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Abstract
How has the Earth’s deep continental crust evolved? Most of our knowledge is derived
from surface exposures, but xenoliths carried in igneous rocks can be an important source
of information. The North China Craton (NCC) is one of the oldest cratons in the world and
Phanerozoic igneous rocks with abundant xenoliths are widespread, making it an ideal area
to study the formation and evolution of continental crust. Abundant data of U–Pb ages and
Hf isotopes in zircons were obtained for lower crustal xenoliths from over ten localities to
constrain the history beneath the craton. The oldest components of the NCC may
be *4.0 Ga. The craton experienced complex accretion and reworking processes in its
deep crust, accompanied by the formation and differentiation of the ancient continental
nucleus. The small size of the NCC, compared with many other cratons worldwide, made it
more susceptible to the effects of marginal subduction and collision with surrounding
blocks. In the lower crust, the ancient components of the craton were reworked in
Paleoarchean (3.80–3.65 Ga) time. The craton also experienced two important accretionary
episodes, in the Neoarchean (2.8–2.5 Ga) and the Paleoproterozoic (2.3–1.8 Ga).
Asthenospheric upwelling in Neoproterozoic time (0.6 Ga) locally modified the lower
crust. Subduction and collision of the surrounding blocks, such as the Yangtze Craton, in
Paleozoic and in early Mesozoic time also strongly modified the lower crust, especially
along the cratonic margins. Accretion and modification of the lower crust during late
Mesozoic–Paleogene were obvious due to the addition of depleted-mantle materials
(underplating).
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22.1 Introduction

The primitive continental crust was derived from the dif-
ferentiation of the early primitive mantle, and thus could be
expected to show coupling with the subcontinental litho-
sphere mantle (SCLM) in terms of composition and age

(Boyd 1989). However, subsequent interactions between
mantle and crust, especially for ancient ones, can destroy
such coupling and produce complex lithospheric structures.
In the North China Craton (NCC), crustal rocks older than
3.6 Ga occur (Liu et al. 1992) and Paleozoic–Cenozoic
igneous rocks erupted through the crust contain abundant
xenoliths of lower crustal lithologies (e.g., Zhou et al. 1992;
Fan et al. 1998; Zheng et al. 2004a), making this an ideal
area to study the processes of formation and evolution of the
continental crust.

In the northern part of the NCC, the oldest outcrops (i.e.,
Anshan Complex) are Paleoarchean (*3.8 Ga, Song et al.
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1996), whereas xenoliths of granulites in the nearby Ceno-
zoic Hannuoba basalts indicate that the lowermost crust
(>30 km deep) is mafic and Phanerozoic in age (470–47 Ma;
Fan et al. 1998; Liu et al. 2001a; Wei et al. 2015; Wilde et al.
2003; Zheng et al. 2009a, 2012) whereas some of the middle
lower crust (20–30 km depths) is intermediate and Paleo-
proterozoic in age (1.85 Ga; Zheng et al. 2004b). In contrast,
in the southern part of the craton, the oldest outcrops (i.e.,
Taihua Complex) are Neoarchean (*2.85 Ga; Kröner et al.
1988), whereas garnet-free felsic granulite xenoliths from
the Mesozoic Xinyang basaltic diatremes yield Paleoarchean
U–Pb zircon ages (>3.65 Ga) for the upper part of the lower
crust (Zheng et al. 2004a), showing that different
deep-crustal structures exist in the different parts of the
craton.

In this chapter, the synthetical investigation of zircon U–
Pb ages and Hf isotopes for lower crustal xenoliths from
northern to southern margin of the craton and the eastern
block has been obtained to constrain the processes of
accretion and reworking that have affected the deep conti-
nental lithosphere beneath the craton.

22.2 Spatial Distribution of Lower Crustal
Xenoliths

The NCC is one of the major crustal blocks in the eastern part
of the Eurasian continent. The Precambrian basement con-
sists mainly of gneiss, migmatite, and high-pressure
(HP) granulite facies rocks (Zhao et al. 2000; Zhai et al.
2001; Guo et al. 2002). The oldest upper crustal components,
with ages >3.6 Ga, are found in the Caozhuang Group in
Eastern Hebei Province and the Anshan Complex in Central
Liaoning Province (Fig. 22.1; Liu et al. 1992; Song et al.
1996; Wan et al. 2005). The craton underwent a series of
complex tectonic events in the late Archean and Paleopro-
terozoic (Zhai 2011; Kusky 2011). After assembly of the
different micro-continental blocks (Zhao et al. 2000; Kusky
and Li 2003) or cratonization (Zhai 2011) and subsequent
rifting (Peng et al. 2008; Zhang et al. 2012b) in the Paleo-
proterozoic, the craton then was magmatically quiescent until
the eruption of diamondiferous kimberlites in the middle
Ordovician (Lu et al. 1998). Subduction along the southern
margin of the NCC, accompanying its collision with the

Fig. 22.1 Geological sketch
map showing xenoliths localities
for the Paleozoic (Mengyin,
Fuxian, and Yingxian), Mesozoic
(Chifeng, Ningcheng, Xinyang,
Fuxin, Qingdao, and Junan), and
Cenozoic (Pingquan, Liaodong,
Hannuoba, Hebi, and Nushan)
volcanic rocks within the North
China Craton. Abbreviations
TNCO the Trans-North China
Orogen in the North China Craton
(terminology of Zhao et al. 1999)
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Yangtze craton (YC), occurred in the Paleozoic (i.e., the
Qinling belt in the western part; Yang et al. 2005) and in the
early Mesozoic (i.e., the Sulu-Dabie belt in the eastern part;
Li et al. 1993; Ye et al. 2000) to form the Qinling-Dabie-Sulu
Orogenic Belt (Fig. 22.1), the world’s largest UHP meta-
morphic belt (Liou et al. 2000; Ernst et al. 2007).

