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Mesozoic volcanic rocks and granitoids are widespread in the Great Xing'an Range, which is part of a large
igneous province in the eastern China. However, the ages of the volcanic rocks, especially those in the
southern segment of the range, are poorly constrained. Here we present zircon U–Pb and whole rock Ar–Ar
ages of 43 volcanic rocks from the four recognized formations (Manketouebo, Manitu, Baiyingaolao and
Meiletu) in the southern Great Xing'an Range. The volcanic rocks of the Manketouebo Formation have a large
span of ages ranging from 174 to 122 Ma, while those of the Manitu Formation exhibit a smaller age range
from 156 to 125 Ma. The Baiyingaolao and Meiletu volcanic rocks both have Early Cretaceous ages between
139 and 124 Ma. These data indicate that the mapped units are not strictly ‘formations’ and further studies
are required to resolve this issue. However, when taken together, these new data define two episodes of
magmatism (Late Jurassic and Early Cretaceous) with the Early Cretaceous volcanic rocks being dominant.
Combined with previously published data from the northern Great Xing'an Range, and available age data
from other parts of northeastern China and surrounding regions, two stages of magmatism, i.e., Jurassic and
Early Cretaceous, can be identified throughout this part of Asia. The Jurassic rocks mainly comprise granites,
while volcanic rocks are dominant in the Early Cretaceous. These two stages of magmatism form opposite
spatial trends, that is, the Jurassic rocks become younger to the west, whereas the Cretaceous rocks become
younger to the east. Between the two stages of magmatism, the ‘magma gap’ increases eastward in duration
from less than 10 Ma in the Great Xing'an Range to more than 40 Ma in Japan. These trends can be explained
by westward subduction of the Paleo-Pacific oceanic Plate and its control on subsequent geodynamic
processes. Jurassic subduction of the oceanic slab caused crustal shortening and thickening, and formed the
westward decrease in age of the granites with characteristics of an active continental margin, while
volcanism was rare. By the end of the Jurassic, westward flat-slab subduction of the Paleo-Pacific Oceanic
plate changed its direction to the north or northwest. This subsequently caused a transformation in tectonic
regime from compression to extension in the Cretaceous and induced large-scale delamination of the
thickened lower crust and lithospheric mantle. Delamination was initiated at the western margin of the
subducting slab, and migrated eastward. Delamination and consequent upwelling of the asthenosphere
triggered extensive volcanic eruption, with only minor granite emplacement. Similar age trends are also
observed for other parts of eastern China, suggesting this model can also be applied to explain the
geodynamic setting of the Mesozoic large igneous events in China and adjacent regions.
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1. Introduction

Delamination is a process whereby the lithospheric mantle, lower
continental crust and/or oceanic crust sink into the asthenosphere,
driven by gravitational instability (e.g., Bird, 1979; Lustrino, 2005),
resulting in the upwelling of the asthenosphere to the base of the
crust, which dramatically changes the structure and composition of
the mantle–crust system. It is commonly accompanied by crustal
uplift, basin formation and voluminousmagmatism (e.g., Kay and Kay,
1993). Taking eastern China as an example, delamination is
considered to be an important mechanism to explain lithospheric
thinning, voluminous Mesozoic magmatism and the evolved compo-
sition and slow seismic velocities of the crust (Gao et al., 1998a,b; Wu
and Sun, 1999; Wu et al., 2000c; Gao et al., 2002; Wu et al., 2003a,c;
Gao et al., 2004; Wu et al., 2005a, 2006; Deng et al., 2006, 2007),
although several other models have been proposed, such as thermal
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erosion (Menzies and Xu, 1998; Griffin et al., 1998; Zheng et al., 1998;
Zheng et al., 2001; Xu, 2001; Xu et al., 2004; Zheng et al., 2006, 2007;
Xu et al., 2008a) and peridotite-melt reaction (Zhang et al., 2002a;
Zhang, 2005; Zhang et al., 2007a). However, the controlling tectonic
factors, timing and scenario of delamination are essentially unknown
and it has been attributed to several different events, including as the
result of accretion of the North China Craton (NCC) with the Yangtze
Craton (YC) (Menzies and Xu, 1998; Gao et al., 2002, 2004; Xu et al.,
2006, 2008b), or by the subduction of the Paleo-Pacific plate during
the late Mesozoic (Wu and Sun, 1999; Wu et al., 2000c, 2003a; Wang
et al., 2006b; Zhang et al., 2008b). An examination of the voluminous
magmatic rocks in eastern China could provide a useful way to resolve
this issue. Compilations of the available age data for the huge igneous
belt in eastern China have shown that the rocks mostly formed in the
Early Cretaceous with a peak at 125 Ma; and this was considered to
relate to delamination and the induced lithospheric thinning (Wu et
al., 2005a). On the other hand, the Jurassic is also an important epoch
for igneous activity in eastern China, and along the eastern Asian
continental margin in general (Wu et al., 2005b). However, the
petrogenesis and tectonic affinity of these rocks remain controversial,
especially the relationship betweenmagmatism and subduction of the
Paleo-Pacific plate, which may be better resolved by studies of
Mesozoic magmatism in eastern China, including the Great Xing'an
Range (Fig. 1a), for which the age frame is largely unknown.

Mesozoic volcanic rocks are dominant in the Great Xing'an Range
and adjacent areas of northeastern (NE) China, and constitute one of
the most striking geological features along the eastern Asian
continental margin. The Great Xing'an Range corresponds to not
only a sharp gravity anomaly and east–west topographic boundary,
but also a boundary that penetrates the lithosphere (e.g., Xu, 2006).
Recent geochronological studies indicate the volcanic rocks in the
northern Great Xing'an Range were mainly erupted in the Early
Cretaceous (Wang et al., 2006b; Zhang et al., 2008b and references
therein). The published ages of the volcanic rocks indicate that the
previous subdivision and time assignment of the volcanic strata are
questionable and need to be re-evaluated. However, the geochrono-
logical framework of the volcanic rocks in the southern Great Xing'an
Range is still unclear due to the lack of precise age data, since only a
few zircon U–Pb and whole rock Ar–Ar ages from restricted regions
have been reported (Zhang, 2006; Chen et al., 2007; Guo et al., 2008).
The important remaining question is whether the volcanic rocks in
the southern Great Xing'an Range have a similar age range to those of
the northern segment.

This paper presents the results of the first systematic dating of the
volcanic rocks from the southern Great Xing'an Range. A total of forty-
three samples, including rhyolite/felsite, rhyolitic tuff/ignimbrite,
dacite, and andesite from all the four named formations were dated
by the single zircon U–Pb method and whole rock 40Ar/39Ar
incremental technique. The age data provide essential constraints
on the timing, subdivision, and regional correlation of the volcanic
strata. The geochronological data are then combinedwith the age data
from adjacent regions to evaluate the evolution of magmatism in
northeastern, and further eastern China.

2. Geological setting

Eastern China comprises the Xing'an–Mongolian Orogenic Belt
(XMOB) and part of the North China Craton (NCC) in the north, the
Qinling–Dabie–Sulu Ultra-High Pressure metamorphism belt and
Yangtze Craton (YC) in the central part, and the SE China Orogenic
Belt (SECOB) in the south. One striking feature of eastern China is the
occurrence of large volumes of Mesozoic igneous rocks along the
continental margin (Meng, 2003; Wu et al., 2005a,b; Fig. 1a). Most of
these igneous rocks formed in the Jurassic–Early Cretaceous (Yan-
shanian) and comprise two separate episodes. The most significant
period of magmatism in the Jurassic is between 195 and 150 Ma,
whereas the igneous rocks of Early Cretaceous age have a much
shorter duration, with the most important period being between 130
and 120 Ma, with the peak at ∼125 Ma (Wu et al., 2005a,b and
references therein).

The XMOB is considered to be the eastern part of the Paleozoic
Central Asian Orogenic Belt (CAOB), located between the Siberian and
North China cratons (Sengör et al., 1993; Jahn et al., 2000; Jahn, 2004;
Li, 2006b). It is composed of a series of micro-continents (Ye et al.,
1994), separated from the North China Craton by the Chifeng–Kaiyuan
fault belt in the south, and comprising the Erguna and Xing'an blocks
in the northwest, the Songliao Block in the central part and the Jiamusi
Massif in the east, separated by the Tayuan–Xiguitu, Hegenshan–
Hehei and Jiayin–Mudanjiang faults, respectively (Wu et al., 2007a;
Fig. 1b). Due to the dense vegetation cover, the geological features of
the Erguna Block are poorly known, although recent studies indicate
that Paleozoic granitoids are well developed (Ge et al., 2005a; Wu et
al., 2005c; Ge et al., 2007a). Geochronological studies also show that
the metamorphic basement rocks are Neoproterozoic to Cambrian in
age (Miao et al., 2007) and not Paleoproterozoic as previously thought
(IMBGMR, 1991; HBGMR, 1993).

The Xing'an Block is mostly located in the Great Xing'an Range, and
is characterized by voluminous Mesozoic granite and volcanic rocks
(Fan et al., 2003; Ge et al., 2005b; Zhang et al., 2006a,b; Wang et al.,
2006b; Ge et al., 2007b; Sui et al., 2007; Zhang et al., 2008b).
Previously identified Proterozoic metamorphic rocks (IMBGMR,
1991) are now considered to be Paleozoic in age on the basis of
recent geochronological studies (Miao et al., 2004, 2007). The
Songliao Block is largely covered by the Songliao sedimentary basin.
Recent studies indicate that Early Cretaceous volcanic rocks underlie a
large proportion of the basin (Wang et al., 2002; Zhang et al., 2007b;
Shu et al., 2007; Ding et al., 2007; Gao, 2008). Borehole drill core also
reveals that granites are widespread in the basement, with some
Precambrian components (Wu et al., 2000b, 2001;Wang et al., 2006a;
Pei et al., 2007; Gao et al., 2007; Wang and Wang, 2007; Xu et al.,
2008c; Zhang et al., 2008a). To the northeast and east, Mesozoic
volcanic rocks and granites are dominant in the Lesser Xing'an and
Zhangguangcai Ranges with rare remnants of Paleozoic strata
sporadically dispersed in these igneous rocks (Wu et al., 2000a).
The Jiamusi Massif contains three different rock series: the Mashan
complex, the Heilongjiang complex and Early and Late Paleozoic
granitoids. The Mashan complex is characterized by khondalitic rocks
(aluminous paragneiss, marble, and graphitic schist), metamorphosed
to granulite facies. It was traditionally considered to be Late Archean
in age (HBGMR, 1993), but recent studies showed that metamor-
phism took place at ca 500 Ma (Wilde et al., 1997, 2000). Two ages of
granitoids have been identified: deformed and metamorphosed
granitoids of Late Pan-African age (ca 520 Ma; Wilde et al., 2003),
and weakly to un-deformed Permian granites with ages of ca 260 Ma
(Wilde et al., 1997; Wu et al., 2000a). The rock association and field
relationship of the Heilongjiang complex indicate tectonic juxtaposi-
tion, and it represents a mélange along the Asian continental margin
accreted during the Early Jurassic. Based on recent geochronological
investigations, it is concluded that the Jiamusi Massif is an exotic
terrane amalgamated to the east margin of the Asian continent in the
Jurassic (Wu et al., 2007a; Zhou et al., 2009).

