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TPost-orogenic intrusive complexes from the Sulu belt of eastern China consist of
pyroxene monzonites and dioritic porphyrites. We report new U–Pb zircon ages,
geochemical data, and Sr–Nd–Pb isotopic data for these rocks. Laser ablation-induc-
tively coupled plasma-mass spectrometry U–Pb zircon analyses yielded a weighted
mean 206Pb/238U age of 127.4 ^ 1.2 Ma for dioritic porphyrites, consistent with
crystallization ages (126 Ma) of the associated pyroxene monzonites. The intrusive
complexes are characterized by enrichment in light rare earth elements and large ion
lithophile elements (i.e. Rb, Ba, Pb, and Th) and depletion in heavy rare earth elements
and high field strength elements (i.e. Nb, Ta, P, and Ti), high (87Sr/86Sr)i ranging from
0.7083 to 0.7093, low 1Nd(t) values from 114.6 to 219.2, 206Pb/204Pb ¼ 16.65–17.18,
207Pb/204Pb ¼ 15.33–15.54, and 208Pb/204Pb ¼ 36.83–38.29. Results suggest that
these intermediate plutons were derived from different sources. The primary magma-
derived pyroxene monzonites resulted from partial melting of enriched mantle
hybridized by melts of foundered lower crustal eclogitic materials before magma
generation. In contrast, the parental magma of the dioritic porphyrites was derived from
partial melting of mafic lower crust beneath the Wulian region induced by the
underplating of basaltic magmas. The intrusive complexes may have been generated by
subsequent fractionation of clinopyroxene, potassium feldspar, plagioclase, biotite,
hornblende, ilmenite, and rutile. Neither was affected by crustal contamination.
Combined with previous studies, these findings provide evidence that a Neoproterozoic
batholith lies beneath the Wulian region.

Keywords: intrusive complexes; foundering; underplating; Sulu belt; eastern China

Introduction

The Sulu orogenic belt is generally accepted as the eastern part of the Qinling–Dabie

collisional orogenic belt sited between the north China and Yangtze blocks (e.g. Yin and

Ni 1993; Xu and Zhu 1994; Cong 1996; Jahn et al. 1996; Ye et al. 1996, 2000; Li et al.

1999; Zheng et al. 2002). High pressure to ultrahigh pressure (HP–UHP) metamorphic

rocks, such as those found at Rizhao, Qingdao, and Weihai (Cong 1996; Jahn et al. 1996;

Ye et al. 1996; Zheng et al. 2003), Neoproterozoic magmatic rocks, such as granites and
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gabbros (Zhou et al. 2003b; Wu et al. 2004; Huang et al. 2005), and voluminous syn-

collisional and post-collisional magmatic rocks, such as alkaline complexes (Chen et al.

2003; Guo et al. 2005; Yang et al. 2005a,b), volcanic rocks (Fan et al. 2001; Guo et al.

2004), granitoids and diorites (Zhao et al. 1997; Zhou and Lu 2000; Hong et al. 2003;

Huang et al. 2005; Yang et al. 2005a,b), gabbros (Meng et al. 2005), volcanic-intrusive

complexes (BGMRS 1991a; Zhou et al. 2003a), mafic dikes (Guo et al. 2004; Yang et al.

2005a,b; Liu et al. 2008a,b), and adakites (Guo et al. 2006; Liu et al. 2009) are widespread

and mark the zone of collision. These rocks contain valuable information on deep dynamic

processes, and can be used to study the orogenic processes of continental subduction and

the role of crust–mantle interaction (Menzies and Kyle 1990; Jahn et al. 1996; Ye et al.

2000; Fan et al. 2001; Guo et al. 2004).