22.2.1 Xenoliths from the Paleozoic Igneous
Rocks

The Paleozoic (457–480 Ma; Dobbs et al. 1994; Lu et al.
1998) Fuxian kimberlites and Yingxian lamproites
(Fig. 22.1) erupted in southern Liaoning and northern Shanxi
Provinces, respectively. In southern Liaoning Province, the
Fuxian kimberlite pipes and dikes erupted through country
rocks of Mesoproterozoic to Cambrian age. The lower crustal
xenoliths in these kimberlites include garnet granulite,
pyroxene amphibolite, metagabbro, and anorthosite (Zheng
et al. 2004c, 2012). From the Fuxian kimberlite, garnet
granulite is the most common xenolith type. These xenoliths
are coarse-medium grained and reasonably fresh with
well-developed granoblastic fabrics. The typical assemblage
is garnet (22–69 %) + plagioclase + pyroxene ± K-feld-
spar ± quartz. Pyroxene amphibolite has a medium-fine
grained assemblage of clinopyroxene + plagioclase + horn-
blende ± K-feldspar with well-developed granoblastic fab-
rics. Metagabbro is medium-fine grained with relict gabbroic
microstructure. Some of the rocks contain up to 48 %
K-feldspar, and should be regarded as syenites. Anorthosite
consists of 94–95 % medium-coarse grained granoblastic
plagioclase, and contains 2–3 % pseudomorphs of pyroxene
and minor amounts of apatite and ilmenite.

From the Yingxian lamproites, some amphibolite xeno-
liths were collected. These amphibolites are generally round,
from 8 to 10 cm in diameter. The xenoliths are homoge-
neous and consist of granoblastic assemblages of medium-
to coarse-grained (1.8–3.5 mm) amphibole and plagioclase.

22.2.2 Xenoliths from the Mesozoic Igneous
Rocks

Well-studied suites of deep-seated crustal xenoliths in the
Mesozoic igneous rocks include: Chifeng and Ningcheng in
Inner Mongolia (*221 Ma, Shao et al. 2012), Xinyang in
southern Henan Province (*160 Ma, Zheng et al. 2008),
Fuxin in northern Liaoning Province (100 Ma, Zhang and
Zheng 2003), Qingdao (82 Ma; Zhang et al. 2008) and
Junan (67 Ma; Ying et al. 2006) in southern Shandong
Province (Fig. 22.1). They occur along the northern (Chi-
feng, Ningcheng and Fuxin) or southern (Xinyang, Qingdao
and Junan) edges of the NCC.

The granulite xenoliths from the dioritic intrusion in Chi-
feng and Ningcheng are from 10 to 20 cm in diameter that can
be divided into two-pyroxene granulite and Cpx-granulite
and Hy-granulite based on the assemblage (Han and Shao
2000; Shao et al. 2000; Shao and Wei 2011). The granulites
with granoblastic microstructure, mainly consist of
hypersthene + diopside + plagioclase ± biotite ± quartz.

The xenoliths in Xinyang, at the intersection between the
Trans-North China Orogen (TNCO, Zhao et al. 1999, 2000)
[the Central Orogenic Belt of Kusky and Li (2003)] and the
Qinling-Dabie Orogenic Belt (Fig. 22.1), include
intermediate-felsic granulite, metagabbro, pyroxenite,
high-pressure mafic granulite, and eclogite (Zheng et al. 2003,
2008). The intermediate granulite xenolith has a fine-grained
granoblastic microstructure, and consists of plagioclase, gar-
net, clinopyroxene, and quartz. In contrast, the mafic granulite
has less plagioclase and double garnet. Ilmenite and rutile are
also appeared as accessory minerals in the mafic xenoliths.
Metagabbro has a fine-grained granoblastic microstructure
with relict gabbroic domains. Significantly, the pyroxenite and
eclogite xenoliths in Xinyang have been identified as com-
ponents of lower crust (Zheng et al. 2008). Pyroxenite consists
mainly of garnet and diopside, and eclogite is composed pri-
marily of coarse-grained garnet and omphacite.

Monzonite (Zheng et al. 2004d) and granulite (Tang et al.
2014; Ying et al. 2010) xenoliths can be found in the basalts
from Fuxin and Junan, respectively. Monzonite is
medium-fine grained microstructure, consists of plagioclase
and alkali feldspar. Granulites are 1–15 cm in sizes with
sub-angular to rounded shape. Among the constituent min-
erals, plagioclase has the highest abundance followed by
orthopyroxene and clinopyroxene, quartz and Fe–Ti oxide
are minor. Garnets can also be found in few granulites.
Unlike Junan, the granulite xenoliths from Qingdao were
captured by mafic dikes. The mineral assemblage is hyper-
sthene, augite, and labradorite/bytownite. Garnet, amphi-
bole, and mica are not observed (Zhang 2012 and references
therein).

22.2.3 Xenoliths from the Cenozoic Basalts

Cenozoic basalts with lower crustal xenoliths/xenocrysts are
widespread (Fig. 22.1), including: Liaodong (58 Ma) near the
Paleozoic Fuxian kimberlites, Pingquan (45 Ma) in the Yan-
shan intercontinental orogen in the Eastern Block (EB),
Hannuoba at the intersection between the Khondalite belt
(Zhao et al. 2000) and the TNCO (22 Ma), Hebi (4 Ma) at the
western edge of the EB, Nushan (2 Ma) at the southern end of
the Tanlu Fault. Deep-seated crustal xenoliths in Pingquan
(Zheng et al. 2012) andHebi (Zheng et al. 2012)were reported
rarely. The felsic and mafic granulites in the Pingquan Pale-
ogene basalts are ellipsoidal (6 × 5 × 4 cm3) or round
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(*6.5 cm in diameter), and contain granoblastic assemblages
of quartz + plagioclase + K-felspar and plagioclase
+ orthopyroxene + clinopyroxene, respectively (Zheng et al.
2012). The felsic granulite and amphibolite in Hebi are ellip-
soidal, from 3 to 7 cm, with granoblastic structure, and com-
posed of quartz + plagioclase + K-feldspar and
amphibole + plagioclase, respectively (Zheng et al. 2012).
However, there are much more abundant of lower crustal
xenoliths in Nushan and Hannuoba. In Nushan, the xenoliths
include felsic-intermediate and mafic granulite, granitic
gneiss, and charnockite (Zhou et al. 1992; Huang et al. 2003,
2004; Zheng et al. 2012). The felsic granulite has granoblastic
microstructure, consists of plagioclase + quartz ± diop-
side ± K-feldspar ± Fe–Ti oxide. The assemblages of
granitic gneiss and charnockite are plagioclase + quartz
+ hypersthene and plagioclase + quartz + K-feldspar,
respectively. The mafic granulites are with or without garnet,
both typical of two-pyroxene granulites, and predominantly
composed of orthopyroxene, clinopyroxene and plagioclase
with subordinate amount of quartz and Fe–Ti oxides. All the
mafic xenoliths are characterized by foliated structure. The
lithological characteristics of the variety of xenoliths from
Hannuoba are listed in Table 22.1, include felsic-intermediate