During the Phanerozoic, NE China underwent a complex history,
highlighted bymultiple stages of accretion and collision (Sengör et al.,
1993), although the time and manner of the amalgamation of the
micro-continents still remains controversial. It has been proposed
that the Erguna Block collided with the Xing'an Block during the Early
Paleozoic, based on studies of ophiolitic complexes along the Tayuan–
Xiguitu Fault and the presence of Early Ordovician post-orogenic
granites (Yan et al., 1989; Zhang and Tang, 1989; Li, 1991; Ge et al.,
2005a). The Songliao Block was then accreted to the Xing'an–Erguna
composite block along the Hegenshan–Heihe suture in the Late
Devonian to Early Carboniferous (Ye et al., 1994; Hong et al., 1994;



Fig. 1. (a) Simplified tectonic units of eastern China showing the distribution of theMesozoic volcanic rocks (Meng, 2003; andWu et al., 2005a). XMOB: Xing'an–Mongolian Orogenic
Belt; NCC: North China Craton; YC: Yangtze Craton; SECOB: SE China Orogenic Belt. (b) Tectonic subdivisions of northeastern China (after Wu et al., 2007a). (c) Distribution of
Mesozoic volcanic rocks in the southern Great Xing'an Range, showing sample locations (based on HBGMR, 1989; IMBGMR, 1991; HBGMR, 1993).
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Robinson et al., 1999; Chen et al., 2000; Sun et al., 2001a; Wu et al.,
2002; Shi et al., 2004; Zhou et al., 2005). Subsequently, regional
extension developed in the late Paleozoic (Tang, 1990). Nd and Hf
isotopic studies on the granitoids indicate that NE China underwent
significant crustal growth during both the Meso- to Neoproterozoic
and the Phanerozoic (Jahn et al., 2000; Wu et al., 2000b, 2002, 2003b;
Ge et al., 2007a; Sui et al., 2007), which is also evident from isotopic
studies of volcanic rocks (Zhang et al., 2006a, 2007a; Fan et al., 2008;
Guo et al., 2008).

3. Mesozoic volcanic rocks in the southern Great Xing'an Range

According to Zhao et al. (1989), the southern Great Xing'an Range
extends from N47°20′ in Inner Mongolia to the north of Weichang
County (N42°) in Hebei Province, located mainly in the western part
of the Songliao Block and including the northern margin of the NCC
(Fig. 1). This study is restricted to the region north of the Chifeng–
Kaiyuan fault belt, marking the boundary between the XMOB and
NCC.

The volcanic rocks in the southern Great Xing'an Range are mainly
distributed in several discretebasins, including theBaoshi, Pingshanand
Wudan basins (refer to Fig. 1c), and have been subdivided into the
Manketouebo, Manitu, Baiyingaolao and Meiletu formations in Inner
Mongolia (Zhao et al., 1989; IMBGMR, 1991;Wang et al., 1997), and this
is commonly accepted in the Chinese literature (Fig. 2b). These volcanic
rocks unconformably overlie the coal-bearing strata of the Wanbao/
Xinmin Formation,which is considered to be ofMiddle Jurassic age, and
hence the volcanic rocks were considered to be Late Jurassic in age. It is
notable that the Xinmin Formation also contains some tuffaceous
interlayers, with volcanoclastic rocks locally dominant.

The basal Manketouebo Formation was first defined at the
southwestern margin of the Baoshi Basin (Fig. 1c). According to the
original definition, at this locality it unconformably overlies Permian
strata and is widespread across the whole region. It comprises a suite
of felsic lavas, tuffs, ignimbrites and volcanoclastic rocks of variable
thickness, intercalated with some mafic volcanic and sedimentary
rocks. Lithologically, most of the rocks are porphyritic, with
phenocrysts of plagioclase, K-feldspar, sanidine and quartz set in a
Fig. 2. Stratigraphic subdivisions of the Mesozoic volcanic rocks in the Great Xing'an
Range: (a) the northern segment; (b) the southern segment (based on IMBGMR, 1991;
HBGMR, 1993; Wang et al., 1997). The marked thicknesses were obtained from
outcrops at different locations. The marked ages are those obtained from the type
sections of these formations, which suggest that at least some of the sequence is
incorrect.
felsitic matrix; some dark rimmed biotite and hornblende crystals also
occur as phenocrysts. Alteration of the plagioclase and the K-feldspar
is common, while embayed euhedral quartz is also ubiquitous.

The Manitu Formation was defined as a suite of intermediate
(andesitic) volcanic rocks overlying the Manketouebo Formation. It is
mostly restricted to the margin of the basin and everywhere overlies
the Manketouebo Formation, although it is less widely distributed. It
is composed by a series of intermediate volcanic and related
volcanoclastic rocks of variable thickness, intercalated with local
dacite and felsic tuffaceous rocks. The rocks are commonly porphyritic
with phenocrysts of plagioclase, pyroxene, biotite, and hornblende
dispersed in a fine-grained or vitreous matrix. Alteration of the
plagioclase is commonly observed, whereas, hornblende and biotite
are commonly rimmed by opaque oxides.

According to the original definition, the Baiyingaolao Formation
comprises felsic volcanoclastic rocks and sediments, which overlie the
Manitu Formation. It is everywhere associated with the Manketouebo
Formation, but is mainly restricted to the northern part of the area.
Lithologically, it is similar to the Manketouebo Formation, but with a
larger percentage of aphanitic rocks without phenocrysts and
voluminous volcanoclastic rocks. The outcrop thickness varies
considerably between basins.

The Meiletu Formation forms the upper part of the volcanic
sequence, representing the final phase volcanism in the region. It is
defined as a suite of intermediate-mafic volcanic rocks unconformably
overlying felsic rocks of the Baiyingaolao Formation and older strata. It
is mainly distributed in the center of the various volcanic basins. The
rocks comprise basalt, pyroxene-bearing basaltic andesite, pyroxene
andesite, biotite andesite, and related volcanoclastic rocks and
columnar structures are common. Most rocks are fresh and have a
porphyritic texture, with phenocrysts of plagioclase, pyroxene,
hornblende, biotite, and minor olivine, set in a fine-grained
groundmass or brown glass.

Several general features are evident for the volcanic rocks in the
study area, as follows:

(1) The volcanic rocks in the southern Great Xing'an Range are
dominated by felsic and related volcanoclastic rocks, with only
minor mafic-intermediate rocks. The thickness of these
volcanic rocks varies from several hundred to several thousand
meters. The intermediate-mafic rocks comprise andesites,
basaltic andesites, and rare trachy-andesites and are mainly
distributed in several intracontinental basins, including the
Baoshi Basin in the north, the Pingshan Basin to the east and the
Wudan Basin in the south (Fig. 1c; Zhao et al., 1989). The Baoshi
Basin is the largest and contains thick sequences of all four
formations. The Hatumohe section at the northern margin and
the Tuliemaodu section in the southeast (Fig. 3a and b,
respectively) are typical sections. In the center of the southern
Great Xing'an Range, the Chaganbulage section in the Pingshan
Basin also contains all four formations and forms a syncline
with the Meiletu Formation in the center (Fig. 3c). In the
Wudan basin, the Paotai section comprises the Manketouebo,
Manitu and Baiyingaolao Formations (Fig. 3d). To the southeast
of Keshiketengqi in the southern part of the area, volcanic rocks
of the Manketouebo, Manitu and Baiyingaolao Formations are
present with the Baiyingaolao Formation in the center (Fig. 3e).
In order to constrain the timing of volcanism, volcanic
sequences within these basins provide the key sections for
this study.

(2) The regional correlation of the volcanic strata between the
northern and southern segments of the Great Xing'an Range is
imprecise. It was traditionally considered that the onset of
volcanism was earlier in the northern segment than in the
south (Zhao et al., 1989; IMBGMR, 1991; Wang et al., 1997).
The Manketouebo Formation in the southern segment is
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Fig. 3. Simplified geological maps of selected areas in the southern Great Xing'an Range showing stratigraphic sections and sample locations. (a) The Hatumohe section in the north
of the Baoshi Basin; (b) the Tuliemaodu section from the southeastern Baoshi Basin; (c) the Chaganbulage section in the Pingshan Basin; (d) the Paotai section in the northern part of
the Wudan Basin; and (e) the Keshiketengqi section in the southern part of the southern Great Xing'an Range. Mk: Manketouebo Formation; Mn: Manitu Formation; By:
Baiyingaolao Formation; Ml: Meiletu Formation.
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correlated with the upper section of the Tamulangou Forma-
tion in the northern segment (Fig. 2). But recent geochrono-
logical studies do not support this proposal (Wang et al.,
2006b; Zhang et al., 2008b; see later discussion).
(3) The Manketouebo and Baiyingaolao formations have similar
rock assemblages and geochemistry, although some rocks of
the Manketouebo are less alkaline (refer to Fig. 4b), and the
formations were mainly differentiated in the field by the
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Fig. 4. TAS classification diagrams of the volcanic rocks from the Great Xing'an Range:
(a) rocks from the northern segment (Zhang et al., 2008b); and (b) rocks from the
southern segment (Zhao et al., 1989; Ge et al., 1999, 2000a; Guo et al., 2001; Gao et al.,
2005; Lin et al., 2003).
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presence of intermediate rocks in the Manitu Formation. Felsic
rocks were thus considered to belong to the Manketouebo
Formation when they were overlain by the intermediate rocks
of the Manitu Formation; in contrast, when they were above
intermediate rocks, they were classified as Baiyingaolao
Formation. However, classification is commonly impossible in
the field, especially at locations where the stratigraphic section
is limited as a result of either tectonic disruption or vegetation
cover. In addition, the Manketouebo and Baiyingaolao Forma-
tions also contain some intercalated intermediate-mafic rocks,
which further confuses the discrimination of the two felsic
formations.