The Mesozoic magamatic rocks widely distributed in the Sulu orogenic belt mainly

formed between 225 and 114 Ma (Zhao et al. 1997; Zhou and Lu 2000; Fan et al. 2001;

Chen et al. 2003; Zhou et al. 2003a; Guo et al. 2004, 2005, 2006; Huang et al. 2005; Meng

et al. 2005; Yang et al. 2005a,b); they consist dominantly of intermediate-acid igneous

rocks. In contrast, the distributions of these Mesozoic mafic rocks are limited, and most of

them are distributed in the form of dikes (BGMRS 1991b; Cheng et al. 1998; Yang and

Zhou 2001; Guo et al. 2004) as only small-scale basalt extrusions and mafic intrusions

(Fan et al. 2001; Meng et al. 2005). These widespread Mesozoic intermediate-acid rocks

are considered to be the result of recycling of the subducted Yangtze cratonic continental

crust (Zheng et al. 2003; Zhao et al. 2004, 2005; Yang et al. 2005a,b). However, the Pb

isotopic compositions of the majority of intermediate-acid rocks in the Sulu orogenic belt

are significantly different to those of the Yangtze lithospheric mantle, and are similar to

those of the mafic rocks from the central north China craton (Xie et al. 2006; Liu et al.

2008a,b). Moreover, the origins of the adakitic volcanic rocks from the Sulu orogenic belt

argue against the contribution of the Yangtze lithosphere (Guo et al. 2006; Liu et al. 2009).

As such, the generation of the intermediate-acid rocks in the Sulu orogenic belt may not be

due to the involvement of the subducted Yangtze continental crust. Consequently, it is

important to undertake further investigations into the Mesozoic intermediate-acid rocks in

the Sulu orogentic belt.

The Qibaoshan intrusive complex, which is exposed in the Wulian region in the

northwest part of the Sulu orogenic belt and is comprised of an intrusive association of

pyroxene monzonite–dioritic porphyrite (Figure 1), is one such example. In this paper, we

present petrographic, geochronological, geochemical, and Sr–Nd–Pb isotopic data on

these rocks. These data are used to discuss their petrogenesis. Interpretation of the data

then leads to an integrated model of intrusive complexes in a post-orogenic setting.

Geological setting and petrography

Voluminous Neoproterozoic and Mesozoic magmatic rocks outcrop in the Wulian region,

northwest of the Sulu terrane (Zhou et al. 2003b; Wu et al. 2004; Huang et al. 2005). The

Neoproterozoic rocks have widely undergone greenschist facies metamorphism, and they

contain gneissic granites, plagioamphibolites and quartzite–carbonaceous slate-phyllite-

marble associations; in contrast, granite is the dominant Mesozoic rock type in the Wulian

region (Huang et al. 2005). The studied region is located in a triangular area created by the

connection of three faults. The granites and diorites are the dominant rock types, making

up more than 98% of the Meosozoic magmatic rocks in the Wulian region. The Qibaoshan

complex is influenced by the Tanlu Fault to the west, the Wulian-Weihai Fault to the east,

and the Beixing–Xuejiaguanzhuang–Huigouzi–Dingjiaguanzhuang Fault to the north.

S. Liu et al.62
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Figure 1. (a) Simplified tectonic map of the Sulu belt, eastern China (modified after Guo et al.
2004). (b,c) A geologic map of the study areas and the distribution of the intrusive complexes
(modified after BGMRS 1991b).
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The Qibaoshan complex is exposed for ca. 12 km2, and is bounded by Qingshan Formation

volcanic rocks (Figure 1(b)). The zircon U–Pb age for pyroxene monzonite is 126 ^ 3 Ma

(Zhou et al. 2003a,b), and this age is used in this paper for the age-correction of the Nd, Sr,

and Pb isotopic compositions.

The pyroxene monzonites are grey-black, fine- to medium-grained, with a massive

texture. They are composed of subhedral clinopyroxene (10%; 1.2 mm), orthopyroxene

(10%; 1.0 mm), plagioclase (40%; 1.0–1.2 mm), biotite (5%; 1.0–1.2 mm), and orthoclase

(35%; 1.2–1.5 mm). Accessory minerals include apatite, zircon, magnetite, and titanite.