granulite, mafic granulite with or without garnet, and some
pyroxenite xenoliths that from the crust–mantle transitional
zone.

22.3 Zircon U–Pb and Hf-isotope
Systematics of the NCC
Lower Crust

22.3.1 Lower Crustal Xenoliths/Xenocrysts
in the Paleozoic Volcanic Rocks

Mafic xenoliths from theFuxian kimberlites aremainly garnet
granulite, with minor pyroxene amphibolite and metagabbro
(Zheng et al. 2004c). U–Pb dating of zircons from four gran-
ulites reveals multiple age populations, recording several
episodes of magmatic intrusion and subsequent metamorphic
recrystallization. Concordant ages and upper intercept ages,
interpreted as minimum estimates for the time of magmatic
crystallization, range from 2620 to 2430 Ma in three gran-
ulites, two amphibolites, and two metagabbros. Lower inter-
cept ages, represented by near-concordant zircons, are
interpreted as reflecting metamorphic recrystallisation, and

Table 22.1 Rock types of the deep-seated crustal xenoliths from Hannuoba

Xenolith type Mineral assemblage (main) Texture and structure References

Felsic granulite Pl + Af + Q ± Cpx ± Gt Granoblastic;
massive/foliated

Chen et al. (1998, 2001)

Pl + Af + Q±Spn ± Gt Zhang et al. (1998), Huang
et al. (2001)

Opx + Cpx + Pl ± Af Liu et al. (2001a, b)

Q + Pl + Gt ± Gr ± Sil ± Scp Zheng et al. (2004b), Jiang
and Guo (2010)

Intermediate granulite Pl + Af + Q+Cpx ± Zr ± Ap Granoblastic Liu et al. (2001a, 2004)

Pl + Opx + Cpx

Mafic granulite Two pyroxene- Opx + Cpx + Pl ± Af ± Bi granoblastic;
massive/foliated

Fan and Liu (1996)

Opx + Cpx + Pl ± Ol ± Ilm Chen et al. (1998, 2001), Fan
et al. (2005)

Opx + Cpx + Pl ± Gt Zhang et al. (1998), Huang
et al. (2001)

Cpx + Pl + Am + Gt Liu et al. (2001a), Zhou et al.
(2002)

Noritic Opx + Pl ± Q Zheng et al. (2009a)

Pl-riched Pl + Opx + Cpx + Af Jiang and Guo (2010)

Gt-riched Cpx + Gt + Pl ± Opx Jiang et al. (2010), Du and
Fan (2011)

Pyroxenite (some of
granulite facies)

Clinopyroxenite Cpx ± Sp ± Opx Cumulatic;
granoblastic

Fan et al. (2001, 2005)

Gt-pyroxenite Gt + Cpx ± Opx ± Ol ± Sp Du and Fan (2011)

Websterite Opx + Cpx ± Sp Jiang et al. (2010)

Pl-pyroxenite Pl + Cpx ± Opx ± Gt

Abbreviations Pl plagioclase; Af alkali feldspar; Q quartz; Cpx clinopyroxene; Gt garnet; Spn sphene; Opx orthopyroxene; Sil sillimanite; Scp
scapolite; Zr zircon; Ap apatite; Bi biotite; Ilm ilmenite; Am amphibole; Sp spinel
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Fig. 22.2 176Hf/177Hf versus U–Pb age for zircons from lower crustal
xenoliths. a Fuxian xenolith and xenocryst: mafic xenoliths (Zheng
et al. 2004c) and xenocrysts (Zheng et al. 2009b); Mengyin xenocrysts
(Zheng et al. 2009b); Yingxian xenolith (Zheng et al. 2012). b Xinyang
mafic xenoliths, felsic xenoliths, and xenocrysts (Zheng et al. 2004a,
2008); Fuxin Monzonite (Zheng et al. 2004d) and Junan granulite
xenoliths (Ying et al. 2010; Tang et al. 2014); Qingdao mafic granulite

xenoliths (Zhang 2012). c Felsic granulites from Pingquan (Zheng et al.
2004d, 2012) and from Nushan and Hebi (Zheng et al. 2012); Liaodong
xenocrysts (Zhang et al. 2012b). Hannuoba xenoliths (Zheng et al.
2004b, 2009a; Jiang and Guo 2010; Jiang et al. 2010, 2011; Wei et al.
2015). Other data sources Anshan gneiss, Wu et al. (2008)
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range from 1927 to 1852 Ma. One granulite contains two
metamorphic zircon populations, dated at 1927 ± 55 Ma and
600–700 Ma (Zheng et al. 2004c). Zircon concentrates from
the kimberlites give similar U–Pb ages to the mafic xenoliths,
suggesting that these zircons are xenocrysts derived from the
disaggregation of the xenoliths in the magma (Zheng et al.
2009b). Hf isotopic analyses of zircons show a range in
176Hf/177Hf from 0.281163 to 0.282139, corresponding to a
range of εHf from −37.4 to +11.4. The relationship between
207Pb/206Pb age and εHf (Fig. 22.2a) of the zircons suggests
that the mafic xenoliths were the products of basaltic under-
plating, with melts derived from a depleted mantle in
Neoarchean time (2.8–2.5 Ga). The Paleoproterozoic meta-
morphic ages, accompanied by lower εHf, indicate an impor-
tant thermal event in the lower crust, corresponding to the
timing of collision between the EB andWB that led to the final
assembly of the NCC at *1.85 Ga (Zhao et al. 2000) and its
incorporation into the Columbia supercontinent (Kusky et al.
2007; Zhai 2011). The growth of metamorphic zircon
at *600 Mamay be related to an asthenospheric upwelling in
Neoproterozoic time, which caused crustal uplift that is doc-
umented by a regional disconformity across the NCC (Zheng
et al. 2004c).

