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Abstract

Magmatic and metamorphic zircons have been dated from ductilely deformed gabbroic dykes defining a dyke swarm and signifying
crustal extension in the northern part of the Hengshan Complex of the North China Craton. These dykes now occur as boudins and
deformed sheets within migmatitic tonalitic, trondhjemitic, granodioritic and granitic gneisses and are conspicuous due to relics of
high-pressure granulite or even former eclogite facies garnet + pyroxene-bearing assemblages. SHRIMP ages for magmatic zircons
from two dykes reflect the time of dyke emplacement at ~1915 Ma, whereas metamorphic zircons dated by both SHRIMP and
evaporation techniques are consistently in the range 1848—1888 Ma. The youngest granitoid gneiss yet dated in the Hengshan has
an emplacement age of 1872 & 17 Ma. These results complement recent geochronological studies from the neighbouring Wutai and
Fuping Complexes, to the SE of the Hengshan, showing that a crustal extension event occurred in the late Palaeoproterozoic. This
preceded a major high-pressure collision-type metamorphic event in the central part of the North China Craton that occurred in the
Palaeoproterozoic and not in the late Archaean as previously thought. Our data support recent suggestions that the North China
Craton experienced a major, craton-wide orogenic event in the late Palacoproterozoic after which it became cratonized and acted
as a stable block.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The evolution of Archaean to Palacoproterozoic rocks

* Corresponding author. Tel.: +49 6131 3922163; 1g the North China Craton (NCC; a.ISO knov.vn as the
fax: +49 6131 3924769. Sino-Korean Craton) has been the subject of widespread
E-mail address: kroener@mail.uni-mainz.de (A. Kroner). interest, as well as controversy, in recent years. As plate
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tectonic models have been developed to explain the
episodes of magmatism, metamorphism and sedimen-
tation it has been necessary to establish the age and
duration of these processes in order to test and validate
the models. Well established in the Chinese literature
are the Qianxi (>3.0Ga), Fuping (3.0-2.5 Ga), Wutai
(2.5-2.4 Ga) and Liiliang (2.4-1.8 Ga) cycles (Huang,
1977; Liu et al., 1985, 1990; Ma et al., 1987; Wang
and Mo, 1995). These names are now used for supposed
tectono-metamorphic events which, in more recent mod-
els, mark the end points of these cycles. It is now gener-
ally agreed that the NCC is an amalgamation of differ-

ent nuclei which collided during the late Archaean and
Palaeoproterozoic. The discovery of rocks interpreted as
belonging to ancient island arc or oceanic crust domains,
as well as rare findings of rocks usually associated with
modern subduction-collision zones (high-pressure gran-
ulites, eclogites, calc-alkaline granitoids), has strength-
ened the block collision models (e.g. Zhai et al., 1993,
1995; Zhao et al., 2001a, 2005; Guo et al., 1996, 2002; Li
etal.,2002; O’Brien et al., 2005; Kroner et al., 2005a,b).
However, interpretations of the number of blocks, their
regional extent, and the age of magmatic and metamor-
phic events in and between the various blocks remain
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controversial. One of the reasons for disagreement is the
contrasting interpretation of isotopic data by different
authors. The available Nd model ages, isochrons and
errorchrons, concordia upper and lower intercept ages,
and cooling ages have all been selectively used in the var-
ious attempts to interpret the magmatic and metamorphic
history of the region. Essentially, major disagreement
still exists as to whether block collision, high-pressure
metamorphism, and craton consolidation is of Palaeo-
proterozoic (ca. 1.85-1.9 Ga; Zhao et al., 2002b, 2005;
Guan et al., 2002; Guo et al., 2005; Wang et al., 2003;
Kroner et al., 2005a,b) or late Archaean age (ca. 2.5 Ga;
e.g. Li and Qian, 1994; Tian et al., 1996; Li et al.,
2000a,b; Kusky and Li, 2003).