The dioritic porphyrites are light grey, fine- to medium-grained with massive and

porphyritic textures. The rocks contain 30% phenocrysts, which consist of plagioclase

(An ¼ 30–50; 80–85%; 1.0–2.0 mm), hornblende (8–10%; 1.0–2.0 mm), biotite

(2–5%; 1.0 mm), and K-feldspar (5%; 1.0–1.2 mm). 70% of the matrix is composed of

plagioclase and cryptocrystalline. Accessory minerals include zircon, apatite, titanite,

magnetite, and ilmenite.

Analytical methods

Laser ablation techniques were used in zircon age determination (Table 1). The analyses

were conducted with an Elan 6100 DRC ICP-MS equipped with 193 nm Excimer lasers,

which is housed in the Department of Geology, Northwest University, Xi’an, China. Zircon

91500 was used as a standard, with a spot size of 30mm. Raw data was reduced using the

GLITTER program. The detailed analytical procedures are described by Yuan et al. (2004).

Whole-rock samples were trimmed to remove the altered surfaces, and were cleaned

with deionized water, crushed, and powdered with an agate mill. The pulverized samples

were used for major element, trace element, and Sr–Nd–Pb isotopic analyses.

The major elements were analysed with a PANalytical Axios-advance (Axios

PW4400) X-ray fluorescence spectrometer (XRF) at the State Key Laboratory of Ore

Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences

(IGCAS). Fused glass disks were used and the analytical precision, as determined on the

Chinese National standards GSR-1 and GSR-3, was better than 5% (Table 2). Loss on

ignition (LOI) was obtained using 1 g powder heated to 11008C for 1 h. Trace elements

were analysed with a POEMS ICP-MS at the National Research Centre of Geoanalysis, the

Chinese Academy of Geosciences, following the procedures described by Qi et al. (2000).

The discrepancy between the triplicates is less than 5% for all of the elements. The

analyses with the international standards OU-6 and GBPG-1 are in agreement with the

recommended values (Table 2).

For the Rb–Sr and Sm–Nd isotope analyses, sample powders were spiked with mixed

isotope tracers, dissolved in Teflon capsules with HF þ HNO3 acid, and separated by the

conventional cation-exchange technique. Isotopic measurements were performed on a

Finnigan MAT-262 thermal ionization mass spectrometer at the Isotopic Geochemistry

Laboratory of the Yichang Institute of Geology and Mineral Resources. Procedural blanks

were ,200 pg for Sm and Nd, and ,500 pg for Rb and Sr. The mass fractionation

corrections for the Sr and Nd isotopic rations were based on 86Sr/88Sr ¼ 0.1194 and
146Nd/144Nd ¼ 0.7219, respectively. The analyses of the standards used during the period

of analysis are as follows: NBS987 gave 87Sr/86Sr ¼ 0.710246 ^ 16(2s); La Jolla gave
143Nd/144Nd ¼ 0.511863 ^ 8 (2s). Pb was separated and purified by the conventional

cation-exchange technique (AG1 £ 8, 200–400 resin) with diluted HBr as the eluant.

Analyses of NBS981 during the period of analysis yielded 204Pb/206Pb ¼ 0.0896 ^ 15,
207Pb/206Pb ¼ 0.9145 ^ 8, and 208Pb/206Pb ¼ 2.162 ^ 2 (Table 3).

S. Liu et al.64
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Analytical results

Zircon CL images and U–Pb data

Zircons are abundant in dioritic porphyrites. The zircons from dioritic sample QBS001 are

euhedral and range up to 100mm in size, and most of them are transparent and light brown

in colour with an oscillatory zoning structure (Figure 2). The zircon U–Pb data are

presented in Table 1. Analyses of zircon grains with an oscillatory structure are concordant

and yield the two weighted mean 206Pb/238U ages of 127.4 ^ 1.2 Ma (n ¼ 17) and

757 ^ 4.8 Ma (n ¼ 9; Figure 3). The younger age is interpreted as the crystallization age

of the dioritic porphyrites, and the later age as the inherited zircon age.