Zircon xenocrysts from the Mengyin diamondiferous
kimberlites have been used to probe the deep crust; no intact
lower crustal xenoliths have been found. Based on detailed
studies of external forms and internal structures, these zir-
cons can be roughly divided into magmatic and metamor-
phic populations. The trace-element affinities of the igneous
zircons vary widely from mafic, through intermediate, to
felsic rocks with minor populations similar to zircons from
carbonatite and syenite. Isotopic analysis of the U–Pb and
Lu–Hf systems reveals that all zircons, regardless of their
chemical affinities, have similar formation ages (2.7–2.5 Ga)
and juvenile Hf isotopes, giving similar depleted-mantle
model ages (TDM = 2.8–2.7 Ga). These ages are also similar
to those of zircons in mafic granulite xenoliths (Zheng et al.
2004c) and xenocrysts (Zheng et al. 2009b) from the Fuxian
kimberlites (Fig. 22.2a), implying that the lower crust was
similar beneath the Mengyin and Fuxian areas. Both have
Neoarchean cratonic crust, but the latter experienced stron-
ger thermal modification in Proterozoic time (Zheng et al.
2009b). However, the horizontal distribution of the
Hf-isotope data in Fig. 22.2a reflects Pb loss without dis-
turbance of the Hf-isotope composition, and does suggest
that a thermal event also affected the Mengyin lower crust
some time after 2.5 Ga.

Zircons from amphibolite xenoliths from the Yingxian
lamproites are metamorphic with low Th/U. More than 95 %
of the grains are concordant and give 207Pb/206Pb ages of
1.85 Ga and positive εHf, showing addition of material

derived from the depleted mantle during Paleoproterozoic
time (2.2–1.85 Ga, Fig. 22.2a).

22.3.2 Lower Crustal Xenoliths in the Mesozoic
Rocks

Zheng et al. (2004d) reported the U–Pb ages, Hf isotopes,
and trace elements of zircons from two monzonite xenoliths
from the Fuxin alkalic basalts (*100 Ma), and discussed
the crust–mantle interaction that occurred in the Yanshanian
intracontinental orogenic belt. The zircons show uniform U–
Pb ages (169 ± 3 Ma) and have εHf close to zero
(Fig. 22.2b), indicating reworking of the lower crust beneath
the Yanliao area during middle Jurassic time.

Ying et al. (2010) and Tang et al. (2014) reported
geochronological and geochemical data for granulite xeno-
liths from a late Cretaceous basaltic breccia dike in Junan.
The data reveal that the protolith of these xenoliths was
formed around 2.3 Ga ago (Fig. 22.2b), probably by the
remelting of >3.0 Ga crustal materials and mixing of the
magmas with juvenile material. The lower crust beneath
Junan that respected by these xenoliths has also experienced
modification or metamorphism at 1.8–2.0 Ga and possibly
Phanerozoic thermal events (Tang et al. 2014).

Zircon U–Pb geochronology and Hf isotope demonstrate
that the lower crust lithologies beneath the Qingdao region
formed at *2.5 Ga and recorded an event without any
signature for juvenile material input at 2.0 Ga. The peak
ages (120 and 91 Ma) of magmatic underplating were also
reported in this region (Zhang 2012).

The petrological and geochemical data from the Xinyang
xenoliths show that the crust in this area is temporally and
compositionally zoned: exposed rocks up to ca 2.85 Ga old
(Kröner et al. 1988) are underlain by felsic granulites and rare
pyroxenites with zircon ages of 3.6–3.4 Ga (to ca 30 km
depth) (Zheng et al. 2004a). The Hf-isotope data indicate that
the felsic granulites were derived from the remelting of
crustal materials at least 4 Ga in age, older than the oldest
known outcrops (Anshan gneisses) in the northern NCC
(Fig. 22.2b). Deeper (ca 30–45 km) part of the lower crust
consist of felsic to high-pressure mafic granulites and
metagabbros, which give Paleoproterozoic (2.0–1.8 Ga) zir-
con ages similar to those from the Yingxian lamproites
(Fig. 22.2a). These data show the significance of underplat-
ing and vertical crustal growth in the Paleoproterozoic, per-
haps in response to the amalgamation of the Columbia
supercontinent (Zhao et al. 2000; Kusky et al. 2007) and the
final cratonization of the NCC (Zhai 2011). The wide spread
of the Hf-isotope data at 2.0–1.8 Ga, as well as the wide
spread of ages in zircons with similar Hf-isotope data, also
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indicate that both juvenile additions and reworking of older
(3.8–3.0 Ga) crustal rocks were involved in this important
event. Zircons with 440–260 Ma ages are found in eclogite
xenoliths, showing the strong reworking of the deeper part of
the lower crust in the Paleozoic in the early Mesozoic. This
reworking may reflect the subduction and collision of the YC.

