46 16.05 0.89 3.10 2.30
Cs 1.11 1.35 1.98 1.45 1.77 2.61 3.66 3.49 39.3 38.4
Rb 116 162 165 125 155 229 148 162 481 466
Sr 56.2 37.1 563 523 217 251 483 455 112 106
Ba 174 145 1955 1700 702 794 2834 2640 337 343
La 126 107 180 181 117 129 116 110 53.6 54.0
Ce 286 254 303 303 209 226 209 196 108 108
Pr 34. 31.9 30.9 31.0 22.1 24.9 23.2 21.9 13.3 12.7
Nd 124 121 98.0 100 71.3 81.7 78.6 74.3 48.9 47.0
Sm 23.5 25.6 13.3 13.1 9.89 11.4 12.2 11.6 10.1 9.70
Eu 1.56 1.10 2.47 2.52 1.55 1.34 3.13 3.02 0.85 0.85
Gd 19.4 21.6 11.1 10.8 8.37 9.49 9.49 9.10 9.36 9.30
Tb 2.87 3.17 1.26 1.14 1.01 1.20 1.14 1.11 1.65 1.65
Dy 15.9 18.0 6.06 5.16 5.34 6.39 5.57 5.63 10.7 10.2
Ho 2.94 3.34 1.17 0.99 1.05 1.31 1.07 1.05 2.25 2.05
Er 7.40 8.31 3.25 2.73 2.96 3.76 2.86 2.84 6.97 6.50
Tm 0.97 1.08 0.48 0.40 0.46 0.57 0.42 0.41 1.12 1.06
Yb 5.54 6.43 3.16 2.68 2.94 3.94 2.75 2.67 7.81 7.40
Lu 0.77 0.93 0.48 0.44 0.46 0.62 0.41 0.40 1.25 1.15
Y 71.4 79.9 31.2 26.7 29.0 33.9 27.1 26.4 63.6 62.0
Zr 619 759 662 601 448 385 417 396 170 167
Hf 15.2 18.1 14.9 13.1 12.3 12.3 10.6 10.4 6.50 6.30
Nb 34.5 45.7 29.8 23.9 26.7 47.1 20.0 20.3 41.7 40.0
Ta 2.62 3.37 1.73 1.23 1.88 3.49 1.18 1.22 7.40 7.20
Th 22.6 33.6 31.3 24.9 47.0 74.3 21.4 20.4 55.8 54.0
U 1.78 3.63 3.65 3.56 4.74 8.92 2.63 2.50 18.9 18.8
Pb 27.8 24.4 26.8 23.5 35.7 18.0 26.5 25.3 32.8 31.0
δEu 0.22 0.14 0.6 0.63 0.51 0.38 0.86 0.87
(La/Yb)N 15.3 11.3 38.5 45.4 26.9 22.1 28.3 27.7
TZr (°C) 890 914 891 878 873 847 837 846

LOI: loss on ignition. Mg#=100×Mg/(Mg+∑Fe) atomic ratio. TZr(°C)=12,900/[2.95(0.85M+ln(496,000/Zrmelt), M=(Na+K+2Ca)/(Al×Si) cation ratio (Watson and
Harrison, 1983). GSR1 is Chinese granite standard. Avg.: average value measured for reference standard. Rem.: recommended value for reference standard.
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the quartz syenite has the lowest Al2O3 (14.5–15.6 wt.%). The Al2O3

content of hornblende syenite and syenite (16.4–17.0 wt.%) is
comparable. Almost all the rocks are metaluminous (Fig. 5b). They
also display high and similar Na2O and K2O contents (Na2O+
K2O=10.6–11.8 wt.%), falling in the alkaline field in SiO2-A.R.
diagram (Fig. 5c). However, the K2O contents are higher than Na2O
(K2O/Na2O=1.03–1.52) classifying the rocks into shoshonitic series
in the K2O–SiO2 diagram (Fig. 5d). The syenite porphyry and
hornblende syenite have higher CaO (1.78–2.05 wt.%) and FeOT

(2.83–3.17 wt.%) contents relative to syenite and quartz syenite
(CaO=0.48–0.93 wt.%, FeOT=1.69–2.02 wt.%). All the rocks have
low MgO (0.22–0.93 wt.%), TiO2 (0.26–0.52 wt.%) and P2O5 (0.05–
0.25 wt.%) contents. The Mg# (18.7–35.8) is low and shows wide
variation.