(4) Geochemically, the volcanic rocks cover a wide range of rock
types, including basaltic trachy-andesites, trachy-andesites,
trachytes and rhyolites, with few basalts, and dacites (Fig. 4b;
Zhao et al., 1989; Ge et al., 1999; Guo et al., 2001; Lin et al.,
2004; Gao et al., 2005; Guo et al., 2008; Zhang et al., 2008c; and
unpublished data). The rocks are mainly sub-alkaline (Irvine
and Baragar, 1971), which is different from the northern
segment (Zhang et al., 2008b and references therein), where
many rocks are richer in alkalis (Fig. 4). In the TAS diagram, it is
evident that volcanic rocks from the different formations show
the same geochemical trends and are largely indistinguishable,
although the Manketouebo Formation rocks tend to have lower
total alkalis (Fig. 4). The mafic-intermediate rocks are chem-
ically quite variable, indicating heterogeneous magma sources
and different petrogeneses (Ge et al., 1999, 2000b; Guo et al.,
2001; Fan et al., 2003; Lin et al., 2003; Gao et al., 2005; Chen
et al., 2006; Zhang et al., 2006a,b, 2007a, 2008c). The felsic
rocks also show a wide range of trace and rare earth (REE)
element patterns. The most striking feature is the variation in
Ba–Sr abundances (Ge et al., 2000a; Lin et al., 2000, 2003),
revealing complexities in the magma sources. Geochemical
studies also indicate the existence of adakitic volcanic rocks in
the southern segment (Gao et al., 2005).

There is almost a complete absence of precise age data for the
volcanic rocks in the southern Great Xing'an Range, with only a few
data reported. For example, Guo et al. (2008) reported an Early
Cretaceous age for a dacite in the Huolinhe region, in the northwest-
ern segment of the southern Great Xing'an Range, whereas volcanic
rocks in the Erlian Basin, to the west of the Great Xing'an Range were
also reported to be Early Cretaceous (Chen et al., 2007). But these ages
are inadequate to define the volcanism. In the present work, a total of
forty-three samples were dated by the zircon U–Pbmethod and by the
whole rock 40Ar/39Ar incremental technique. These samples were
collected not only from the type sections of each formation, but also
from additional sections within several of the basins (refer to Fig. 3) in
order to precisely characterize volcanism in the southern Great
Xing'an Range. Brief descriptions of the samples are given in Table 1.
4. Analytical methods

A total of 41 samples were dated by LA-ICPMS, one by TIMS, and
one by the 40Ar/39Ar incremental heating method. The laser ablation
inductively-coupled mass spectrometry (LA-ICPMS) method now has
an accuracy comparable to that of secondary-ion mass spectrometry
(SIMS) for Phanerozoic zircons (Horn et al., 2000; Li et al., 2000;
Ballard et al., 2001; Li et al., 2001; Košler et al., 2002; Yuan et al., 2003;
Jackson et al., 2004; Yuan et al., 2004; Paul et al., 2005; Liu et al., 2007),
with mass discrimination and isotopic fractionation during ablation
and transportation greatly improved by external correction using
standard zircons (Black et al., 2004). Pristine zircons were selected
and mounted in resin and polished to approximately half their
thickness. They were then imaged in cathodoluminescence (CL) using
a Mono CL3+ (Gatan Company, England) at the State Key Laboratory
of Continental Dynamics, Department of Geology, Northwest Univer-
sity, Xi'an. Zircon LA-ICPMS dating was completed both in the State
Key Laboratory of Continental Dynamics, Northwest University in
Xi'an and the State Key Laboratory of Geological Processes and
Mineral Resources, China University of Geosciences, Wuhan. The two
laboratories have the same equipment for laser ablation (Geo-
Las200M) and inductivity coupled plasma mass spectrometry (Agi-
lent 7500a). During analysis, the synthetic glass NIST 610 was used to
optimize the instruments, and the standard zircon 91500 was used as
an external standard to monitor the status of the machines. The
detailed instrumental parameters and the protocol of analyses follow
Yuan et al. (2004, 2008), Liu et al. (2010) and Liu et al. (2007). The raw
data were then processed using the Glitter (Version 4.0) program of
Macquarie University, and the common lead was corrected following
the method of Andersen (2003) The weighted mean age was
calculated using Isoplot (Version 3.23) (Ludwig, 2003). Analyses
with N10% discordance are excluded from the calculations. The
isotopic ratios and age are quoted at 1σ, whilst, the weighted mean is
given at the 95% confidence level (Supplementary Table 1).

A rhyolite (sample 436) from the Baiyingaolao Formation was
dated using thermal ionization mass spectrometry (TIMS) at the
Tianjin Institute of Geology and Mineral Resources, Chinese Academy
of Geological Sciences. The analytical protocol followed Li et al.
(1995). A 205Pb–235U spike was added to the zircon samples in a
0.25 mL Teflon capsule for dissolution. The final isolated U and Pb
were loaded onto a Re filament with silica gel-phosphoric acid. All U
and Pb data were corrected for mass fractionation. The blanks were
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Table 1
Sample locations of the dated volcanic rocks in the southern Great Xing'an Range.

Sample no. Location Latitude and longitude Formation Rock type Method Age (Ma)

05FW060 Maoshandong 43°00′31″N 118°24′03″E Manketouebo Rhyolite LA-ICP-MS 174±4
06ZH032 Baritu 44°53′11″N 119°23′40″E Manketouebo Rhyolite LA-ICP-MS 133±2
06ZH110 Paotai 43°02′23″N 118°21′04″E Manketouebo Rhyolite LA-ICP-MS 154±1
07ZH097 Huolinhe 45°36′08″N 119°33′11″E Manketouebo Rhyolite LA-ICP-MS 150±2
07ZH110 Manketouebo 45°14′08″N 119°53′53″E Manketouebo Rhyolite LA-ICP-MS 156±1
II06029-1 Manketouebo 45°13′56″N 119°54′45″E Manketouebo Rhyolite LA-ICP-MS 153±8
07ZH172 Manitu 44°04′54″N 118°45′50″E Manketouebo Rhyolite LA-ICP-MS 163±1
II06031-2 Manitu 44°05′36″N 118°47′29″E Manketouebo Rhyolite LA-ICP-MS 160±2
II06032-1 Manitu 44°05′36″N 118°47′29″E Manketouebo Rhyolite LA-ICP-MS 165±1
07ZH017 Alider 46°15′16″N 121°05′34″E Manketouebo Dacite LA-ICP-MS 138±1
07ZH155 Sebuer 45°05′45″N 120°44′11″E Manketouebo Dacite LA-ICP-MS 151±1
GW04199 Sancha 46°39′40″N 120°08′27″E Manketouebo Dacite LA-ICP-MS 124±2
07ZH104 Huolinhe 45°32′44″N 119°31′45″E Manketouebo Andesite LA-ICP-MS 157±2
07ZH140 Gahaitu 44°56′36″N 121°01′30″E Manketouebo Andesite LA-ICP-MS 150±3
07ZH086 Tuliemaodu 45°33′26″N 120°53′45″E Manketouebo Rhyolitic tuff LA-ICP-MS 128±1
07ZH208 Shanghuofang 43°06′34″N 117°40′35″E Manketouebo Ignimbrite LA-ICP-MS 135±2
07ZH224 Tuchengzi 43°01′00″N 118°22′52″E Manketouebo Ignimbrite LA-ICP-MS 153±2
07ZH006 Baoantun 46°08′52″N 121°17′31″E Manitu Andesite LA-ICP-MS 151±2
07ZH181 Manitu 44°04′59″N 118°45′37″E Manitu Andesite LA-ICP-MS 138±1
06ZH049 Balimuhade 44°55′26″N 120°32′43″E Manitu Andesite LA-ICP-MS 132±1
G0221-2 Keyouzhongqi 44°59′27″N 121°17′02″E Manitu Hornblende andesite LA-ICP-MS 129±2
GW04136 Eti 45°55′44″N 121°46′40″E Manitu Pyroxene-andesite LA-ICP-MS 125±1
GW04137 Naoniushan 45°47′16″N 121°40′36″E Manitu Pyroxene-andesite Ar–Ar 128.6±3.1
07ZH236 Paotai 43°04′03″N 118°36′02″E Manitu Dacite LA-ICP-MS 156±1
07ZH193 Wulahai 43°41′07″N 118°42′43″E Manitu Rhyolite LA-ICP-MS 155±1
07ZH081 Herimu 45°34′15″N 120°53′18″E Manitu Rhyolitic tuff LA-ICP-MS 126±1
436 Arshan – Baiyingaolao Rhyolite TIMS 125.9±1.2
GW04185 Sharentai 46°21′18″N 120°34′21″E Baiyingaolao Rhyolite LA-ICP-MS 135±1
GW04215 Arshan 47°09′07″N 119°56′33″E Baiyingaolao Rhyolite LA-ICP-MS 124±1
06ZH015 Huitonghe 44°16′44″N 118°35′29″E Baiyingaolao Rhyolite LA-ICP-MS 131±1
06ZH043 Aletandaban 45°07′32″N 120°01′08″E Baiyingaolao Rhyolite LA-ICP-MS 129±1
06ZH055 Bayartuhushuo 45°05′32″N 120°22′38″E Baiyingaolao Felsite LA-ICP-MS 132±1
07ZH078 Wulanhade 45°39′20″N 120°47′39″E Baiyingaolao Dacite LA-ICP-MS 131±1
07ZH012 Zhongxintun 46°07′56″N 121°10′23″E Baiyingaolao Ignimbrite LA-ICP-MS 137±1
07ZH170 Baiyingaolao 43°55′59″N 119°17′41″E Baiyingaolao Ignimbrite LA-ICP-MS 138±1
07ZH212 Shanghuofang 43°07′54″N 117°41′37″E Baiyingaolao Ignimbrite LA-ICP-MS 139±2
07ZH028 Baoshi 46°02′44″N 121°07′21″E Meiletu Andesite LA-ICP-MS 128±9
07ZH142 Chaganbulage 45°02′23″N 120°55′22″E Meiletu Andesite LA-ICP-MS 128±1
07ZH072 Zhangjiajie 45°52′09″N 120°52′42″E Meiletu Hornblende andesite LA-ICP-MS 128±2
07ZH116 Wulanhada 45°17′05″N 120°34′37″E Meiletu Hornblende andesite LA-ICP-MS 134±2
06ZH036 Meiletu 45°12′54″N 119°32′42″E Meiletu Pyroxene-andesite LA-ICP-MS 131±1
06ZH060 Wulanhada 45°15′39″N 120°34′23″E Meiletu Biotite-andesite LA-ICP-MS 128±1
07ZH065 Jiefangtun 45°38′23″N 121°10′50″E Meiletu Basaltic andesite LA-ICP-MS 126±4

150 J.-H. Zhang et al. / Chemical Geology 276 (2010) 144–165
0.05 ng for Pb and 0.002 ng for U. The obtained isotopic ratios and the
age data are reported at the 2σ level (Table 2).