In a series of recent papers (Wilde et al., 1997, 1998,
2004; Zhao, 2001; Zhao et al., 1998, 1999a, 2000a,
2002b, 2005) evaluation of characteristic lithological,
structural, metamorphic and geochronological features
of the exposed Precambrian crystalline complexes has
led to the hypothesis of a Palaeoproterozoic continen-
tal collision belt, the Central Zone (also named the
Trans-North China Orogen, Zhao et al., 1999a), located
between the Eastern and Western Blocks (Fig. 1). The
zones are separated by major faults, and within each
block there are also several fault-bounded terranes. One
of the features used to characterize the different blocks
was the difference in style of granulite-facies meta-
morphism of mafic rocks. Both medium-pressure (MP)
and high-pressure (HP) mafic granulites exist (e.g. Jin
and Li, 1996; Zhao et al., 1999a). The HP-granulites,
containing clinopyroxene and garnet, formed above
10 kbar and show secondary orthopyroxene due to near-
isothermal decompression pressure—temperature (P-7)
paths (Wang et al., 1991; Zhai et al., 1993; Lu and Jin,
1993; Liu, 1996; Li et al., 1998a,b; Zhao et al., 2000a,b,
2001a,b; Guo et al., 1996, 2002). They are found dom-
inantly in the Central Zone or at the eastern margin of
the Western Block (Zhao et al., 1999a). In contrast, the
MP-granulites, found mostly in the Eastern and Western
Blocks, are characterized by pressures below 10 kbar,
isobaric cooling following the temperature peak, and
possibly anti-clockwise P-T paths (Chen and Li, 1996;
Liu, 1996; Jin and Li, 1996; Zhao et al., 1999a, 1999b).
In the field, these different reaction paths are reflected
as plagioclase collars around garnet in decompressed
HP rocks and garnet coronas around earlier phases in
prograde MP-granulites and have been named ‘white
eye-socket’ and ‘red eye-socket’ types, respectively (Ma
and Wang, 1994).

An important area for testing the different proposed
models for the evolution of the North China Craton
is located in northern Shanxi and Hebei Provinces,

about 350km WSW of Beijing, comprising the Heng-
shan, Wutai and Fuping Complexes (Fig. 1). These all
lie within the Central Zone. In the Fuping and Heng-
shan Complexes, tonalitic—trondhjemitic—granodioritic
(TTG) and granitic gneisses dominate, supracrustal
assemblages are minor, and mafic rocks identified
as strongly deformed gabbroic dykes contain well-
preserved granulite-facies assemblages (for recent sum-
mary and references, see Kroner et al., 2005a). In
contrast, the Wutai Complex situated between these
two granulite-bearing units, contains tectonically inter-
digitated slices of sub-greenschist-facies (structurally
uppermost) to amphibolite-facies (structurally lower)
volcano-sedimentary rocks and is interpreted as a for-
mer arc (Wilde et al., 1997; Zhao et al., 1999c; Wang
et al., 2004a). Widely considered as a typical green-
stone sequence, attributed to rifting or arc accretion,
the Wutai Complex was originally thought to uncon-
formably overlie the Fuping and Hengshan Complexes
(Bai, 1986; Ma et al., 1987; Tian et al., 1996). This inter-
pretation, considering the Archaean age of the Wutai
Complex rocks (Wilde et al., 1997, 2004; Kroner et
al., 2005a), requires the granulites to be older than the
Wautai sequence as proposed by several workers (Bai,
1986; Ma et al., 1987; Tian et al., 1996; Zhai et al.,
2000; Li et al., 2000a,b; Kusky and Li, 2003). How-
ever, the ‘unconformity’ between the Fuping and Wutai
Complexes has now been reinterpreted as a detachment
structure (Li and Qian, 1991), and SHRIMP dating of
zircons from granitoid gneisses of the Fuping Complex
revealed that these rocks formed at about the same time
as the Hengshan and Wutai Complexes and were over-
printed by metamorphism at 1800-1900 Ma (Guan et al.,
2002; Zhao et al., 2002a,b). The intention of this study
was to establish the age of emplacement and metamor-
phism of the gabbroic dykes (mafic granulites) in the
Hengshan Complex in order to complement the results
from the Wutai and Fuping Complexes and thus fur-
ther test the proposed tectono-metamorphic models for
the NCC. Summaries on the composition and evolution
of the Hengshan—Wutai—Fuping terrain with contrasting
evolutionary models were recently provided by Kusky
and Li (2003) and Kroner et al. (2005a).