The concentrations and distribution patterns of REE and trace
elements in the Dadian alkaline complex showwide variation (Table 3
and Fig. 6), broadly classifying into three groups. The first group,
including hornblende syenite and syenite porphyry, is characterized
by high LREE (416–630 ppm), comparatively low HREE (23.2–
27.0 ppm), strong fractionation between LREE and HREE ((La/
Yb)N=27.7–38.5), moderate to slight negative Eu anomalies
(δEu=0.60–0.87), enrichment of Sr, Ba, Th, U and Pb and depletion
of HFSE (Nb, Ta, P and Ti). The second group includes syenite which is
also characterized by high LREE (542–594 ppm) but high HREE
contents (55.9–62.8 ppm), weak fractionation between LREE and
HREE ((La/Yb)N=11.3–15.3) and strongly negative Eu (δEu=0.14–
0.22), Sr and Ba anomalies. The REE and trace element features of the
third group which includes quartz syenite overlap between the first
and second groups.

5.4. Sr–Nd–Pb isotopes

Sr, Nd and Pb isotopic compositions of hornblende syenite, syenite,
quartz syenite and syenite porphyry are presented in Table 4. All these



Fig. 5. Plots of (a) R1 vs. R2 [R1=4Si–11(Na+K)–2(Fe+Ti), R2=6Ca+2 Mg+Al], (b) A/NK [molar ratio Al2O3/(Na2O+K2O)] vs. A/CNK [molar ratio Al2O3/(CaO+Na2O+K2O)],
(c) SiO2 vs. A.R [Al2O3+CaO+(Na2O+K2O)]/[Al2O3+CaO–(Na2O+K2O)] and (d) K2O vs. SiO2 for the Dadian alkaline complex. (a) is from De la Roche et al. (1980), (c) is from
Wright (1969) and (d) is from Peccerillo and Taylor (1976).
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rocks have similar Sr, Nd and Pb isotopic compositions. The (87Sr/
86Sr)i and εNd(t) vary from 0.708505 to 0.708761 and−16.5 to−17.9
respectively. The Pb isotopic compositions are characterized by
(206Pb/204Pb)i=16.706–16.779, (207Pb/204Pb)i=15.427–15.450 and
(208Pb/204Pb)i=37.266–37.352.

A former study has documented Sr, Nd and Pb isotopic composi-
tions of the quartz monzonite from Dadian alkaline complex as: 87Sr/
86Sr)i=0.708132–0.708874, εNd(t)=−16.7 to −17.8, 206Pb/
204Pb=16.938–17.143, 207Pb/204Pb=15.315–15.470 and 208Pb/
204Pb=37.727–38.111 (Liu et al., 2008a). The present results are
broadly concordant with these, except for the wide variation
displayed by Sr and Pb isotopic compositions (Table 4).
5.5. Zircon Hf isotope

The results from in situ Hf isotopic analyses of zircons from the
Dadian alkaline complex are listed in Table 5 and shown in Fig. 7.
There are nomajor differences in εHf(t) values among the various rock
types analyzed in this study. Seventeen analyses obtained from 17
zircons from the syenite (08LX94) yield 176Hf/177Hf ratios of
0.282099–0.282239 and εHf(t) values varying from −21.2 to −16.4
with an average value of −19.7±0.7. Eighteen analyses obtained
from 18 zircons from the quartz syenite (08LX98) yield 176Hf/177Hf
ratios of 0.282099–0.282239 and εHf(t) values of−21.2 to−16.4with
an average value of −20.4±0.3.
6. Discussion