The groundmass of one basaltic andesite from the Manitu
Formation was dated by the 40Ar/39Ar incremental heating technique,
since no zircon was present in the rock. The 40Ar/39Ar dating was
performed at the Geochronology Laboratory in the Institute of
Geology and Geophysics, Chinese Academy of Sciences, Beijing; the
analytical protocol follows Wang et al. (2005). The sample wafer,
together with neutron fluence monitor mineral, were irradiated in
vacuowithin a cadmium-coated quartz vial for 45.8 h in position H8 at
the Beijing Atomic Energy Research Institute reactor (49–2). The
neutron flux gradientwas determined to bewithin±0.7% by repeated
Table 2
Zircon TIMS U–Pb data for sample 436.

Zircon features Concentration Common
lead (ng)

Isoto

Analysis no. Color Wt. (mg) U
(mg/g)

Pb
(mg/g)

206P
204P

436
(Baiyingaolao
Formation)

1 Light yellow 15 1798 62 0.320 124
2 Light yellow 10 1478 45 0.100 199
3 Light purple–red 15 980 33 0.160 137

206Pb/238U weighted mean: 125.9±1.2 Ma, MSWD=1.2.
analyses of the monitor mineral, and this uncertainty is propagated
into the plateau and isochron ages. Interfering nucleogenic reactions
were checked by using CaF2 and K2SO4; while themass discrimination
was monitored by an online air pipette, from which multiple
measurements before and after each heating step were taken.
Irradiated samples were then placed into a Ta tube resting in the Ta
crucible of an automated double-vacuum resistance furnace and
incrementally heated in 14 steps at 10 min intervals from 780 C to
1450 C. Following 5 additional minutes of gas purification on Al–Zr
getters, isotopic measurements were performed on a MM5400 mass
spectrometry with a Faraday cup and an electron multiplier. The hot
system blanks, whichwere determined several times each day prior to
pic ratios Apparent age (Ma)

b/
b

208Pb/
206Pb

206Pb/
238U

2σ 207Pb/
235U

2σ 207Pb/
206Pb

2σ 206Pb/
238U

207Pb/
235U

207Pb/
206Pb

0.3023 0.01967 23 0.1318 26 0.04859 72 125.6 125.7 128.0
0.3631 0.01956 45 0.1313 48 0.04870 128 124.9 125.3 133.3
0.2737 0.02001 43 0.1342 49 0.04864 130 127.7 127.8 130.3



Table 3
40Ar/39Ar data for groundmass of sample GW04137 from the Manitu Formation, by incremental technique.

Steps T/°C 39Ar accu./% 40Ar/% 36Ar/39Ar 37Ar/39Ar 40Ar/39Ar 40Ar*/39Ar Age/Ma 2σ

01 780 8.96 24.31 0.1264 0.0112 48.79 11.87 114.44 14.60
02 840 16.51 26.39 0.1200 0.0104 47.64 12.58 121.03 13.48
03 890 21.16 41.04 0.0703 0.0152 34.17 14.02 134.41 8.35
04 940 24.99 60.40 0.0338 0.0283 22.27 13.46 129.21 5.47
05 990 27.57 76.95 0.0183 0.0226 18.91 14.44 138.21 4.14
06 1040 32.88 77.34 0.0159 0.0082 18.95 14.57 139.40 3.15
07 1080 37.28 76.26 0.0168 0.0075 19.27 14.58 139.51 3.10
08 1120 46.53 78.90 0.0127 0.0033 16.89 13.25 127.22 2.09
09 1150 54.21 78.65 0.0129 0.0032 16.92 13.21 126.92 2.57
10 1190 64.29 82.24 0.0103 0.0037 16.02 13.10 125.88 1.92
11 1240 77.01 82.39 0.0112 0.0088 16.72 13.75 131.86 1.91
12 1280 97.18 75.61 0.0201 0.0202 21.08 16.01 152.66 2.73
13 1330 98.78 61.31 0.0509 0.0506 33.32 20.56 193.82 6.48
14 1450 100.00 57.58 0.0562 0.0465 34.35 19.82 187.15 7.49

GW04137: Plateau age: 128.1±3.1 Ma (MSWD=7.4) Inverse isochron age: 128.6±3.1 Ma (n=4; MSWD=11.3).
J value: 0.005502±0.000028. Age of Bern4M is 18.7±0.06 Ma.
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degassing, were commonly 2–3 orders of magnitude smaller than
sample signals. The mean blank errors were generally ∼2% for 40Ar
and∼5% for 39Ar. However, the large size of the samples relative to the
blank minimized the impact of these errors propagating into the final
ages. The plateau age was calculated from 3 or more contiguous steps,
comprising N50% of the 39Ar released, and gave concordant ages at the
95% confidence level. Errors are reported at the 2σ confidence level
(Table 3).

5. Results

5.1. Manketouebo Formation

The Manketouebo Formation is traditionally considered as the
lowest unit of the volcanic sequence in the southern Great Xing'an
Range, which makes it essential to date this in order to constrain the
onset of volcanism. Zircon from a total of 17 samples, including 9
rhyolites, 3 dacites, 2 andesites and 3 tuffaceous rocks, were dated by
LA-ICPMS. For convenience, the age results of these samples are
described according to their lithology.

Zircons from the nine rhyolites are discussed first and the data are
plotted on concordia diagrams in Fig. 5. Sample 05FW060 from the
southern part of the Wudan Basin is a porphyritic rhyolite with
phenocrysts of sanidine dispersed in a fine-grained matrix. In the
field, it has well-developed columnar joints. The data are concordant
to slightly discordant and the weighted mean 206Pb/238U age of seven
analyses is 174±4 Ma (MSWD=8.4; Fig. 5a), which is considered to
be the eruption age of the rock; an older of age of 309±3 Ma was
obtained from a xenocryst. Samples 06ZH032 and 06ZH110 are both
porphyritic rhyolites with phenocrysts of altered K-feldspar set in a
felsitic matrix. Sample 06ZH032 from south of the Baoshi Basin is
grey–purple in color and characterized by well-developed flow
structure; with clusters of small quartz phenocrysts observed locally.
The data are concordant and the weighted mean 206Pb/238U age of
nineteen analyses is 133±2 Ma (MSWD=9.6; Fig. 5b). In addition to
altered K-feldspar, sample 06ZH110 from the Wudan Basin also
contains phenocrysts of embayed quartz and opaque minerals set in a
fine-grainedmatrix. The data aremostly concordant and theweighted
mean age of thirteen analyses is 154±1 Ma (MSWD=0.2; Fig. 5c).
Sample 07ZH097 was collected from the western segment of the
south Great Xing'an Range nearc Huolinhe. It is a grey, massive
rhyolite with phenocrysts of K-feldspar. The data are concordant and
the weighted mean age of eighteen analyses is 150±2 Ma
(MSWD=2.1; Fig. 5d), which represents the crystallization age of
the rock.

Samples 07ZH110 and II06029-1 were collected from the type
section of the Manketouebo Formation in the southern part of the
Baoshi Basin. Sample 07ZH110 is a felsitic rhyolite with well-
developed flow structure, containing rare phenocrysts of altered
alkali-feldspar and embayed quartz. Nineteen analyses of mostly
concordant zircon yield a weighted mean age of 154±1 Ma
(MSWD=0.3; Fig. 5e). Sample II06029-1 has oriented phenocrysts
of broken alkali-feldspar and quartz set in a felsic matrix. Six analyses
are slightly spread along concordia and give a weighted average
206Pb/238U age of 153±8 Ma (MSWD=4.0; Fig. 5f). One grain records
an older age of 185±4 Ma and is interpreted to be a xenocryst.Within
errors, the ages of the two samples are identical, indicating their
formation in the Late Jurassic.

Sample 07ZH172 was collected from the top of the Manketouebo
Formation, immediately beneath the Manitu Formation at the type
location of the latter, NE of Linxi. It is a massive rhyolite with a felsitic
texture and is devoid of phenocrysts. Nineteen analyses yield a
weighted mean age of 163±1 Ma (MSWD=0.1; Fig. 5g). Samples
II06031-2 and II06032-1 are both porphyritic rhyolites, collected a
few kilometers east of the previous site. Nineteen analyses of the
former yield a weighted mean 206Pb/238U age of 160±2 Ma
(MSWD=5.7; Fig. 5h). The weighted mean age of sixteen analyses
of the latter is 165±1 Ma (MSWD=0.8; Fig. 5i) and both ages are
taken to represent the eruption time of these rocks, indicating that the
volcanic rocks of the Manketouebo Formation were erupted in the
Late Jurassic.