Major and trace elements

The geochemical data for the pyroxene monzonites and dioritic porphyrites from Qibaoshan

are shown in Table 2, and the major oxide contents are illustrated in Figures 4 and 5. In the

present study, the pyroxene monzonites are of a higher chemical composition than the

dioritic porphyrites, with the exception of certain elements, such as SiO2 ¼ 55.28–

56.29 wt%, K2O ¼ 3.65–4.75 wt%, MnO ¼ 0.07–0.14 wt%, Cr ¼ 35.3–41.5 ppm,

Ni ¼ 26.7–35.1 ppm, Rb ¼ 107–146 ppm, Ba ¼ 2664–3326 ppm, and Pb ¼ 28.3–

53.6 ppm. The pyroxene monzonites and dioritic porphyrites are relatively high in total

alkalis, with a value of K2O ¼ 3.65–7.29 wt% and Na2O ¼ 0.3–3.64 wt%, and the total

K2O þ Na2O ranging from 7.05 wt% to 8.18 wt%. On the total alkali–silica (TAS) diagram,

all the pyroxene monzonites plot in the alkaline field, whereas the dioritic porphyrites fall into

the subalkaline series (Figure 4(a)). In addition, all samples straddle the shoshonitic series in

Figure 2. Representative cathodoluminescence images of zircon grains from the dioritic
porphyrites (QBS001). The numbers correspond to the spot analyses given in Table 1.
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Figure 3. Laser ablation-inductively coupled plasma-mass spectrometry zircon U–Pb concordia
diagrams for sample QBS001 from the dioritic porphyrites in the Wulian region, the Sulu belt.
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the Na2O versus K2O plot (Figure 4(b)). The pyroxene monzonites display regular trends

between Al2O3, K2O Na2O, Fe2O3, CaO, and SiO2; however, there are no obvious

correlations between the other major oxides and SiO2 in the dioritic porphyrties (Figure 5).

The pyroxene monzonites and dioritic porphyrites were all characterized by light rare

earth element (LREE) enrichment and heavy rare earth element (HREE) depletion, with a

wide range LaN/YbN values (27–58) and moderate to small negative Eu anomalies

(Eu/Eu* ¼ 0.7–0.9; Figure 6(a)). In the primitive mantle-normalized trace element

diagrams, the pyroxene monzonites and dioritic porphyrites display an enrichment in large

ion lithophile elements (i.e. Rb, Ba, Pb, and Th) and depletion in Sr and high field strength

elements (i.e. Nb, Ta, P, and Ti; Figure 6(b)).

Sr–Nd–Pb isotopic ratios

Sr, Nd, and Pb isotopic data have been obtained from representative pyroxene monzonites

and dioritic porphyrites (Table 3). The pyroxene monzonites and dioritic porphyrites

exhibit very uniform (87Sr/86Sr)i and 1Nd(t) values, respectively. Such values include (as)

Figure 4. Classification of the pyroxene monzonites and dioritic porphyrites from the Sulu belt on
the basis of (a) the TAS diagram. All the major element data have been recalculated to 100% on a
LOI-free basis (after Middlemost 1994; Le Maitre 2002); (b) K2O versus Na2O diagram, showing the
intrusive complexes to be shoshonitic (after Middlemost 1972). The legends in the other figures are
the same as in Figure 4.
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the (87Sr/86Sr)i ratios, which range from 0.709302 to 0.709303 for the pyroxene

monzonites and from 0.708262 to 0.708267 for the dioritic porphyrites, while the 1Nd(t)

values vary from 214.6 to 214.8 for the pyroxene monzonites and from 219.2 to 219.0

for the dioritic porphyrites. This suggests a different source region. In addition, the Sr–Nd

isotopic compositions are comparable to those of the Neoproterozoic granites

Figure 5. Selected variation diagrams of major element oxides versus SiO2 plots for the pyroxene
monzonites and dioritic porphyrites from the Sulu belt.
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(recalculated to 120 Ma) and late Mesozoic magmatic rocks from the Sulu orogenic belt

(Zhao et al. 1997; Zhou and Lu 2000; Fan et al. 2001; Guo et al. 2004, 2006; Huang et al.