6.1. Mantle source and crustal contamination

The Sr–Nd–Pb isotopic compositions of the hornblende syenite,
syenite, quartz syenite and syenite porphyry as well as quartz
monzonite (Table 4) are different from the lower or upper crust of
NCC and YC but are similar to the early Cretaceous mafic dykes from
the Sulu orogenic belt (Fig. 8). The Hf isotopic compositions of the
Dadian alkaline complex are also concordant with that of the nearby
mafic dykes (εHf(t)=−21.1 to−23.5, Liu et al., 2008a). We therefore
consider that the Dadian alkaline complex shares a similar source as
that of the mafic dykes. Furthermore, the existence of mafic enclaves
in the hornblende syenite (Fig. 9a) and their interaction with the host
rocks (Fig. 9b) suggest that mantle-derived material might have
provided the source for the Dadian alkaline complex. It is commonly
accepted that these mafic dykes originated from an enriched
lithospheric mantle (Yang et al., 2005c; Liu et al., 2008a), suggesting
that the Dadian alkaline complex might also be related to an enriched
lithospheric mantle source.

However, the markedly high SiO2 and low MgO, FeOT and CaO
contents indicate that the Dadian alkaline complex experienced
strong crystal fractionation or crustal contamination. This is because
partial melting of any mantle rocks would generate magmas with low
SiO2 content, though moderate SiO2 (56–60wt.%) magmas can be
produced in case where themantle is highly enriched in liquid (Zhang

image of Fig.�5


Fig. 6. Chondrite-normalized REE patterns (a) and Primitive Mantle (PM) normalized
trace element diagrams (b) for the Dadian alkaline complex. The chondrite and PM
values are from Sun and McDonough (1989).
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et al., 2008). Crustal contamination is supported by the Sr and Nd
isotopic compositions. Except for the syenite porphyry, the distinct
positive correlation between SiO2 and (87Sr/86Sr)i and negative
correlation between SiO2 and εNd(t) from hornblende syenite to
quartz syenite (Fig. 10a and b) suggest that crustal contamination
played an important role during magma ascent. The comparatively
low εNd(t) and SiO2 but high (87Sr/86Sr)i of the syenite porphyry
might be related to weak carbonate metasomatism which is also
supported by petrographic studies as well as its high CaO content. The
lower Nb and Ta concentrations and Nb/Ta ratios of the syenite
relative to syenite porphyry and hornblende syenite is better
explained by crustal contamination rather than crystal fractionation.
Since both Nb and Ta belong to HFSE and have similar geochemical
behavior, these elements are not markedly fractionated in most
mantle magmatic processes (Liang et al., 2009). Ti-rich minerals such
as rutile, titanite and ilmenite are the potential minerals responsible
for the distribution and budget of Nb and Ta (Green, 1995; Dostal and
Chatterjee, 2000; Ying et al., 2007), and all of them favor Ta over Nb in
silicate liquids (Foley et al., 2000; Horng and Hess, 2000; Schmidt et
al., 2004; Klemme et al., 2005; Xiong et al., 2005; Bromiley and
Reffern, 2008; Liang et al., 2009). This would lead to an increase in the
Nb/Ta ratio in the residual melt if fractionation proceeds. However,
such a feature is not observed in the Dadian alkaline complex
(Fig. 10c). The Nb/Ta ratios of syenite porphyry and hornblende
syenite (16.7–19.4) are similar to the mafic dykes in Sulu orogenic
belt (average 19.9, Yang et al., 2005c; Tang et al., 2009) whereas the
Nb/Ta ratios of syenite and quartz syenite (13.2–14.3) are comparable
with crustally derived granites (11.2–13.6, Yang et al., 2005c) and the
continental crust (12–13, Barth et al., 2000), indicating that crustal
contamination was probably instrumental in the formation of the
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Table 5
Zircon Hf isotopic compositions for the Dadian alkaline complex.

Spot Age (Ma) 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ εHf(0) εHf(t) TDM1 (Ma) TDM2 (Ma) fLu/Hf