Three samples of dacite (07ZH017, 07ZH155 and GW04199) were
analyzed. Sample 07ZH017 from the northern part of the Baoshi Basin
is a fine-grained, massive dacite with a few phenocrysts of plagioclase.
The zircons are concordant and seventeen analyses yield a weighted
mean age of 138±1 Ma (MSWD=0.2; Fig. 5j). Sample 07ZH155 from
the northern part of the Pingshan Basin is a massive dacite, containing
a large number of crystal fragments and a few fragments of chilled
lava. The crystal fragments mainly comprise plagioclase, with minor
quartz. The weightedmean age of ten concordant grains is 151±1 Ma
(MSWD=1.2), considered to represent the time of eruption. One
inherited grain yields an age of 177±4 Ma (Fig. 5k). Sample
GW04199 was collected north of the Baoshi Basin, close to the
Mongolian border, and is a porphyritic dacite with phenocrysts of
altered plagioclase, embayed quartz and rare biotite, set in a
microcrystalline matrix. The data are mostly concordant and fourteen
analyses yield a weighted mean 206Pb/238U age of 124±2 Ma
(MSWD=2.7; Fig. 5l). Three other concordant grains define an
older age of 168±1 Ma (MSWD=0.9), representing the age of a
single population of inherited zircons.

Andesite sample 07ZH104 was collected from the western
segment of the south Great Xing'an Range, immediately west of
Huolinhe. The data are concordant and the weighted mean age of
sixteen analyses is 157±2 Ma (MSWD=0.3; Fig. 5m). Sample
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07ZH140 is an andesite from the Pingshan Basin and is much more
complex, containing four zircon populations with ages of 150±3 Ma,
240±7 Ma, 305±6 Ma and 340±7 Ma (Fig. 5n and o), of which the
150±3 Ma age is taken to represent the eruption age of the rock; the
older grains being considered inherited.

Three tuffaceous rocks from the Manketouebo Formation were
also dated. Twenty zircon analyses from sample 07ZH086, a rhyolitic
tuff from the Tuliemaodu section in the east-central part of the Baoshi
Basin, are mostly concordant and record a weighted mean 206Pb/238U
age of 128±1 Ma (MSWD=1.2; Fig. 5p). This age can be taken as the
time of eruption. Sample 07ZH208, a massive porphyritic ignimbrite
from southeast of Keshiketengqi, contains K-feldspar megacrysts in a
fine-grained matrix. The data for seventeen grains are concordant to
weakly discordant and define a weighted mean age of 135±2 Ma
(MSWD=0.1; Fig. 5q). Sample 07ZH224 from the nearby Wudan
Basin is an ignimbrite with well-developed flow structure, containing
some fragments of feldspar and quartz. The data are mostly
concordant and eleven analyses define a weighted mean 206Pb/238U
age of 153±2 Ma (MSWD=0.2; Fig. 5r), taken as the time of the
eruption.
5.2. Manitu Formation

Stratigraphically, the Manitu Formation is a vital component of the
volcanic sequence in the southern part of the Great Xing'an Range,
since it has been used in discriminating the felsic volcanic rocks of the
Manketouebo and Baiyingaolao formations, as discussed above. Nine
samples of this formation, including andesites (5 samples), dacite
(1 sample), rhyolite (1 sample) and a felsic tuffaceous rock (1 sample),
were dated using LA-ICPMS (8 samples) and an additional sample of
andesite was dated using the 40Ar/39Ar incremental heating
technique.

Sample 07ZH006 from the northern part of the Baoshi Basin is a
porphyritic andesite with phenocrysts of plagioclase and rare
hornblende, set in an aphanitic matrix. Nineteen concordant to
slightly discordant analyses yield a weighted mean 206Pb/238U age of
151±2 Ma (MSWD=1.7; Fig. 6a). There are also two concordant
inherited grains with ages of 212±3 Ma and 230±4 Ma. Sample
07ZH181 is a fine-grained andesite collected from the upper section of
the Manitu Formation at the type location, NE of Linxi. It is
characterized by a well-developed flow structure. Analyses of
eighteen concordant zircons yield a weighted mean age of 138±
1 Ma (MSWD=0.1; Fig. 6b). One inherited zircon has a 206Pb/238U age
of 306±5 Ma.

Sample 06ZH049 from southwest of the Pingshan Basin is a
porphyritic pyroxene andesite with phenocrysts of plagioclase and
orthopyroxene. Most of the plagioclase and some of the pyroxene is
altered. Twenty concordant analyses record a weighted mean age of
132±1 Ma (MSWD=0.6; Fig. 6c). Sample G0221-2 was collected
from the eastern margin of the Great Xing'an Range, southwest of the
Pingshan Basin. It is a hornblende andesite with plagioclase and
amphibole phenocrysts dispersed in a fine-grained matrix. Eleven
concordant grains yield an age of 129±2 Ma (MSWD=1.2). In
addition, four analyses form a coherent population that yields a
weighted mean age of 197±4 Ma (MSWD=0.3) (Fig. 6d). The
younger population is considered to record the age of the volcanic
eruption, whereas the older population represents inheritance from a
single source. Sample GW04136 is also from the eastern margin of the
Great Xing'an Range, to the east of the Baoshi Basin. It is a massive
porphyritic pyroxene andesite that contains a few phenocrysts of
pyroxene and plagioclase, with rare biotite and hornblende. The
Fig. 5. Zircon LA-ICPMS U–Pb concordia diagrams of volcanic rocks from the Manketoueb
(f) II06029-1; (g) 07ZH172; (h) II06031-2; (i) II06032-1; (j) 07ZH017; (k) 07ZH155; (l) GW
weighted mean age of thirteen grains is 125±1 Ma (MSWD=3.3)
(Fig. 6e), which is taken to record the age of the andesite.

Sample 07ZH236 is a porphyritic dacite from theWudan Basin that
contains phenocrysts of plagioclase and rare hornblende. The data are
mostly concordant and the weighted mean age of thirteen analyses is
156±1 Ma (MSWD=1.1) with one inherited grain yielding an older
age of 272±3 Ma (Fig. 6f). Sample 07ZH193 is a massive white
porphyritic rhyolite from east–northeast of Linxi. The main pheno-
cryst phase is euhedral quartz dispersed in a fine-grained ground-
mass. The data are concordant to slightly discordant and eleven
analyses yield a weighted mean age of 155±1 Ma (MSWD=0.1;
Fig. 6g). Sample 07ZH081 from the eastern margin of the Baoshi Basin
is a rhyolitic tuff, with crystal fragments of feldspar and quartz. The
data are concordant and nineteen analyses yield a weightedmean age
of 126±1 Ma (MSWD=1.2; Fig. 6h).

The fine-grained groundmass of pyroxene andesite sample
GW04137, collected near the eastern margin of the Great Xing'an
Range, southwest of Wulan Hot, was dated by the 40Ar/39Ar
incremental heating method. In the initial heating steps, the plateau
ages increase with increasing temperature, which may be caused by
release of absorbed Ar from the surface or subsurface of the sample.
However, the plateau became homogeneous at the temperature
interval between 1120 C and 1240 C. The calculated plateau age of
these four steps (128.1±3.1 Ma, including about 40% released 39Ar),
and the calculated inverse isochron age (128.6±3.1 Ma) are identical
(Fig. 6i, j). The deduced 40Ar/36Ar ratio is 291.8, indicating no
adsorbed excess Ar in the sample. Therefore, this age is taken to
represent the time of crystallization.
5.3. Baiyingaolao Formation

The Baiyingaolao Formation comprises a suite of felsic volcanic and
related volcanoclastic rocks of great thickness. Nine samples,
including rhyolites (6 samples), dacite (1 sample) and felsic
ignimbrites (3 samples), were dated by LA-ICPMS and one sample
by TIMS.

Three transparent prismatic zircons from rhyolite sample 436,
obtained from the northern end of the study area near Arshan, were
dated by TIMS. They are concordant and yield an age of 125.9±1.2 Ma
(MSWD=1.2; Fig. 7a), which represents the age of the rock.

Samples 06ZH015, 06ZH043 and 06ZH055 are rhyolite dated by
LA-ICPMS. Sixteen concordant to weakly discordant analyses of
sample 06ZH015 from northeast of Linxi give a weighted mean age
of 131±1 Ma (MSWD=1.1; Fig. 7b); whereas the weighted mean
age of twelve concordant to weakly discordant grains in sample
06ZH043 from the southern part of the Baoshi Basin is 129±1 Ma
(MSWD=3.4; Fig. 7c). Twenty zircon analyses of massive felsite
sample 06ZH055 from the Pingshan Basin are concordant and yield a
weighted mean age of 132±1 Ma (MSWD=0.7; Fig. 7d).

Two additional rhyolite samples were collected from the north-
ernmost part of the southern Great Xing'an Range (Fig. 1c). Sample
GW04185 collected west of the Baoshi Basin is a porphyritic rhyolite
with sanidine and quartz phenocrysts set in a felsitic groundmass, and
characterized by well-developed flow structure and local clusters of
recrystallized quartz. Concordant zircons form three age clusters with
weighted mean ages of 135±1 Ma (N=15; MSWD=1.9), 161±
4 Ma (N=2) and 290±25 Ma (N=2), respectively (Fig. 7e). The
youngest age of 135±1 Ma is taken as the age of the rock, whereas
the older grains are interpreted as being inherited. There are also
some discordant younger ages, but their geological significance is
uncertain. Sample GW04215 from Arshan is a massive porphyritic
o Formation. (a) 05FW060; (b) 06ZH032; (c) 06ZH110; (d) 07ZH097; (e) 07ZH110;
04199; (m) 07ZH104; (n and o) 07ZH140; (p) 07ZH086; (q) 07ZH208; (r) 07ZH224.