2005; Meng et al. 2005; Yang et al. 2005a,b), but are inconsistent with those of the

Neoproterozoic gabbros (recalculated to 120 Ma) in the Sulu belt (Figure 7).

The Pb isotopic ratios in the intrusive complexes are characterized by
206Pb/204Pb ¼ 16.65–17.18, 207Pb/204Pb ¼ 15.33–15.54, and 208Pb/204Pb ¼ 36.83–

38.29. They are significantly different from those of the Yangtze lithospheric mantle (Yan

et al. 2003), and are identical to those of the mafic rocks from Northern China Craton and

Dabie orogen (Yan et al. 2003; Zhang et al. 2004; Xie et al. 2006), having a clear EM I

affinity (Figure 8(a,b)).

Petrogenesis discussion

Source features

The intrusive complexes are characterized by moderate SiO2 (55.28–61.57 wt%), suggesting

that they could not have been derived from an intermediate-acid crust source, as partial

Figure 6. Chondrite-normalized rare earth element diagrams (a) and primitive mantle-normalized
incompatible element distribution spidergrams (b) for the pyroxene monzonites and dioritic
porphyrites from the Sulu belt. The normalization values are from Sun and McDonough (1989).
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melting of any of the exposed crustal rocks (e.g. Hirajima et al. 1990; Yang et al. 1993;

Zhang et al. 1994; Kato et al. 1997) and lower crustal intermediate granulites (Gao et al.

1998a,b) in the deep crust would produce high-Si, low-Mg liquids (i.e. granitoid liquids;

Rapp et al. 2003). Combining this with their high initial 87Sr/86Sr ratios and negative 1Nd(t)

values (Table 3), we propose that the pyroxene monzonites and dioritic porphyrites may have

resulted from a partial melting of the basaltic lower crust or enriched lithospheric mantle.

Experimental studies indicate that dehydration melting of the basalitic lower crust may

have produced melts with intermediate compositions, especially in certain regions with

high-heat flow values (Beard and Lofgren 1991; Rushmer 1991; Wolf and Wyllie 1994;

Rapp and Watson 1995). The zircon oxygen isotopic compositions (d 18O) of the diorites

from the Wulian region range from 5.07 to 6.43‰ (Huang et al. 2005), suggesting that the

diorites could be produced by dehydration melting of the basaltic lower crust rather than

the assimilation and contamination process of mantle-derived magma. The pyroxene

monzonites share distinct chemical and isotopic compositions with dioritic porphyrites,

favouring a different source. Accordingly, partial melting of the enriched lithospheric

mantle is thought to be the most likely origin of the pyroxene monzonites discussed here.

Nevertheless, the pyroxene monzonites are characterized by marked negative Nb

anomalies and slightly positive Pb anomalies on the spidergram (Figure 6(b)), which is

consistent with the involvement of crustal compositions (Rudnick and Fountain 1995).

The pyroxene monzonites have high initial 87Sr/86Sr ratios (0.7093) and negative. 1Nd(t)

values (214.8 to 214.6; Table 3; Figure 7), which, together with their high Zr/Hf (47–51)

and Th/U (7.8–9.2) ratios (Table 2), indicate that the lower crust, but not the middle-upper

crustal component, is involved in the generation of these rocks (Rudnick and Fountain