08LX94 (syenite)
1 124 0.048785 0.001606 0.282113 0.000022 −23.3 −20.7 1632 2495 −0.95
2 124 0.054338 0.001694 0.282137 0.000025 −22.5 −19.9 1602 2442 −0.95
3 125 0.093874 0.002828 0.282189 0.000026 −20.6 −18.1 1576 2330 −0.91
4 123 0.068408 0.002223 0.282125 0.000033 −22.9 −20.4 1642 2471 −0.93
5 124 0.069437 0.002135 0.282183 0.000023 −20.8 −18.3 1554 2341 −0.94
6 123 0.046853 0.001539 0.282125 0.000022 −22.9 −20.3 1613 2469 −0.95
7 123 0.112151 0.003332 0.282239 0.000026 −18.9 −16.4 1525 2223 −0.90
8 124 0.040568 0.001361 0.282131 0.000018 −22.7 −20.1 1595 2453 −0.96
9 122 0.035932 0.001185 0.282148 0.000019 −22.1 −19.5 1565 2417 −0.96
10 122 0.071626 0.002193 0.282137 0.000022 −22.5 −20.0 1623 2445 −0.93
11 123 0.034404 0.001152 0.282130 0.000022 −22.7 −20.1 1589 2456 −0.97
12 124 0.079274 0.002521 0.282123 0.000026 −22.9 −20.4 1658 2476 −0.92
13 123 0.113606 0.003361 0.282196 0.000023 −20.4 −17.9 1589 2317 −0.90
14 121 0.085766 0.002490 0.282201 0.000023 −20.2 −17.7 1543 2303 −0.92
15 123 0.043668 0.001456 0.282125 0.000019 −22.9 −20.3 1608 2467 −0.96
16 124 0.046122 0.001549 0.282099 0.000019 −23.8 −21.2 1649 2526 −0.95
17 123 0.043616 0.001456 0.282126 0.000020 −22.8 −20.3 1607 2465 −0.96

08LX98 (quartz syenite)
1 122 0.021058 0.000698 0.282096 0.000023 −23.9 −21.3 1617 2531 −0.98
2 126 0.034622 0.001112 0.282133 0.000020 −22.6 −19.9 1583 2448 −0.97
3 125 0.037997 0.001334 0.282119 0.000023 −23.1 −20.5 1611 2479 −0.96
4 125 0.037874 0.001241 0.282106 0.000022 −23.5 −20.9 1625 2508 −0.96
5 127 0.056103 0.001965 0.282121 0.000030 −23.0 −20.4 1636 2477 −0.94
6 125 0.038540 0.001242 0.282146 0.000021 −22.1 −19.5 1570 2419 −0.96
7 125 0.019452 0.000651 0.282088 0.000017 −24.2 −21.5 1625 2545 −0.98
8 125 0.028752 0.000954 0.282113 0.000024 −23.3 −20.6 1604 2491 −0.97
9 125 0.027939 0.000962 0.282122 0.000023 −23.0 −20.3 1592 2472 −0.97
10 127 0.044181 0.001450 0.282127 0.000021 −22.8 −20.2 1606 2462 −0.96
11 125 0.061978 0.002064 0.282110 0.000024 −23.4 −20.9 1656 2503 −0.94
12 127 0.044423 0.001468 0.282118 0.000023 −23.1 −20.5 1619 2482 −0.96
13 126 0.034715 0.001179 0.282157 0.000021 −21.7 −19.1 1552 2393 −0.96
14 124 0.042318 0.001453 0.282111 0.000022 −23.4 −20.8 1628 2498 −0.96
15 127 0.050282 0.001673 0.282143 0.000024 −22.2 −19.6 1592 2426 −0.95
16 125 0.026344 0.000902 0.282126 0.000019 −22.8 −20.2 1584 2462 −0.97
17 125 0.026549 0.000916 0.282117 0.000020 −23.2 −20.5 1597 2483 −0.97
18 126 0.021879 0.000757 0.282124 0.000020 −22.9 −20.2 1581 2466 −0.98

The following parameters were applied to calculation: (176Lu/177Hf)CHUR=0.0332, (176Hf/177Hf)CHUR, 0=0.282772; (176Lu/177Hf)DM=0.0384, (176Hf/177Hf)DM, 0=0.28325
(Blichert-Toft and Albaréde, 1997; Griffin et al., 2000), 176Lu decay constant λ=1.867×10−11 a−1 (Söderlund et al., 2004).
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syenite and quartz syenite. In addition, the exceptionally high HREE
concentrations in the syenite also cannot be explained by fraction-
ation. Fractional crystallization of HREE-rich minerals, such as garnet,
zircon and xenotime, will lead to a decrease of HREE in the residual
melt. However, such HREE decrease is not supported in the Dadian
alkaline complex (Fig. 10d). Alternatively, crustal contamination can
reasonably explain the high HREE concentrations in the syenite. In
this case, a shallow level crustal source is envisaged with partial
melting at low pressure in the absence of garnet to produce high HREE
content in the melt.