22.3.3 Lower Crustal Xenoliths
in the Cenozoic Basalts

Zircon U–Pb dating, Hf isotopes and trace element data are
available for xenoliths from the Pingquan alkali basalts,
including one felsic granulite (Zheng et al. 2012), one mafic
granulite (Zheng et al. 2012), and two monzonites (Zheng
et al. 2004d). All the Neoarchean-early Paleoproterozoic
zircons in the felsic granulite give positive εHf (+0.8 to +8.4)
and TDM = 2.8–2.4 Ga, suggesting the addition of newly
accreted materials in the lower crust at that time. This lower
crust was again reworked in the middle Paleoproterozoic
(1950 Ma). The εHf values of the late Mesozoic zircons in
both the felsic and mafic granulite xenoliths are negative
(−20.8 to −8.9), suggesting the underplating of mafic mag-
mas and assimilation of the older crustal components
(Fig. 22.2c). In the monzonite, more than 95 % of the zir-
cons give ages of 107 ± 10 Ma, except for two at 2491 and
513 Ma. The wide range of Hf model ages (0.89–2.56 Ga)
in the monzonite zircons suggests the involvement of old
crust in their petrogenesis, recording the reworking of
Archean lower crust in late Mesozoic time.

The estimates of temperature and average pressure of the
deep-seated crustal xenoliths fromHannuoba show that they
were from different depths of the lower crust. Wei et al.
(2015) proposed a three-layered structure of the lower crust
beneath Hannuoba and showed that the felsic-mafic gran-
ulites comprise the upper lower crust (24–33 & 33–38 km)
and the mafic products of basaltic underplating exist in the
lower part (38–42 km). An updated compilation of zircon U–
Pb ages from the deep-seated xenoliths carried by the Han-
nuoba basalts shows a large range from 45 to 534 Ma, with
clusters at 45–47 Ma, 80–140 Ma, *220 Ma and others
(Fig. 22.2c), reflecting multistage accretion and reworking of
the lower crust during Phanerozoic time (Menzies et al. 2007;
Zhu et al. 2011). The most ancient zircons with age of
2715 Ma are recorded by a pyroxenite xenolith and it has the
similar Hf TDM ages (2.7–2.8) to imply a major accretion
event (Jiang et al. 2010). In comparison, many *2.5 Ga
zircons from granulite xenoliths in Hannuoba have varied εHf,

distributed between the DM and CHUR evolution lines,
which are considered to indicate significant reworking of
2.8–2.7 Ga continental crust accompanied by the growth of
juvenile crust material (Wu et al. 2005; Zheng et al. 2009a;
Jiang et al. 2010). A less important episode at 1.9–1.8 Ga is
marked by some felsic granulites, coincided with the colli-
sion between the eastern and western blocks of the craton
(Zhao et al. 2000). Zheng et al. (2004b) found that the
intermediate granulite xenoliths from this locality contain no
zircons younger than 1.73 Ga, suggesting considerable
chemical and isotopic heterogeneity in the lower crust (Zhou
et al. 2002). Fan et al. (1998) first provided concordant
206Pb/238U ages of 140–120 Ma for zircons in a Hannuoba
mafic granulite, which was interpreted as the product of
basaltic underplating in late Mesozoic (Liu et al. 2001a).
Wilde et al. (2003) considered the Mesozoic crust–mantle
interaction to be a consequence of the dispersal of Gond-
wanaland and the accretion of Asia, with a peak of activity
around 180–80 Ma. Zheng et al. (2009a) reported the U–Pb
and Hf isotope systematics of zircons, of five mafic xenoliths
(granulites and pyroxenites) from the basalts. Most zircons in
these lower crustal xenoliths give Paleogene (44.5–47.3 Ma)
U–Pb ages which marked the event of basaltic underplating
and fractionation (cumulates) with assimilation of some older
intermediate crustal components; minor populations have
Early Mesozoic (220–210 Ma), Late Mesozoic (90 Ma), and
Neogene (14 Ma) ages. The Paleogene underplating corre-
sponds in time to lithosphere-scale extension in the NCC,
leading to the widespread formation of sedimentary basins
(Ren et al. 2002). Most Paleogene zircons have positive εHf
(up to +13.2) with uniform TDM (0.46–0.50 Ga), whereas
most Mesozoic zircons have negative εHf; this evolution
suggests a temporal decrease in the degree of crustal assim-
ilation during the extension of the lithosphere.

Most zircons in two deep-crustal xenoliths from Hebi, a
felsic granulite, and an amphibolite, yield concordant
207Pb/206Pb age of 2.6 Ga and give TDM = 2.7–2.6 Ga,
showing the accretion of juvenile crust in Neoarchean time
(Fig. 22.2c), similar to the thermal events recorded beneath
Fuxian and Mengyin (see above and Fig. 22.2a).

Zhou et al. (1992) first reported the finding of granulite
xenoliths in the Nushan basalts, and argued that they were
derived from the ancient lower crust. Xu et al. (1998)
combined the mineral chemistry of the granulite and peri-
dotite xenoliths to construct an elevated geotherm beneath
the area in Cenozoic time. Huang et al. (2003) proposed the
existence of lower crust with early Paleozoic ages, based on
the zircon geochronology of granulite xenoliths. Using the
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geochemistry of the granulite xenoliths, Yu et al. (2003)
tried to define different lower crustal characteristics between
the NCC and the YC, though this interpretation was chal-
lenged. As described above, zircons from a felsic granulite
have similar TDM (3.0 Ga), and give an upper intercept age
of 2.2 Ga and a lower intercept age of 49 ± 48 Ma. These
zircons record the existence of >3.0 Ga components
(Fig. 22.2c) and repeated lower crustal reworking in this
area from at least 2.2 Ga to Cenozoic time.

Zhang et al. (2011) recently reported U–Pb and Hf-isotope
analyses of zircon xenocrysts from the Cenozoic Liaodong
basalts in southern Liaoning Province, near the Paleozoic
Fuxian kimberlites. Three zircon populations were identified:
Neoarchean (2.5 Ga), Paleozoic (mean 462 Ma), and Meso-
zoic (mean 120 Ma). The Precambrian grains have TDM =
2.8–2.7 Ga, similar to the mafic granulite xenoliths (and their
xenocrysts) from the Fuxian kimberlites (Zheng et al. 2004c,
2009b). The Phanerozoic (462 and 120 Ma) zircons have
εHf = −26 to −16, which imply some reworking of the
Archean basement during later magmatic events (Fig. 22.2c).