1995). Furthermore, the very uniform Sr and Nd isotopic compositions (Table 3; Figure 7)

exclude significant crustal assimilation during magma ascent. Consequently, the

involvement of the lower crustal materials occurred in the lithospheric mantle due to

subduction or foundering. The widespread Mesozoic intermediate-acid rocks are

Figure 7. Initial 87Sr/86Sr versus 1Nd(t) diagram for the pyroxene monzonites and dioritic
porphyrites from the Sulu belt. Other Mesozoic igneous rocks (Fan et al. 2001; Guo et al. 2004; Yang
et al. 2005a,b; Huang et al. 2005; Meng et al. 2005; Guo et al. 2004; Guo et al. 2006; Zhao et al.
1997; Zhou and Lu 2000) and Neoproterozoic granites and gabbros (Huang et al. 2005) from the
Sulu belt are also plotted.
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considered to be the result of a contribution of the subducted Yangtze Craton continental

crust (Zheng et al. 2003; Zhao et al. 2004, 2005; Yang et al. 2005a,b). Based on this

model, the pyroxene monzonites are expected to share similar Pb isotopic characteristics

with the Yangtze lithosphere (206Pb/204Pb ¼ 17.649–18.603, 207Pb/204Pb ¼ 15.422–

15.623, 208Pb/204Pb ¼ 7.674–38.521; Chen et al. 2001; Yan et al. 2003; Xie et al. 2006).

However, this is not the case (Figure 8(a,b)). Therefore, we argue that the pyroxene

monzonites were formed by a recycling of the subducted Yangtze Craton continental crust.

Overall, we consider the foundering of the lower crust to be a model for deciphering the

involvement of crustal components in the source.

Fractional crystallization

The decreasing Fe2O3 and CaO during the course of magmatic evolution indicate

separation of the ferromagnesian minerals (e.g. biotite, hornblende, clinopyroxene).

Figure 8. 208Pb/204Pb and 207Pb/204Pb versus 206Pb/204Pb diagrams for the pyroxene monzonites
and dioritic porphyrites compared with those of the Early Cretaceous mafic rocks from the North
China and Yangtze cratons. Fields for I-MORB (Indian MORB) and P&N-MORB (Pacific and North
Atlantic MORB), OIB, NHRL and 4.55 Ga geochron are after Barry and Kent (1998), Zou et al.
(2000), and Hart (1984), respectively. The data on north China craton are from Zhang et al. 2004 and
Xie et al. (2006), the Yangtze mafic rocks are after Yan et al. (2003).
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The pronounced depletions in Sr, Nb, Ta, P, Ti, and Eu (Figure 6(b)) demonstrate an

advanced fractional crystallization during the formation of these complexes. Separation of

the Ti-bearing phases (such as ilmenite and titanite) as well as apatite resulted in depletion

in Nb (Ta)–Ti and P, respectively. Potent Sr and Eu depletion requires extensive

fractionation of plagioclase and/or K-feldspar. It can be seen from the Sr versus Rb and Ba

plots (Figure 9(a,b)) that there is a combined vector of plagioclase and K-feldspar

fractionation for dioritic porphyrites; whereas there is plagioclase, K-feldspar, biotite, and

hornblende fractionation for the pyroxene monzonites.

Zircon saturation thermometry (Watson and Harrison 1983) provides a simple and

robust means of estimating intermediate-acid magma temperatures from bulk-rock

compositions. The calculated zircon saturation temperatures (TZr) of the dioritic

porphyrites were 812–8238C, whereas the TZr of the pyroxene monzonites ranged from

893 to 9498C. The distinct origin of the pyroxene monzonites is therefore also shown by

their much higher values of zircon saturation temperatures (TZr) relative to the dioritic

porphyrites.