The positive correlation between CaO and δEu as well as CaO and
Sr (Fig. 10e and f) indicates that fractionation of plagioclase might
have occurred during magma evolution. However, fractionation of
plagioclase alone is inadequate to explain the negative Eu, Sr and Ba
anomalies in the syenite because plagioclase fractionation seems to
have been negligible between hornblende syenite and syenite as
suggested by the very low CaO content and minor CaO variation
within these rocks. The strongly negative Eu, Sr and Ba anomalies in
the syenite are much more likely to be related to crustal contamina-
tion rather than plagioclase fractionation. Experiments show that
dehydration melting of calc-alkaline granitoids (e.g., tonalite and a
granodiorite) at low pressure (P≤4 kbar) will producemetaluminous
A-type granite with negative Eu and Sr anomalies (Patiño Douce,
1997). Crystallization of a low-pressure residual assemblage domi-
nated by plagioclase accounts for the Eu and Sr depletion in the melts.
The low CaO, Sr and Eu contents and high FeOT/MgO (7.74–9.20),
TiO2/MgO (1.76–2.14) and Na/K (0.95–0.98) ratios as well as high
HFSE (e.g., Zr, Nb and Y) contents of syenite are similar to A-type
granites. Combined with the existence of Neoproterozoic granodiorite
and tonalitic gneiss in the study area, it can be deduced that the
syenite was contaminated by the melt originated from partial melting
of the Precambrian basement rocks at shallow crustal level.

6.2. Estimation of pressure and temperature

Based on Al-in-hornblende barometer (Schmidt, 1992), the
crystallization pressure of the Dadian alkaline is estimated to be
around 0.23–0.66 kbar. The low pressure values suggest that the
alkaline complex crystallized at a shallow crustal level, although this
low-Al hornblende is not an appropriate candidate for quantitative
pressure estimate because it is easily and strongly affected by
temperature (Hollister et al., 1987; Zhao and Wang, 1998). As
discussed above, the Dadian alkaline complex was contaminated by
crustal material which originated from partial melting of Precambrian
basement rocks at low pressure (P≤4 kbar). If this conclusion is valid,
the Dadian alkaline complex might have intruded at a depth
shallower than 15 km (Yang et al., 2006). Additionally, the low Sr
(37.1–56.2 ppm) and high Y (71.4–79.9 ppm) contents of the syenite
are similar to the Nanling-type granites which were produced in an
extensional environment during the crustal thinning of southeastern
China (Zhang et al., 2005c, 2006, 2008).

Zircon saturation thermometry (Watson and Harrison, 1983)
provides a simple and robust means of estimating magma temper-
atures from bulk-rock compositions. The prerequisite for using zircon



Fig. 7. Zircon Hf isotopic compositions of syenite (a) and quartz syenite (b).

Fig. 8. Initial 87Sr/86Sr versus εNd(t) diagram for the Dadian alkaline complex. NCC, North Chin
et al. (2001), Xu et al. (2004a), Yang et al. (2005a), Yang (2007) and Li et al. (2007a). The EM2
Yang et al. (2007). The mafic dykes in the Jiaodong Peninsula are from Yang et al. (2004). The
The Mesozoic intrusions of Taihang Mountains are from Chen and Zhai (2003), Chen et al. (2
NCC and lower crust of YC are from Jahn et al. (1999). Mantle array is from Zhang et al. (200
values are recalculated to 124 Ma.