22.4 Formation and Evolution
of the North China Lower Crust

22.4.1 Eoarchean (~4.0 Ga) Components
in the Lower Crust

The oldest rocks that outcrop in the NCC occur at Caoz-
huang in eastern Hebei and Anshan in central Liaoning
Provinces. In Caozhuang, one-fourth of the zircons from an
Archean metaquartzite have concordant U–Pb ages between
3.8 and 3.85 Ga (Liu et al. 1992); the zircons are interpreted
as detritus derived from a terrain containing Eoarchean
rocks. In Anshan, some zircons from sheared gneisses have
concordant U–Pb ages with a weighted mean 207Pb/206Pb
age of 3804 Ma, interpreted as the formation time of the
protolith of the gneisses (Liu et al. 1992), which experienced
episodic crustal reworking from the Archean to the Paleo-
proterozoic (Song et al. 1996; Wan et al. 2005).

The oldest zircons in the lower crustal xenoliths of the
NCC were reported from Xinyang, at the southern margin of

Fig. 22.3 Integration of
accretion (A) and reworking
(R) of the lower crust beneath the
NCC recorded by
xenoliths/xenocrysts. Original
data sources are the same as
Fig. 22.2. Other data sources
Anshan, *3.8 Ga outcrop, Song
et al. (1996),
Caozhuang, *3.8 Ga outcrop,
Liu et al. (1992). Abbreviations
TNCO the Trans-North China
Orogen in the North China Craton
(terminology of Zhao et al. 1999)
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the craton (Fig. 22.1). These zircons in the felsic granulite
xenoliths have a nearly concordant age as old as 3687 Ma
(Zheng et al. 2004a). They also define a U–Pb discordia line
with an upper intercept age of 3624 ± 69 Ma and a lower
intercept age of 1793 ± 91 Ma, suggesting that they formed
at ca *3.6 Ga and suffered Pb loss at ca *1.8 Ga. These
zircons have a large range of Hf isotope compositions
(εHf = −41 to +4) with the negative εHf values observed for
older (*3.6 Ga) zircons and the less negative to weakly
positive εHf values for younger (*1.8 Ga) grains; they
produce two peaks in TDM ages at ca 2.3 Ga and up to
4.0 Ga. All these age constraints and the Hf isotopes
demonstrate that these granulite xenoliths formed in the
Archean (3.6 Ga) and the remnants of the lower crust as
represented by these xenoliths, i.e., the protolith of the melt
from which the 3.6 Ga zircons crystallized, initially formed
in the Eoarchean, as early as 4.0 Ga ago (see Xinyang in
Fig. 22.3).

22.4.2 Neoarchean (2.8–2.5 Ga) Accretion
and Reworking of the Lower Crust

The large dataset on zircon U–Pb ages demonstrates that the
metamorphic terrains of the EB of the NCC, predominantly
composed of TTG gneisses, formed in the late Neoarchean
(Zhai et al. 2007; Geng et al. 2012). Minor supracrustal
rocks are also present as bands, pods and enclaves within the
TTG gneisses, such as metamorphosed mafic volcanics,
sediments and banded iron formations (BIF). For example,
in western Shandong Province, metamorphic rocks are
exposed in the early Neoarchean (2.8–2.65 Ga) metamor-
phic volcano-sedimentary formations of the Taishan Com-
plex and are strongly deformed together with the TTG
gneisses (2.75–2.65 Ga; Jahn et al. 1988). The greenstone
belt in the Complex, consisting of an assemblage of
komatiites and pillow basalts, is also 2700–2800 Ma in age
(Polat et al. 2006). The belt was intruded by gabbros, dior-
ites, and high-Al TTG plutons and metamorphosed under
amphibolite facies conditions at about 2700–2600 Ma (Wan
et al. 2005). This activity has been interpreted as the product
of a mantle plume–craton interaction (Polat et al. 2006). The
western block (WB) (Fig. 22.1) is composed of the Ordos
block, the khondalite belt and the Yinshan block (Zhao et al.
2000; Santosh et al. 2007). Recent studies have identified the
khondalite belt as a collisional suture between the Yinshan
and Ordos Blocks and redefined the belt as the Inner Mon-
golia Suture Zone (Kusky and Li 2003; Kusky et al. 2007).
The Ordos block is mostly covered by Mesozoic to Cenozoic
cover sequences and the metamorphic basement is inferred,
based on geophysical data. The Yinshan block consists of
the Neoarchean Wulashan Complex, Sertengshan Group and
various orthogneisses which include tonalitic, granodioritic

and dioritic gneisses, charnockites, hornblende adamellites,
and hornblende granites, formed through the reworking of
older (2.8–2.7 Ga) components (Geng et al. 2012).

A Neoarchean (2.8–2.5 Ga) accretion event (see
Fig. 22.2) is recorded in the lower crustal
xenoliths/xenocrysts from widely separated localities, such
as the Paleozoic Mengyin and Fuxian kimberlites, the late
Mesozoic Xinyang volcanic rocks, and the Cenozoic Ping-
quan, Hannuoba and Hebi basalts. This event coincides with
a widespread crustal generation event seen in outcrop in the
NCC (e.g., Jahn et al. 1988; Wu et al. 2005; Li and Kusky
2007; Jiang et al. 2010; Kusky 2011; Zhai 2011), and with a
major global episode of crustal formation at *2.7 Ga
(Condie 2000; Zheng et al. 2004c, 2009b). The accretion
also resulted in at least the local remelting of the ancient
lower crust (i.e., in Xinyang). This Neoarchean lower crustal
accretion event also may be recorded in the Re–Os model
ages of the mantle peridotite xenoliths, such as in Hebi
(Zheng et al. 2007; Liu et al. 2011) and in Fansi (Xu et al.
2008).