Figure 9. Plots of (a) Rb versus Sr and (b) Ba versus Sr for the pyroxene monzonites and dioritic
porphyrites. Mineral fractionation vectors were calculated using the partition coefficients from
Nash and Crecraft (1985) for biotite and K-feldspar, and Bacon and Druitt (1988) for hornblende
and plagioclase, except for Mahood and Hildreth (1983) for the Ba in biotite and Arth (1976)
for the Ba in K-feldspar. The tick marks indicate the percentage of mineral phase removed, in
10% intervals. cpx, clinopyroxene; pl, plagioclase; kf, potassium feldspar; Hb, hornblende, and
Bi, biotite.
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Genetic models

Mesozoic Diorites in the Wulian region were derived from a partial melting of the basaltic

lower crust (Huang et al. 2005) induced by the activity of the plume during the Early

Cretaceous (Zhao et al. 2004, 2005). However, there has been no direct evidence up to now

suggesting the existence of Mesozoic plume activities in the Sulu belt. Therefore, we argue

that the Mesozoic magmatism of the Sulu orogenic belt is related to the activity of the plume.

Alternatively, the late Mesozoic subduction of the palaeo-Pacific (Izanagi) plate (e.g.

Chen et al. 2004) has been proposed to account for the petrogenesis of the Mesozoic

magmatism of eastern China. The melts from the subducted Pacific plate metasomatized

and modified the lithospheric mantle beneath eastern China (Chen et al. 2004). The

subduction of the Pacific plate caused the extension of the continental lithosphere beneath

eastern China (Tian et al. 1992). The lithosphere extension then induced decompression

melting of the lithospheric mantle beneath eastern China, which produced the Mesozoic

intense magmatism found in eastern China. Nevertheless, the late Mesozoic was a period

when the Izanagi plate primarily moved toward the north or north-northeast (Maruyama

and Send 1986; Kimura et al. 1990), thus affording little chance for inducing a broad back

arc extension in this region. We thus rule out the effect of the subduction of the Pacific

plate on the Mesozoic magmatic activities in the Sulu belt.

The foundering of the continental lower crust into the underlying convection mantle

has been proposed to play a role in plume magmatism, crustal evolution and the formation

of chemical heterogeneities within the mantle (Arndt and Goldstein 1989; Kay and Kay

1991; Rudnick and Fountain 1995; Jull and Kelemen 2001; Escrig et al. 2004; Gao et al.

2004, 2008; Elkins-Tanton 2005; Lustrino 2005; Anderson 2006). This is due to the unique

chemical and physical properties of the eclogites formed by high to ultrahigh pressure

metamorphism of basaltic rocks. Based on the above discussions, we prefer the more

likely model advocated by Gao et al. (2008) to interpret the petrogenesis of the pyroxene

monzonites. In this model, as the eclogites formed at the base of thickened continental

crust, they had a higher density than lithospheric mantle peridotite by 0.2–0.4 g cm23

(Rudnick and Fountain 1995; Jull and Kelemen 2001; Anderson 2006; Levander et al.

2006), and they sank into the subcrustal mantle (Arndt and Goldstein 1989; Kay and Kay

1991; Jull and Kelemen 2001; Gao et al. 2004). On the other hand, eclogites have a lower

melting temperature than mantle peridotites (Yaxley and Green 1998; Rapp et al. 1999;

Yaxley 2000; Kogiso et al. 2003; Sobolev et al. 2005, 2007), consequently, when the

foundered silica-saturated eclogites were heated by the relatively hot subcrustal mantle

coupled with the flux of heat from the upwelling asthenosphere, they produced silicic

melts (tonalite to trondhjemite), which can variably hybridize with the overlying mantle

peridotite. Such a reaction would produce an olivine-free pyroxenite, which, if

subsequently melted, would in turn generate basaltic melts (Kogiso et al. 2003; Sobolev

et al. 2005, 2007; Herzberg et al. 2006; Gao et al. 2008). Subsequently, the underplating of

the basaltic magma would induce dehydration melting of the basaltic lower crust and the

generation of dioritic magmas. Finally, basaltic magma fractionation took place, and this

formed the pyroxene monzonites.