Fig. 9. Mafic enclave captured by hornblende syenite keeps its original composition (a)
and is metasomatized by orthoclase (b). Hornblende syenite also cut by syenite in (a).
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saturation thermometry is that zirconium is saturated in themelt. The
zirconium concentrations of Dadian alkaline complex vary from
385 ppm to 795 ppm with an average value of 527 ppm which is
much higher than normal concentrations found in granitic rocks
(average 170 ppm, Turekian and Wedepohl, 1961), suggesting that
the magma from which the alkaline rocks crystallized was saturated
in zirconium. The calculated zircon saturation temperatures (TZr) of
a Craton. YC, Yangtze Craton. The EM1-type rocks in Luxi are from Guo et al. (2001), Yan
-type rocks in Luxi are from Zhang et al. (2002), Xu et al. (2004b), Ying et al. (2004) and
mafic dykes in the Sulu orogenic belt are from Yang et al. (2005c) and Liu et al. (2008a).
003a, 2004) and Wang et al., 2006). The fields for the lower and upper-middle crust of
5a). DM, EM1 and EM2 are from Zindler and Hart (1986). All the (87Sr/86Sr)i and εNd(t)
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Fig. 10. Plots of (87Sr/86Sr) vs. SiO2 (a), εNd(t) vs. SiO2 (b), Nb/Ta vs. SiO2 (c), HREE vs. SiO2 (d), δEu vs. SiO2 (e) and Sr vs. CaO (f) for the Dadian alkaline complex.
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the syenite, hornblende syenite, quartz syenite and syenite porphyry
are 890–914 °C, 878–891 °C, 847–873 °C and 837–846 °C respectively
(Table 2), which suggest that the initial temperature of the parent
magma might have been higher than 900 °C. This temperature is in
accordance with the temperature (950 °C) proposed for the crystal-
lization of A-type granites derived from partial melting of calc-
alkaline granitoids at low pressure (Patiño Douce, 1997).

In summary, the Dadian alkaline complex formed at a high
temperature but low pressure environment which suggests that the
lithosphere of the Sulu orogenic belt may have experienced
extensional tectonics in early Cretaceous.

6.3. Petrogenesis

The petrogenesis of syenites involves complex and varied
processes in different tectonic settings. The various models proposed
can be generally divided into three groups (Yang et al., 2005b and the
references therein). Syenite magmas may originate from partial
melting of crustal rocks through the influx of volatiles (Miyazaki et al.,
2000; Azman, 2001; Martin, 2006) or in a closed system at pressures
typical of the base of an over-thickened crust (Harris et al., 1983;
Tchameni et al., 2001). The second model considers syenite magmas
as products of partial melting of metasomatized/enriched mantle
(Litvinovsky et al., 2002; Miyazaki et al., 2003; Conceição and Green,
2004; Wang et al., 2005; Yang et al., 2005b) or differentiation of alkali
basalt magma (Brown and Becker, 1986; Xing and Xu, 1994;
Macdonald and Scaillet, 2006; Brotzu et al., 2007). The third type of
syenites form from magma mixing, particularly the mixing of basic
and silicic melts with subsequent differentiation or mixing of mantle-
derived silica undersaturated alkali magmas with lower crust derived
granitic magmas (Zhao et al., 1995; Brotzu et al., 1997; Stevenson et
al., 1997; Vernikovsky et al., 2003; Jung et al., 2007; Ying et al., 2007).
Zhao et al. (1995) concluded that the bulk of continental syenites
were likely derived by the interaction between mantle-derived alkali
basalt magmas and pre-existing continental crust, a process consid-
ered as essential for the origin of Si-saturated syenitic compositions.
The Sr, Nd and Hf isotopic compositions of Dadian alkaline complex
are different from those of the lower and upper crust of NCC and YC,
but similar to those of the nearby mafic dykes which were derived
from enriched lithospheric mantle. However, the high SiO2 content

image of Fig.�10
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and HREE concentrations and low Nb/Ta ratios of part of the rocks in
the Dadian alkaline complex also suggest crustal contamination. High
temperature and low pressure indicated by zircon saturation
thermometry and Al-in-hornblende barometry from Dadian alkaline
complex suggest that the complex formed under high temperature
and low pressure conditions. Thus, we conclude that the Dadian
alkaline complex was produced from a hot mantle derived magma in
shallow crustal level coupled with crustal contamination during
magma ascend. It is notable that from hornblende syenite to syenite,
the geochemical features evolved from enrichedmantle-like to A-type
granite affinity, indicating that A-type granites can be produced from
enriched lithospheric mantle derived melt via crustal contamination
in the Sulu orogenic belt during early Cretaceous. A similar
petrogenetic history has also been proposed for the A-type granite
in Liaodong Peninsula, as in the case of the early Cretaceous Qianshan
A-type granite (Yang et al., 2006).