Fig. 6. Geochronological diagrams of volcanic rocks from the Manitu Formation. LA-ICPMS zircon U–Pb age concordia diagrams of (a) 07ZH006, (b) 07ZH181, (c) 06ZH049,
(d) G0221-2, (e) GW04136, (f) 07ZH236, (g) 07ZH193, (h) 07ZH081; (i) 40Ar/39Ar age spectra and (j) inverse isochron of the groundmass of GW04137.
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rhyolite with a few quartz phenocrysts set in a felsitic matrix. Twenty-
four analyses are mostly concordant and yield a weightedmean age of
124±1 Ma (MSWD=1.1; Fig. 7f). This age is taken as the eruption
age of the rock.
Sample 07ZH078 from the central part of the Baoshi Basin is a
massive porphyritic dacite with plagioclase phenocrysts. Twenty
analyses of concordant to slightly discordant zircon record a weighted
mean 206Pb/238U age of 131±1Ma (MSWD=1.4; Fig. 7g). Sample
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Fig. 7. Zircon U–Pb concordia diagrams of volcanic rocks from the Baiyingaolao Formation. (a) 436; (b) 06ZH015; (c) 06ZH043; (d) 06ZH055; (e) GW04185; (f) GW04215;
(g) 07ZH078; (h) 07ZH012; (i) 07ZH170; (j) 07ZH212. TIMS age for sample 436; all other ages were determined by LA-ICPMS.
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07ZH012 from the northern part of the Baoshi Basin is a purple–red
ignimbrite with abundant K-feldspar and quartz fragments of various
sizes. Nineteen concordant or near concordant analyses give aweighted
mean age of 137±1 Ma (MSWD=0.9; Fig. 7h). One grain also has an
older age of 330±5Ma and is inherited. Sample 07ZH170 is a welded
ignimbrite with crystal fragments of plagioclase and quartz, collected
from the type location of the Baiyingaolao Formation, northeast of Linxi.
The weighted mean age of nineteen concordant analyses is 138±1 Ma
(MSWD=0.5; Fig. 7i). Sample 07ZH212 from near Keshiketengqi is an
aphanitic felsitic ignimbrite. Seventeen concordant to weakly
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Fig. 8. Zircon LA-ICPMS U–Pb age concordia diagrams for andesites from the Meiletu Formation. (a) 07ZH0280; (b) 07ZH142; (c) 07ZH072; (d) 07ZH116; (e) 6ZH036; (f) 06ZH060;
(g) 07ZH065.
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discordant analyses yield a weighted mean age of 139±2 Ma
(MSWD=0.2; Fig. 7j), interpreted as the age of eruption.

5.4. Meiletu Formation

The Meiletu Formation is the uppermost unit of the volcanic
sequence recognized in the south Great Xing'an Range and its age will
constrain the termination of volcanism in the region. A total of seven
andesites were dated by LA-ICPMS.

Sample 07ZH028 from the northern part of the Baoshi Basin is a fine-
grained andesite with a few hornblende phenocrysts. Four concordant
zircons from this sample yield a weighted mean age of 128±9Ma
(MSWD=2.9) which is considered the age of volcanic eruption. Two
zircons record older ages of 155±6Ma (Fig. 8a), taken to record
inheritance. Sample 07ZH142 from the Pingshan Basin is a massive
porphyritic andesite with plagioclase phenocrysts. Twelve concordant
analyses yield aweightedmeanageof 128±1Ma (MSWD=0.7; Fig. 8b).
One inherited grain gives a 206Pb/238U age of 198±3Ma. Zircons from
sample07ZH072 fromtheBaoshiBasinnearBaoshi aremostly concordant
and six analyses record a weighted mean age of 128±2 Ma
(MSWD=0.3; Fig. 8c), with one inherited zircon recording an age of
175±3Ma. Twelve concordant analyses of hornblende-andesite sample
07ZH116, collected between the Baoshi and Pingshan basins, record a
weighted mean age of 134±2Ma (MSWD=0.6; Fig. 8d).

Sample 06ZH036was collected from the type location of theMeiletu
Formation in the southern part of the Baoshi Basin and is a massive
pyroxene andesite, with well-developed columnar jointing. Ten
analyses are concordant to weakly discordant and record a weighted
mean age of 131±1 Ma (MSWD=1.5; Fig. 8e). Sample 06ZH060 was
collected between the Baoshi and Pingshan basins, in close proximity to
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Fig. 9. Probability diagrams of the volcanic rocks and granites in the Great Xing'an Range: (a) TheManketouebo andManitu formations; (b) the Baiyingaolao andMeiletu formations;
(c) comparison of the age frameworks of the volcanic rocks in the northern and southern segments of the Great Xing'an Range; and (d) comparison of the ages of the volcanic rocks
and granites in the Great Xing'an Range.
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sample 07ZH116. It is a biotite-bearing pyroxene andesite and fifteen
concordant zircon analyses record a weighted mean age of 128±1 Ma
(MSWD=1.4; Fig. 8f). Sample 07ZH065 is an aphanitic basaltic andesite
collected near the easternmargin of the Great Xing'an Range, southeast
of Baoshi. Three analyses record a weighted mean age of 126±4 Ma,
and this is taken to record the time of volcanism, since they form rims to
older grains. In addition, three zircons define a weighted mean age of
154±4 Ma (Fig. 8g) and two zircons record an even older age of 310±
10Ma and are considered to be inhered.

6. Discussion

6.1. Geochronological framework of the volcanic rocks and constraints
on the volcanic stratigraphy

The large range in crystallization age of all four volcanic formations
indicates that the subdivision and correlation of these volcanic strata
needs to be re-evaluated. For instance, samples from the Manke-
touebo Formation, which is considered to be the lowermost unit,
show a total age range from 174±4 Ma to 124±2 Ma, the overlying
Manitu Formation a range from 156±1 Ma to 125±1 Ma, the
succeeding Baiyingaolao Formation from 139±2 Ma to 124±1 Ma
and the believed uppermost Meiletu Formation a range from 134±
2 Ma to 126±4 Ma. This is clearly impossible in a true stratigraphic
sequence and indicates that previous correlations across the area are
incorrect. Only the upper Meiletu Formation shows a consistent range
of younger ages. However, all other formations contain rocks with
zircon ages within this same time-frame, emphasizing the problems
of the previous subdivision, which was mainly based on correlation of
rock assemblages, with few isotopic age data. Our new data indicate
that this approach cannot be supported. In addition, felsic rocks of the
Manketouebo and Baiyingaolao Formations are indistinguishable in
terms of lithology and geochemistry (refer to Fig. 4b) and the new age
data indicate that some sequences previously mapped as Manke-
touebo Formation could equally belong to the Baiyingaolao Forma-
tion. This unsatisfactory situation with respect to the stratigraphic
subdivision is also manifested by the age results from a single volcanic
basin. For example, in the Hatumohe section in the Baoshi Basin, the
so-called Manitu Formation is older than what was classified as
lowermost Manketouebo Formation, while in the Tuliemaodu, Paotai
and Keshiketengqi sections, volcanic rocks considered to be in
different formations have the same ages within errors.

Another important point is the regional correlation of volcanic
strata across the whole of the Great Xing'an Range. Previous studies
considered that the volcanic rocks in the northern segment were older
than those in the southern region (HBGMR, 1993; IMBGMR, 1991;
Wang et al., 1997; Fig. 3) due to the absence of a lower mafic volcanic
unit that could be correlated with the Tamulangou Formation in the
northern segment. However, our data indicate that initiation of
volcanism in the Late Jurassic was synchronous across the whole of
the Great Xing'an Range (see also Zhang et al., 2008b).

The volcanic rocks in the Great Xing'an Range were previously
considered to be Late Jurassic to Early Cretaceous based on imprecise
age data. Recent studies show that the majority of the dated volcanic
rocks in the northern segment erupted in the Early Cretaceous, with a
minority erupted in the Late Jurassic; and mostly in the west of the
northern Great Xing'an Range (Ge et al., 2001; Wu et al., 2005d; Chen
et al., 2006; Wang et al., 2006b; Zhang et al., 2008b). Nevertheless,
precise age data for the volcanic rocks in the southern segment were
previously limited (Chen et al., 2007; Guo et al., 2008). Our new age
data for 43 volcanic rocks from the four major Mesozoic volcanic units
across the entire southern Great Xing'an Range confirms that volcanic
rocks erupted in both the Late Jurassic and Early Cretaceous.
Compilation of the available ages shows two stages of volcanism in
the southern Great Xing'an Range, i.e., in the Late Jurassic at 160–
150 Ma and in the Early Cretaceous at 141–122 Ma, with a distinct
time-gap between them (Chen et al., 2007; Guo et al., 2008). Thus,
both the northern and southern segments have Late Jurassic and the
Early Cretaceous volcanic rocks, with the climax in the Early
Cretaceous, consistent with the giant igneous event recognized in
other parts of eastern China by Wu et al. (2005a). However, the age
data indicate that Jurassic volcanic rocks form a relatively subordinate
proportion of the rocks, although erosion prior to eruption of the Early
Cretaceous rocks may have contributed to this. The Great Xing'an
Range therefore is an important component of the giant Cretaceous
igneous event. But although the Early Cretaceous rocks are dominant,
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Late Jurassic rocks occupy a relative larger proportion in the southern
segment compared to the north (Fig. 9c). Volcanism in the northern
segment includes four stages, i.e., at ∼180 Ma, 165–160 Ma, 150–
135 Ma and 130–105 Ma with a gap between 160 Ma and 150 Ma
(Zhang et al., 2008b and references therein; Fig. 9c). In contrast, the
southern segment contains just three stages, i.e., at ∼173 Ma, 160–
150 Ma and 141–122 Ma, with a gap between 150ma and 141 ma. It is
also evident that volcanism in the southern segment occurred when
there was quiescence in northern segment (Fig. 9c). The other
difference is the duration of the volcanism. In the southern segment,
volcanism ended at about 122 Ma, whereas in the southern segment,
it lasted to 105 Ma. This disparity between the northern and southern
segments was probably caused by fundamental tectonic differences,
which are discussed in the following section.
6.2. Temporal and spatial variations of Mesozoic magmatism in the
Great Xing'an Range and adjacent regions

Besides the Great Xing'an Range, Mesozoic volcanic rocks are also
widespread in other parts of northeastern China, including the
Songliao Basin, the Zhangguangcai Range, and the eastern part of
the Jilin and Heilongjiang Provinces (eastern Ji-Hei for short), as well
as the Jiamusi Massif (refer to Fig. 1). In the Songliao Basin, the
Mesozoic volcanic rocks are commonly intercalated with sedimentary
sequences, as revealed by boreholes and outcrops. They have Early
Cretaceous ages of 140–106 Ma (Wang et al., 2002; Zhang et al.,
2007b; Shu et al., 2007; Ding et al., 2007; Gao, 2008). The 40Ar/39Ar
ages of volcanic rocks from the Zhangguangcai Range range from 126
to 117 Ma, i.e., Early Cretaceous (Li, 2006a; Fig. 10b). In eastern Ji-Hei
and the Jiamusi Massif, Early Cretaceous volcanism has Ar–Ar and
zircon U–Pb ages between 122.7 and 88.2 Ma (Ji et al., 2005; Ji, 2007;
Li et al., 2007; Fig. 10c). Overall, Early Cretaceous volcanic rocks are
dominant over Jurassic rocks in northeastern China. Compilation of
these data shows an eastward temporal migration of volcanism across
NE China (Wang et al., 2006b). Likewise, Mesozoic volcanism displays
a trend of decreasing age from the Great Xing'an Range in the west to
the Eastern Ji-Hei belt and Jiamusi Massif in the east.