22.4.3 Paleoproterozoic (2.3–1.8 Ga)
Reworking and Accretion
of the Lower Crust

The Paleoproterozoic tectonothermal event is widely recor-
ded in metasedimentary rocks, HP granulites, HP amphi-
bolites, charnockites, S-type granites, and older gneisses in
the NCC, especially in the Trans-North China Orogen,
Khondalite Belt, and Jiao-Liao-Ji Belt (Fig. 22.1; Guan et al.
2002; Guo et al. 2002; Wan et al. 2005; Santosh et al. 2007;
Zhao et al. 2010). A Paleoproterozoic U–Pb age peak was
also found in zircons from the Phanerozoic sandstones
(Yang et al. 2006) and modern clastic sedimentary rocks
(Yang et al. 2009) within the NCC. Paleoproterozoic meta-
morphic zircon grains and thin overgrowth rims around old
magmatic zircon cores are commonly found in the Fuping
Complex (Zhao et al. 2000; Guan et al. 2002), Hengshan
Complex (Wan et al. 2005) and in the Huai’an and Xuanhua
Complexes (Guo et al. 2002), suggesting the main regional
metamorphic event occurred at *1.85 Ga (Zhao et al. 2000,
2010; Kusky 2011; Zhai 2011).

The Paleoproterozoic events also can be widely recog-
nized in the lower crust beneath Fuxian, Yingxian, Xinyang,
Junan, Hannuoba, and Nushan (Fig. 22.3). In Fuxian, some
granulites contain abundant evidence for a significant ther-
mal event at 1.8–1.9 Ga (Fig. 22.2a), and represent complete
resetting of an older (2.7–2.5 Ga) population. However, in
Yingxian (Fig. 22.2a), Xinyang (Fig. 22.2b) and Hannuoba
(Fig. 22.2c) the event marked the addition of material
derived from the asthenosphere. This event also produced
widespread *1.85 Ga S-type granites and associated basic
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rocks, and high-pressure mafic granulites of similar age
(Zhao et al. 1999) in the NCC. At the eastern part of the
southern edge of the NCC (i.e., Junan and Nushan), the
Paleoproterozoic (2.3–2.2 Ga) events took place a little
earlier than the collision between the EB and the WB (1.9–
1.8 Ga) according to the suggestion of Zhao et al. (2000,
2010). They involved both the addition of magmas from the
depleted mantle (Fig. 22.2b, c), and the reworking of the
older (>3.0 Ga) crustal components. Therefore, the data
from the lower crustal xenoliths are not adequate to distin-
guish between the competing models for the amalgamation
of the NCC (Zhao et al. 2010; Kusky 2011) at this stage;
further work will be required across a larger area.

22.4.4 Neoproterozoic (0.8–0.6 Ga) Reworking
of the Lower Crust

The younger population of zircons in some Fuxian granulites
appears to represent another episode of new zircon growth in
the Neoproterozoic (Fig. 22.2a), indicating the breakdown
of preexisting silicates and/or oxides to liberate Zr and
radiogenic Hf. This event, poorly constrained at ca 600 Ma,
does not correspond to any known major crustal event in the
NCC. However, there is a widespread hiatus in sedimenta-
tion, represented by a regional disconformity across large
parts of the craton, in Late Proterozoic to early Cambrian
time (600–620 Ma; Piper and Zhang 1997). We suggest that
this regional uplift reflects a thermal event (plume?) that
affected (or reworked) the lower crust (Fig. 22.3), and is
recorded in the younger zircons of some Fuxian mafic
granulites (Zheng et al. 2004c).

22.4.5 Paleozoic—Early Mesozoic Reworking
of the Lower Crust

Xenocrystic zircons from the Cenozoic Liaodong basalts
(closed to the Paleozoic Fuxian kimberlites) in southern
Liaoning Province have εHf = −16, and reflect the reworking
of the Archean basement in Paleozoic time (462 Ma; Zhang
et al. 2011). This lower crustal reworking may correspond to
the metasomatic event recorded in the Fuxian SCLM and the
Fuxian kimberlitic activity (Lu et al. 1998). Other Paleozoic
ages in lower crustal xenoliths/xenocrysts can be found in
Xinyang (365 Ma in eclogite; Zheng et al. 2008) and Han-
nuoba (*315 Ma in granulite xenoliths/xenocrysts; Zhang
et al. 2012a).

The Xinyang and Hannuoba areas are at the southern and
northern edges of the NCC, respectively, and also recorded
the reworking of the lower crust during Paleozoic to early
Mesozoic times. The Xinyang area is adjacent to the
Qinling-Dabie-Sulu Orogenic Belt, formed by deep

subduction and collision of the YC with the NCC in the
early Paleozoic (*440 Ma; Yang et al. 2005) and early
Mesozoic time (220–240 Ma; Li et al. 1993). The Paleozoic
collision is well recorded in the western part (i.e., the Qin-
ling segment), and Mesozoic collision in the eastern part of
the belt (i.e., the Dabie-Sulu segment). There are few data on
the Tongbai segment adjacent to the Xinyang area; this is a
region transitional between the Qinling and Dabie-Sulu
belts. From the Xinyang area in the eclogite xenoliths 80 %
of zircons give Paleozoic (377–263 Ma) U–Pb ages
(Fig. 22.2b), recording strong modification of the lowermost
crust of the southern margin of the NCC due to the sub-
duction and collision of the Tongbai segment of the
Qinling-Dabie-Sulu Orogenic Belt in late Paleozoic.

The Hannuoba area is adjacent to the southern edge of the
eastern Central Asia Orogenic Belt. The belt, extending from
Kazakhstan to the western Pacific Ocean, is a tectonic col-
lage that separates the Siberian Craton to the north from the
NCC and the Tarim block to the south. The major tectonic
components of the fold belt include ophiolites, island arcs,
oceanic islands, accretionary wedges, and some Precambrian
microcontinents (Khain et al. 2003). Numerous geophysical
and geochemical studies (Khain et al. 2003; Windley et al.
2007) document that this orogenic belt had a complicated
history involving late Paleozoic subduction of oceanic crust,
closure of paleo-oceans, and prolonged extensive magma-
tism, although the time of collision and tectonic style of the
orogenic belt have been controversial for a long time. The
subduction would be expected to modify the lithosphere
along the northern edge of the NCC (e.g., Hannuoba).