However, the mechanism of formation of early Cretaceous
enriched lithospheric mantle beneath the Sulu orogenic belt remains
Fig. 11. 206Pb/204Pb vs. 208Pb/204Pb (a) and 206Pb/204Pb vs. 207Pb/204Pb (b) diagram for the Dad
gabbros (Guo et al., 2001; Yan et al., 2001; Yang, 2007; Li et al., 2007a). The EM2-type rock
2004b). The Mesozoic intrusions of Taihang Mountains are from Chen and Zhai (2003), Chen
Yan et al. (2003, 2005). The mafic dykes in the Sulu orogenic belt and Jiaodong Peninsula are
MORB), P&N-MORB (Pacific and North Atlantic MORB), OIB, NHRL and 4.55 Ga geochron ar
enigmatic. Some workers regard the lithosphere of Sulu orogenic belt
to belong to NCC or YC whereas others consider that it is a unique
feature of the Sulu belt (Wang et al., 2004). Pb isotopes are good
indicators to distinguish the lithospheric mantle of NCC from YC
because the Pb isotopic composition of the lithospheric mantle under
the NCC (e.g., Taihang, Luxi, and Jiaodong Peninsula) was less
radiogenic than that beneath the YC during the Mesozoic (Xie et al.,
2006b) (Fig. 11), though the Pb ratios show an increase from central
NCC to southeastern NCC. The Pb isotopic compositions of the Dadian
alkaline complex andmafic dykes from Sulu orogenic belt are closer to
those for NCC lithospheric mantle than to those of YC (Fig. 11),
suggesting that the lithosphericmantle beneath the Sulu orogenic belt
likely belongs to the NCC. Models of subduction and delamination
were applied to explain the enrichment of the lithospheric mantle. In
the subduction model, the enrichment of the lithospheric mantle
beneath Sulu orogenic belt was produced by the metasomatism of
melts/fluids derived from the subducted Yangtze slab (Guo et al.,
2004; Meng et al., 2005; Yang et al., 2005c; Yan et al., 2008; Tang et al.,
ian alkaline intrusion. The EM1-type rocks in Luxi are represented by Jinan and Zouping
s are deputized by Fangcheng basalts (Zhang et al., 2002) and Yinan gabbros (Xu et al.,
et al. (2003a, 2004) andWang et al. (2006). The mafic rocks of Yangtze Craton are from
from Liu et al. (2008a) and Yang et al. (2004) respectively. The fields for I-MORB (Indian
e from Hart (1984), Barry and Kent (1998) and Zou et al. (2000). YC, Yangtze Craton.

image of Fig.�11
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2009), whereas in the delamination model the enriched lithospheric
mantle was generated by metasomatism of the melts/fluids derived
from the foundered lower crust (Liu et al., 2008a; Wang et al., 2009b).
The progressive enrichment of the lithospheric mantle from central
NCC (e.g., Taihang area) to southeastern NCC (e.g., Luxi area and
Jiaodong Peninsula) (Fig. 8), and the old and refractory nature of the
lithosphericmantle beneath the Sulu orogenic belt (Yang et al., 2005c;
Tang et al., 2009) suggest that the enriched lithospheric mantle might
have originated from the ancient lithospheric mantle which was
modified by the melts/fluids derived from the subducted Yangtze slab
during the Mesozoic (Fig. 12) (Zhang et al., 2005a,b; Lan et al., 2011).
Fig. 12. Schematic sections through the NCC illustrating reactivation of the eastern NCC, t
lithospheric thinning as a result of subduction-related lithospheric extension and emplac
(a) Archean well-stratified cratonic lithospheric mantle survived until 460 Ma when the diam
the NCC triggered destruction of the NCC lithosphere, simultaneously with the formation
continental slab produced silicic melts, which modified the overlying refractory lithospheric
mantle to Mesozoic enriched lithospheric mantle; (d) Subduction of the paleo-Pacific plate i
melting of the enriched lithospheric mantle and subsequent lithospheric thinning coupled w
CC, continental crust; OLM, oceanic lithospheric mantle; OC, oceanic crust; UHP, ultrahigh-
7. Geodynamic implications