Mesozoic granitoids are also widespread in northeastern China and
cover at least 50% of the area in themountainous regions. Most of them
are I-type or peralkaline A-type (Wu et al., 2000a, 2002, 2003b; Ge et al.,
2005b, 2007a; Sui et al., 2007). In the west, the granites in the Great
Xing'an Range and theManzhouli (refer to Fig. 1a) area aremainly Early
Cretaceous in age, with minor Jurassic plutons (Wang and Zhao, 1997;
Qin et al., 1999; Jahn et al., 2001;Wu et al., 2002, 2003b; Lin et al., 2004;
Liu et al., 2005b; Ge et al., 2005b, 2007b; Sui et al., 2007; unpublished
data of Wu FY; Fig. 10a). Jurassic granites are also reported in the
basement of the Songliao sedimentary basin and adjacent regions (Wu
et al., 2000b, 2001; Gao et al., 2007; Xu et al., 2008c). To the east of the
Songliao Basin, the granites in the Zhangguangcai and Lesser Xing'an
Range are Jurassic in age (Wu et al., 1998, 2000a; Sun, 2001; Sun et al.,
2001a,b;Wu et al., 2002, 2004b;Miao et al., 2004; Sun et al., 2005a,b; Ge
et al., 2007b; Fig. 10b). The granites in the eastern Ji-Hei belt and Jiamusi
Massif were also mainly emplaced in the Jurassic with rare Early
Cretaceous and Late Triassic rocks (Zhang et al., 2002b,2004; Wu et al.,
2004a; Cheng et al., 2006; Zhang et al., 2007c; Fig. 10c). These age data
indicate that Jurassic granitoids define awestward younging trend from
the Eastern Ji-Hei Belt and Jiamusi Massif to the Great Xing'an Range,
opposite to that of the volcanic rocks (Fig. 10). Note that the limited data
Fig. 10. Compilation of age data of volcanic rocks and granites from the Great Xing'an
Range and adjacent regions. (a) the Great Xing'an Range (volcanic rocks: Ge et al., 2001;
Wu et al., 2005d; Chen et al., 2006;Wang et al., 2006b; Zhang et al., 2006a,b; Chen et al.,
2007; Guo et al., 2008; Zhang et al., 2008b and the present study; granites: Wang and
Zhao, 1997; Qin et al., 1999; Jahn et al., 2001; Wu et al., 2002, 2003b; Lin et al., 2004; Ge
et al., 2005b; Liu et al., 2005b; Sui et al., 2007; Ge et al., 2007b; unpubl. data of Wu FY);
(b) the Songliao Basin-Lesser Xing'an Range-Zhangguangcai Range (volcanic rocks:
Wang et al., 2002; Li, 2006b; Zhang et al., 2007b; Shu et al., 2007; Ding et al., 2007; Gao,
2008; granites: Wu et al., 1998;Wu et al., 2000a,b; Sun, 2001; Sun et al., 2001a,b; Wu et
al., 2001, 2002; Miao et al., 2004; Wu et al., 2004b; Sun et al., 2005a,b; Ge et al., 2007b;
Gao et al., 2007; Xu et al., 2008c); (c) the eastern Jilin–Heilongjiang Provinces and
Jiamusi Massif (volcanic rocks: Ji et al., 2005; Ji, 2007; Li et al., 2007; granites: Zhang et
al., 2002b, 2004; Wu et al., 2004a; Cheng et al., 2006; Zhang et al., 2007c); (d) the
Korean Peninsula (Sagong et al., 2005;Wu et al., 2007b; and references therein); (e) the
Japanese islands (modified from Sagong et al., 2005).
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from Japan (Fig. 10e) are more equivocal and indicate a mainly
Cretaceous age for granite plutonism.

If the igneous rocks in the Korean Peninsula and Japan are taken
into account, the above-mentioned trends become more significant,
despite comparable age data on the volcanic rocks being largely
absent (Kinoshita, 1995; Sagong et al., 2005; Wu et al., 2007b; and
references therein; Fig. 10d, e). In the Korean Peninsula, Jurassic and
older granites are widespread, with ages ranging between N220 Ma
and 158 Ma; while emplacement of the Early Cretaceous granitoids
defines a maximum at about 115 Ma (Sagong et al., 2005; Wu et al.,
2007b and references therein; Fig. 10d). For the Japanese islands, the
emplacement of Early Cretaceous granitoids started at about 140 Ma,
with the peak age at ∼90 Ma; whilst the age of the Jurassic granites
are mostly older than 180 Ma (Sagong et al., 2005; Fig. 10e). Although
the ages of associated volcanic rocks in Korea and Japan are not
available, the data clearly indicate two stages of magmatism, as in
China.

This age compilation indicates that the Mesozoic igneous event in
northeastern China and adjacent regions consists of two important
episodes, i.e., in the Jurassic and the Early Cretaceous (Fig. 10). In the
Zhangguangcai and Lesser Xing'an Ranges and in eastern Ji-Hei,
volcanism was predominantly in the Cretaceous and granite pluton-
ism in the Jurassic (Fig. 10b). On the contrary, in the Great Xing'an
Range, volcanic and granitic rocks formed in both periods (Figs. 9d
and 10a), but were predominantly formed in the Cretaceous. It is also
evident that the initiation of magmatism in the Early Cretaceous was
similar at about 130 Ma or slightly younger in all places except the
Great Xing'an Range. However, even here the initial time of
magmatism is not older than 145 Ma (Fig. 9). In the Korean Peninsula
and Japan, Mesozoic magmatism also comprises two episodes, which
is reflected by the ages of granitoids; unfortunately, no comparable
data for volcanic rocks are available. Taken together, these data thus
indicate a westward younging trend of the Jurassic granitoids in
northeastern China and adjacent regions from the Pacific plate margin
to the continental interior (Fig. 10). A similar trend is also found in the
eastern segment of the North China Craton and south China and
adjacent regions along the East Asia continental margin (Kinoshita,
1995; Zhou and Li, 2000; Zhou, 2003; Chen et al., 2005; Sagong et al.,
2005; Wu et al., 2005b, 2007b). However, the Early Cretaceous
volcanic rocks in northeastern China and the granites in the Korean
peninsula and Japan display an opposite trend, becoming younger
from the continental interior to the continental margin. It is also clear
from Fig. 10 that, except for the Great Xing'an Range, the gap between
the episodes of Jurassic and Cretaceous magmatism becomes larger
from the continental interior to the continental margin (Fig. 10): this
trend is more obvious if the peak age of magmatism is taken. In the
Great Xing'an Range, there is no obvious gap between the two
episodes (less than 10 Ma because of the shift in the 'magma gap'
between volcanism and plutonism in the northern and southern parts
of the range), while the gap is ∼10 Ma, ∼20 Ma, ≥40 Ma for the
Songliao Basin-Lesser Xing'an Range-Zhangguangcai Range (eastern
part of the Songliao Block), Eastern Ji-Hei and Jiamusi, and Korean–
Japan, respectively. Noticeably, quiescence in magmatism occurs at
∼150 Ma in all these areas except the Great Xing'an Range, which is
coincident with the time of a major tectonic change in eastern China
(e.g., Zhai et al., 2004), i.e., from compression to extension.

6.3. Tectonic implications

The present data, when combined with previous studies, indicate
the predominance of Early Cretaceous volcanism in the Great Xing'an
Range, with a relatively small proportion of Late Jurassic volcanic
rocks and an age gap of b10 Ma between these two episodes. An
obvious question is whether all these volcanic rocks formed in a
common tectonic setting. Several lines of evidence suggest that the
Late Jurassic and Early Cretaceous volcanic rocks formed in different
tectonic environments (e.g., Wu and Sun, 1999; Wu et al., 2000a,
2002, 2003a; Ge et al., 2005b), that is, compressive in the Jurassic and
extensional in the Cretaceous. It is generally considered that all the
Early Cretaceous igneous rocks in northeastern China and adjacent
areas formed in an extensional environment (Ge et al., 2001; Guo et
al., 2001; Shao et al., 2001a,b; Fan et al., 2003; Lin et al., 2003; Gao et
al., 2005; Wu et al., 2005a; Zhang et al., 2008b,c). This is evidenced by
the presence of Early Cretaceous A-type granite and alkali rhyolite (Li
and Yu, 1993; Wang and Zhao, 1997; Ge et al., 2001; Jahn et al., 2001;
Lin et al., 2003; Wu et al., 2002; Ge et al., 2005b), metamorphic core
complexes (Yang et al., 1996; Zhang et al., 1998; Liu et al., 2005a; Yang
et al., 2007a; Donskaya et al., 2008) and coeval bimodal mafic and
felsic dykes (Shao et al., 1998, 2001a,b; Shao and Zhang, 2002; Zhang
et al., 2006a,b), as well as the development of extensional basins, such
as the Songliao Basin (Meng, 2003). In fact, most of eastern China,
including northeastern China, the eastern North China and Yangtze
cratons and southeastern China, were characterized by extension in
the Early Cretaceous (e.g., Zhou and Li, 2000; Zhou et al., 2003; Zhai et
al., 2004; Lin and Wang, 2006).

In contrast, it is widely considered that northeastern China (e.g.,
Meng, 2003;Wu et al., 2005b; Ge et al., 2005b; Sui et al., 2007; Yang et
al., 2007b) including the Yanshanian fold and thrust belt (e.g., Davis et
al., 2001), were dominated by regional compression in the Jurassic.
Supporting evidence includes development of an active continental
margin (Wu et al., 2005b; Ge et al., 2005b; Sui et al., 2007) and the
occurrence of adakitic rock associations (Gao et al., 2004, 2005; Zhang
et al., 2006c; Sui et al., 2007). Meng (2003) suggested that during the
Late Jurassic, the NE CAOB and the northern NCC underwent
significant N–S compression, resulting in crustal shortening and
thickening, related to the amalgamation between the NCC and
Siberian plate. However, the age framework and the distribution of
igneous rocks and Jurassic accretionary complexes along the conti-
nental margin do not support this interpretation. For example, it is
that unreasonable the NNE-trending igneous belt was the result of N–
S amalgamation; instead it argues for its connection with subduction
of the Paleo-Pacific plate beneath the eastern Asia continent.
Additional evidence supporting an E–W compressional regime
comes from the development of Jurassic adakitic rocks in the Great
Xing'an Range, although the precise age of these is not well
constrained (Gao et al., 2005; Zhang et al., 2006c).