A scenario for the origin of the intrusive complexes in the Sulu belt is presented in

Figure 10 based on the above model. Before 185 Ma, the collision between the North

China Craton and Yangtze Craton resulted in a thickened crust (Figure 10(a)) and the peak

metamorphism of HP–UHP terrane (Guo et al. 2006 and the references therein). During

185 , 165 Ma, lithospheric delamination, mainly a foundering of eclogites from the

lower thickened crust, occurred beneath the Dabie–Sulu orogenic belt (Li et al. 2002),
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which triggered asthenospheric upwelling, sudden uplift of the Sulu belt, orogenic

collapse and lithospheric extension and thinning. Subsequently, silicic melts which were

originated by the melting of the foundered eclogites reacted extensively with the

subcrustal mantle peridotite (Figure 10(b)). Between 130 and 110 Ma, the second

lithospheric delamination took place beneath the Dabie–Sulu orogenic belt (the mantle

and lower crust; Li et al. 2002), while decompressional melting of the hybridized

lithospheric mantle produced primary magma (basaltic melts). Subsequent underplating

and fractionation of the basaltic melts induced the generation of the intrusive complexes in

the Sulu belt (Figure 10(c)). In addition, the eclogitic lower crust remaining from the

delamination event was heated in the lithospheric mantle and produced the adakitic lavas

of the Sulu belt (Guo et al. 2006; Liu et al. 2009; Figure 10(c)). This model has been

successfully applied to determine the origin of the mafic dikes in Luxi (Liu et al. 2008a,b).

Conclusions

Based on the geochronological, geochemical, and Sr–Nd–Pb isotopic studies, the

following conclusions may be reached.

(1) The U–Pb zircon dating results indicate that the dioritic porphyrites were formed

at 127.4 ^ 1.2 Ma, together with the pyroxene monzonites (126 Ma); they are all

the result of post-orogenic magmatism.

Figure 10. A schematic showing the lithospheric evolution and related magmatism beneath the
Sulu belt. (a) Before 185 Ma, a thick crust formed due to subduction between the Yangtze Craton and
north China Craton and induced eclogitization of the lower crust (Guo et al. 2006 and the references
therein. (b) During 185–165 Ma, the higher density (relative to peridotite) eclogitized lower
thickened crust foundered into the lithospheric mantle (Li et al. 2002), which triggered
asthenospheric upwelling, orogenic collapse, and lithospheric extension beneath the Sulu belt,
as well as a reaction between the mantle peridotite and the melts of the foundered lower crust.
(c) Between 130 and 110 Ma, another lithospheric delamination occurred (mantle and lower crust)
beneath the Dabie–Sulu orogenic belt (Li et al. 2002). Subsequently, decompressional melting of the
hybridized lithospheric mantle produced primary magma (basaltic melts), with subsequent magma
underplating and fractionation that occurred and formed the pyroxene monzonites and dioritic
porphyrites identified in this study. In addition, the remaining eclogitic lower crusts in the
lithospheric mantle were heated and produced the adakitic lavas of the Sulu belt (Guo et al. 2006;
Liu et al. 2009).
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(2) The dioritic porphyrites and pyroxene monzonites resulted from different sources.

The parental magma of the pyroxene monzonites was originated by the partial

melting of an enriched lithospheric mantle hybridized by melts of foundered lower

crust. Subsequent fractionation of clinopyroxene, K-feldspar, plagioclase, biotite,

hornblende, ilmenite, or rutile resulted in the pyroxene monzonites with negligible

crustal contamination. Alternatively, the primary magma of dioritic porphyrites

were derived from partial melting of basaltic lower crust due to the underplating of

basaltic magmas, and undertook plagioclase and K-feldspar fractionation without

significant crustal contamination. The calculated zircon saturation temperatures

(TZr) of the dioritic porphyrites were 812–8238C, whereas the TZr of the pyroxene

monzonites range from 893 to 9498C. These approximately represent the

crystallization temperature of the magmas.

(3) The inherited zircon age (757 ^ 4.8 Ma (n ¼ 9)) indicates that Neoproterozoic

batholith is present beneath the Wulian region.
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