Various tectonic models have been proposed to interpret the
Mesozoic magmatism in the Sulu orogenic belt. Some researchers
regarded that the early Cretaceous magmatism in the Sulu orogenic
belt was controlled by the post-collision process which is character-
ized by the collapse of the orogenic belt or delamination of the
lithosphere beneath the orogenic belt (Li et al., 2002, 2005; Guo et al.,
2006; Xie et al., 2006a; Xu et al., 2007). Others attribute the
magmatism as a product of the large scale lithosphere thinning in
eastern China. According to the latter view, the potential geodynamic
ransformation of the old cratonic lithosphere to the Mesozoic fertile lithosphere, and
ement of related magmas (modified after Zhang et al., 2003 and Chen et al., 2005).
ondiferous kimberlites erupted; (b) Triassic collision between the Yangtze Craton and
of the Dabie–Sulu ultrahigh-pressure metamorphic belt; (c) The subducted Yangtze
mantle. Continuous modification by these melts converted the old cratonic lithospheric
nduced lithospheric extension as well as upwelling of asthenosphere, leading to partial
ith development of large-scale magmatism. SCLM, subcontinental lithospheric mantle;
pressure rocks; NCC, North China Craton; YC, Yangtze Craton.

image of Fig.�12
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forces include the subduction of the paleo-Pacific plate (Hu et al.,
2001; Xu et al., 2001;Wu et al., 2005;Ma et al., 2006) or upwelling of a
superplume (Zhao et al., 2007; Zhang et al., 2009a). Based on global
models for the evolution of orogenic belts, Ma et al. (2006) concluded
that it takes about 20–50 Ma from collisional orogeny to collapse of
the orogen. Thus the early Cretaceous magmatic activities cannot be
explained by the post-collision effect following the continental
collision between NCC and YC because of the time lag of more than
100 Ma. In fact, during the early Cretaceous, abundant crustal and
mantle derived magmatic rocks formed not only in the Dabie–Sulu
orogenic belt, Jiaodong and Liaodong Peninsula, but also in the
Taihang and Luxi area, suggesting that these magmatic activities were
controlled by a common geodynamic mechanism instead of indepen-
dent tectonic events. This geodynamic mechanism, therefore, may be
related to large scale extension of the lithospheric mantle coupled
with upwelling of the asthenosphere. The tectonic framework for the
extension of the lithospheric mantle and upwelling of the astheno-
sphere may be included the post-collisional processes following the
Triassic collision between NCC and YC (Li et al., 1993), the Jurassic
collision of the Siberian Craton with the NCC-Mongolian continents
(Zorin, 1999; Meng, 2003) and the direct effect of paleo-Pacific
subduction. Among these, the subduction of the paleo-Pacific slab
might have played a crucial role in this process (Sun et al., 2007; Xu et
al., 2009). Back-arc extension and sinistral strike-slip movement of
the Tan–Lu fault induced by the paleo-Pacific subduction with drifting
direction in early Cretaceous may have caused the intense extension
of lithospheric mantle and the upwelling of asthenosphere (Zhang et
al., 2003; Chen et al., 2005; Zhang et al., 2005b; Sun et al., 2007; Zeng
et al., 2009), resulting in the magma generation at shallow crustal
levels (Fig. 12). In addition, the superplume model proposed recently
is also a viable alternative (Zhao et al., 2007; Zhang et al., 2009a).

8. Conclusions

1. The Dadian alkaline complex crystallized at high temperature and
intruded at shallow crustal level during early Cretaceous (122–
125 Ma).

2. The alkaline complex was mainly derived from an enriched
lithospheric mantle source and contaminated by crustal material
duringmagma ascend. The enriched lithospheric mantle originated
from the ancient lithospheric mantle beneath NCC which was
modified by the melts/fluids derived from the subducted Yangtze
slab. The crustal material was derived from partial melting of
Precambrian basement rocks at shallow crustal level.

3. The Dadian alkaline complex bears no relationship to post-
orogenic process, but might have been controlled by a common
geodynamic mechanism which was instrumental in the develop-
ment of the early Cretaceous magmatic activities in eastern China.
The geodynamic framework was mainly contributed by the paleo-
Pacific subduction.
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