22.4.6 Late Mesozoic–Cenozoic Accretion
and Reworking

Zircons with ages of 120–45 Ma in the Hannuoba granulites,
the Pingquan mafic granulites, and the xenocryst suite from
Liaodong (Fig. 22.2c) may reflect thermal events accompa-
nying basaltic underplating (addition) and the remelting
(reworking) of the existing lower crust in late Mesozoic–
Cenozoic time (Fig. 22.3). This underplating may be related
to a stage of continental rifting which was a consequence of
the dispersal of Gondwanaland, the accretion of Asia (Wilde
et al. 2003), and the destruction of the NCC SCLM (Zheng
et al. 2007; Zheng 2009). Following uplift and denudation,
caused by compressional tectonics near the end of Creta-
ceous time, Paleogene continental rifting produced wide-
spread continental margin basins in Eastern China (Ren et al.
2002).

Abundant zircons with ages of 45–47 Ma in the lower
crustal xenoliths from Hannuoba may correspond to the
thermal event accompanying this stage of continental rifting.
All but two Paleogene zircon grains have positive εHf. In
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contrast, the Mesozoic zircons have negative εHf (Zheng
et al. 2009a). This temporal variation in Hf isotopes may be
relevant to the processes of crust–mantle interaction during
the lithospheric thinning processes. In the early stages of the
lithospheric thinning, either the underplating magmas were
derived from an enriched lithospheric mantle, or the extent
of crustal assimilation by the underplating magmas was
larger than for those emplaced during later stages. Contin-
uous magmatic underplating at Hannuoba (i.e., Paleogene) is
basically consistent with the lithospheric thinning in the
western NCC as inferred from basalt geochemistry (Xu et al.
2005), but contrasts with lithospheric thickening inferred in
the eastern NCC during the Cenozoic (Zheng et al. 2009a).

Based on the discussion above, we conclude that the
Xinyang area, at southern Henan Province of central China,
is a very good place to summarize the processes of forma-
tion, reactivation, and destruction of continental craton. The
oldest continental component (*4.0 Ga) of the NCC was
found there. The locality lies on the southern margin of the
NCC and the western margin of the EB of the craton
(Fig. 22.1); it records abundant information on block–block
interaction and thus mantle–crust interaction. The diatremes
erupted at *160 Ma, an important conversion period in the
tectonic framework, and carried a suite of xenoliths includ-
ing lower crustal mafic to felsic granulites, eclogites,
metagabbros, pyroxenites, and mantle peridotites (Zheng
et al. 2003, 2004a, 2006). The petrological and geochemical
data on the xenoliths show that the deep lithosphere in the
area is temporally and compositionally zoned; exposed rocks
up to ca 2.85 Ga old are underlain by felsic granulites and
rare pyroxenites with zircon ages of 3.6–3.4 Ga (to ca 30 km
depth) (Zheng et al. 2008). Deeper (ca 30–45 km) parts of
the lower crust consist of high-pressure mafic to felsic
granulites and metagabbros, which give Paleoproterozoic
(2.0–1.8 Ga) zircon ages and show the significance of
underplating and vertical crustal accretion (growth) in the
Paleoproterozoic. The accretion was related to the amalga-
mation of the EB and WB of the craton (i.e., Zhao et al.
2010) and to the global assembly of the Columbia super-
continent (Kusky 2011) or cratonization (Zhai 2011).
Hf-isotope data indicate that both juvenile material and
remelting of older (3.8–3.0 Ga) crustal rocks were involved
in this important event (Fig. 22.2b). Paleozoic (377–
260 Ma) and early Mesozoic (228–219 Ma) zircons are also
found in eclogites and peridotites, showing the gradual
modification of the deeper part of the lower crust and the
uppermost mantle due to the geodynamic processes related
to the continental collision between this craton and the YC.
Therefore, the deep-seated xenoliths from Xinyang dia-
tremes record the growth and modification of the old (i.e.,
4.0 Ga) continental lithosphere by magma underplating
during several tectonic events (pre-late Mesozoic): assembly
of the southern and northern parts of the EB in Neoarchean

time, collision of the Western and Eastern Blocks in the
possible Paleoproterozoic time, and subduction and collision
of the YC with the NCC in the Paleozoic and the Triassic,
respectively.

22.5 Conclusions

1. The North China Craton, one of the oldest (>3.65 Ga)
cratons in the world, has been sampled by abundant
xenolith-bearing Phanerozoic igneous rocks, making it an
ideal area to study the formation and evolution of deep
lithosphere. The oldest component of the craton is
*4.0 Ga, which subsequently experienced complex
accretion and reworking of the lower crust, and modifi-
cation and replacement of the subcontinental lithospheric
mantle.

2. The Neoarchean (2.8–2.5 Ga) and Paleoproterozoic (1.9–
1.8 Ga) are two important growth periods of the North
China Craton’s lithosphere; a Neoproterozoic signal
(0.6 Ga) can be locally found. Phanerozoic subduction of
the Yangtze Craton affected the lowermost crust of the
southern North China Craton. Accretion and modifica-
tion of the lower crust beneath the craton are obvious
along its northern margin during late Mesozoic–Paleo-
gene time.

3. The North China Craton may have been more easily
affected by subduction and collision with surrounding
blocks, due to its small size compared to many other
cratons worldwide. In early Mesozoic time, the subduc-
tion of the Yangtze Craton beneath the southern margin
of the North China Craton may have resulted not only in
a lateral spreading of the North China lithosphere, but
also in mantle wedge metasomatism by fluids and/or
melts derived from the subducted continental crust.
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