These above lines of evidence indicate that the tectonic environ-
ment changed from compressional in the Late Jurassic to extensional
in the Early Cretaceous: the magmatic quiescence coincides with this
tectonic transformation. We therefore suggest that the change
occurred first at the end of the Jurassic in the Great Xing'an Range
and migrated eastward, reflected by the onset of Early Cretaceous
magmatism.

6.4. A subduction-induced delamination model

Several mechanisms have been proposed to explain the genesis of
Mesozoic volcanic rocks in the Great Xing'an Range and adjacent
regions in NE China, including (1) mantle plume or some other
intraplate processes (Shao et al., 1995, 1999, 2001a,b; Deng et al.,
1996; Lin et al., 1998; Ge et al., 1999), (2) post-orogenic lithospheric
extension related to the closure of the Mongol–Okhotsk Ocean (Fan et
al., 2003; Meng, 2003), and (3) westward subduction of the Paleo-
Pacific plate and subsequent related processes, such as rifting (Jiang
and Quan, 1988), asthenospheric upwelling (Zhao et al., 1989), and
delamination (Wang et al., 2006b; Zhang et al., 2008b,c). The present
data and the spatial distribution of the Mesozoic igneous rocks do not
favor either the mantle plume model or subduction of the Mongol–
Okhotsk Ocean. Instead, subduction of the Paleo-Pacific plate is more
consistent with the data (Zhang et al., 2008b and reference therein).
The evidence supporting subduction of the Paleo-Pacific plate includes
the occurrence of Jurassic accretionary complexes, tomographic
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studies and the spatial distribution of Mesozoic magmatism. Devel-
opment of Jurassic accretionary complexes (Kojima, 1987; Natal'in,
1993; Isozaki, 1997; Maruyama, 1997; Wu et al., 2007a) and
tomographic studies (Fukao et al., 1992; Huang and Zhao, 2006)
clearly indicate that subduction of the Paleo-Pacific plate played an
important role in the geodynamic evolution of eastern China and the
whole of the Asian continentalmargin. Geochronological studies of the
Heilongjiang Group, which is considered to be an accretionary
complex, indicate Early Jurassic accretion and high-pressure meta-
morphism (Wu et al., 2007a; Zhou et al., 2009). Geophysical data also
reveal a stagnant subducted slab at a depth of 660 km that forms a high
velocity layer beneath eastern China, the western edge generally
coinciding with a boundary of topographic change identified at the
surface (Huang and Zhao, 2006). In addition, the linear distribution of
Mesozoic igneous rocks along the eastern continental margin of China
also implies a relationship between magmatism and subduction.

The question remains as to what deep geodynamic processes
controlled the tectonic switch from compression to extension and the
formation of the giant igneous events across the whole of eastern
China. Taking the geological, geochronological and geophysical
evidence together, an eastward migration of delamination associated
with the subduction of the Paleo-Pacific plate is a possibility (Wang et
al., 2006a,b). This process was probably accompanied by roll back of
the subducted oceanic plate (Wu et al., 2007b), which steepened the
subduction zone, as suggested by the geophysical studies (Huang and
Zhao, 2006). Although timing of initiation of subduction of the Paleo-
Pacific plate is not well constrained, it most likely occurred in the
Jurassic. This process caused crustal shortening and thickening,
resulted in widespread magmatism of active continental-margin
affinity, and formed the westward younging trend of the granites,
Fig. 11. Simplified cartoon depicting the subduction-induced delamination model. (a) Juras
across the southern Great Xing'an Range.
with only rare volcanic rocks. Subsequent delamination of the
thickened eclogitic lower crust and underlying lithospheric mantle
into the convecting asthenosphere would result in melting of the
delaminated eclogites. Interaction of the resultant melt with perido-
titic mantle would have formed the high-Mg adakitic magma (Gao et
al., 2004). It has been suggested that delamination was relatively
minor at this stage, whilst the major process was underplating of
mantle-derived magma at the base of the lower crust and partial
melting of pre-existing crust (Wu et al., 2005b). During this stage, the
lithosphere was softened due to the addition of fluid released from the
subducting slab, and magma extraction would facilitate delamination
of the lower crust. At the end of the Jurassic, the westward flat
subduction of the Paleo-Pacific plate beneath the Euro-Asian plate
reached its peak and changed direction to the north or northwest
(Maruyama et al., 1997; Sagong et al., 2005). This caused the change
from compressional to extensional tectonics across the whole region,
resulting in large-scale delamination of the thickened crust, elevation
of the geotherm, and initiation of steep subduction. Delamination thus
commenced at the western part of the subducted slab and migrated
eastward. Delamination and consequent upwelling of the astheno-
sphere resulted in extensive magmatism (see Fig. 11). The eastward
migration of delamination explains the observed younging trend of
volcanism in this direction. The peak of delamination occurred at
about 125 Ma, as manifested by the climax of magmatism (Wu et al.,
2005a). The magmatic gap coincides with the transformation process
from compression to extension, that is, the previously thickened crust
started to delaminate extensively by the Early Cretaceous. The above
subduction-induced delamination model can also be applied to other
parts of eastern China, which were apparently also subjected to
lithospheric thinning in the Mesozoic (Menzies et al., 1993; Menzies
sic; (b) Early Cetaceous across the northern Great Xing'an Range; (c) Early Cretaceous
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and Xu, 1998; Griffin et al., 1998; Wu and Sun, 1999; Wu et al., 2000c;
Xu, 2001; Gao et al., 2002; Wu et al., 2003a,b; Gao et al., 2004;Wu et
al., 2005a,b; Zhang, 2005;Wu et al., 2006; Zheng et al., 2006;Wu et al.,
2008).

It is evident that although controlled by the same tectonic process,
the geochronological framework of the volcanic rocks suggests that
the northern and southern Great Xing'an Range reflect different deep
lithospheric processes, as manifested in the rock assemblages,
geochemistry and age of the volcanic rocks. This is reflected in the
thermal state of the volcanic rocks. The calculated zircon saturation
temperatures of the felsic rocks (Guo et al., 2008; unpul. data of the
author) indicate that the magma temperatures have different trends
in the northern and southern segments. In the northern segment, the
temperatures increase significantly at the late stage of magmatism,
while they actually decrease in the south, suggesting that during the
late stage of volcanism, the northern Great Xing'an Range underwent
a significant elevation of the geotherm relative to the southern
segment (Guo et al., 2008). In the northern segment, elevation of the
geotherm due to upwelling of the asthenosphere generated volumi-
nous felsic rocks with low Ba and Sr concentrations, while in the
southern segment, the significant temperature decrease meant that
these felsic rocks were probably generated by fractionation within a
relatively thick crust, explaining the sub-alkali trend (Fig. 4b). This
conclusion is also supported by tomography studies, which indicate
that the depth of the lithosphere–asthenosphere boundary in the
southern Great Xing'an Range is significantly greater than that in
adjacent regions (Huang and Zhao, 2006; Tang and Chen, 2008).

Based on the age framework and geochemistry, a broad subduc-
tion-induced migrating delamination model for the volcanic rocks in
the Great Xing'an Range is proposed as follows (Fig. 11):

1) During the Jurassic, rapid flat subduction of the Paleo-Pacific plate
beneath NE China resulted in the emplacement of voluminous
granites of active continental-margin affinity and consequent
thickening of the crust. Magmatic emplacement migrated west-
ward with time as the subduction zone evolved (Fig. 11a).
Underplated magma accumulated at the base of the crust and
induced partial melting of pre-existing crustal materials, accom-
panied by local delamination of the thickened crust (Fig. 11a). At
the end of the Jurassic, a change in the subduction direction led to a
switch in the regional tectonic setting from compression to
extension.

2) At the beginning of the Early Cretaceous, the thickened crust
delaminated and induced regional extension. Delamination mi-
grated from west to east, related to upwelling of asthenospheric
mantle, elevation of the geotherm, and roll back and steepening of
the subducting oceanic slab (Fig. 11b). However, delaminationwas
not uniform across the area and was mainly restricted to the
northern segment of the Great Xing'an Range and adjacent regions
in northeastern China (O'Reilly et al., 2001). The lithospheric
mantle, and even part of the lower crust, were delaminated and
resulted in eruption of voluminous felsic magmas (Fig. 11b).
However, in the southern Great Xing'an Range, delamination was
not as significant as in the northern segment. Instead, underplating
was predominant (Fig. 11c), which induced deepening of the
lithosphere–asthenosphere boundary, as revealed by geophysical
studies (Huang and Zhao, 2006; Tang and Chen, 2008).

7. Conclusions

1) A systematic geochronological study of the volcanic rocks in the
southern Great Xing'an Range indicates that they were erupted in
the Late Jurassic and Early Cretaceous, ranging in age from 174 Ma
to 122 Ma. However, they are dominantly Early Cretaceous in age.
The age data indicate that the previously-defined stratigraphic
sequence is incorrect and needs to be revised.
2) Compilation of the age data indicates that two episodes of
magmatism can be recognized in the Great Xing'an Range and
can be related to a similar sequence of events identified in adjacent
regions of NE China. There is a magmatic gap between Jurassic and
Cretaceous volcanism, which increases in duration eastward to the
continental margin and corresponds to the switch in the tectonic
setting from compression to extension.

3) During the Late Jurassic, subduction of the Paleo-Pacific plate
underneath the Eurasian continent resulted in thickening of the
crust and generation of magmas of active continental-margin
affinity, as accompanied by local delamination. During the Early
Cretaceous, delamination reached its peak, causing voluminous
magmatism across the whole of NE China and adjacent regions.
The eastward migration of delamination triggered lithospheric
thinning in eastern China and culminated in the giant igneous
events in the Cretaceous.
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