2. Field relationships in the Hengshan Complex

The gneisses and migmatites of the Hengshan Com-
plex have been described in detail by Li and Qian (1994)
and Tian et al. (1996) and are particularly well exposed in
three NW-SE trending valleys named Great Wall Valley
(Changchenggou), Large Stone Valley (Dashigou) and
Small Stone Valley (Xiaoshigou) (Fig. 2). The majority
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Fig. 2. Overview map of Hengshan terrain showing major rock units, roads, settlements and sample locations mentioned in text. Inset in upper left

corner shows Shanxi Province and location of Fig. 2.

of rocks are ductilely deformed, layered orthogneisses
of tonalitic, trondhjemitic, granodioritic and granitic
composition (TTG-suite) similar to “grey gneisses” in
Archaean terrains elsewhere in the world (Li and Qian,
1994; Kroner et al., 2005a,b; Liu et al., 2002, 2004).
The Hengshan rocks are mylonitized in several
steeply dipping E-W dextral strike-slip shear zones of
which the Zhujiafang shear zone is the most prominent
(Fig. 2). In previous studies (e.g. Wang et al., 1991;
Li and Qian, 1994) these shear zones were mapped
as synclinal infolds of supposed supracrustal rocks of
the Wutai Complex. Mylonitization imparted a pla-
nar fabric to the sheared rocks in which all evidence
of previous deformation is eradicated. This led to an
alternation of fine-grained, streaky quartzo-feldspathic
gneisses (derived from granitoid gneisses and previously
interpreted as clastic metasediments) and amphibolites
(deformed gabbroic dykes and previously interpreted as
basaltic metavolcanic rocks) in the shear zones where
retrogression is common (for details and illustrations,
see Kroner et al., 2005b). The Zhujiafang shear zone
extends roughly E-W through the centre of the Hengshan

(Fig. 2) and has proven to be a boundary with a previ-
ously unrecognized regional significance (O’Brien et al.,
2005). Structurally, a flat-lying NE-SW to N-S striking
foliation in the northern Hengshan is dragged progres-
sively steeper into an E-W orientation as the Zhujiafang
shear zone is approached.

Cross-cutting the Hengshan Complex and the Zhu-
jiafang shear zone are numerous steeply dipping
NW-SE to NNW-SSE trending unmetamorphosed
dolerite dykes. Conventionally analyzed abraded sin-
gle zircons from one of these dykes yielded an age
of 1769.1 +2.5Ma (Halls et al., 2000), thus defining
a lower age limit for deformation and metamorphism
in the Hengshan Complex. These younger dykes cor-
respond to tholeiitic dyke swarms in the Wutai Mts.
dated at 1778 =3 Ma (Peng et al., 2005), in the Tai-
huang Mts. dated at 1781-1765 Ma (Wang et al., 2004b),
and in the Taishan Mts. in Shandong Province, dated at
1830+ 17 Ma (Hou et al., 2006).

Within the gneisses there occur numerous boudins
and lensoid layers of dark mafic gneisses or amphibo-
lites of gabbroic composition (Fig. 3), predominantly
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Fig. 3. (a) Fragments of foliated mafic dyke (retrogressed HP mafic granulite) surrounded by unfoliated pegmatoid granite reflecting in situ melting
during decompression event and enclosed within ~2.5 Ga grey gneiss. Streambed in upper Large Stone Valley, Hengshan Complex. (b) Foliated
mafic granulite with drawn-out plagioclase corona around garnet showing that deformation outlasted high-grade metamorphism. Roadcut in Great

Wall Valley, Hengshan Complex.

consisting of an assemblage of hornblende, plagioclase,
garnet, clinopyroxene, quartz and rutile which com-
monly exhibit HP metamorphic assemblages in their
cores that are downgraded along the margins (O’Brien
et al., 2005). In rare cases, and in particular in low-
strain zones such as south of the Zhujiafang shear zone
at the southern end of Small Stone Valley, a typical
gabbroic primary igneous fabric is preserved (Fig. 4).
These amphibolites are remnants of gabbroic dykes that
originally intruded into the granitoid rocks as can still
be seen at a few localities in low strain zones (Li et
al., 2002). Ductile deformation has later rotated these
dykes into parallelism with the layering in the enclos-

ing gneisses (cf. Myers, 1978) and, at the same time,
caused boudinage (see illustrations in Kroner et al.,
2005a,b). The resulting pattern is essentially the same
as in high-grade gneiss terrains in SW Greenland and in
the Lewisian Complex of Scotland, in the Ancient Gneiss
Complex and the Limpopo belt of southern Africa, the
Archaean gneisses of the Slave Province of Canada and
the Archaean terrain of the northern Yilgarn Craton
of Western Australia (see Goodwin, 1991, for further
examples). In all these cases the amphibolitic layers
and boudins are part of original dyke swarms indicating
major extensional events in the history of the complexes
in which they occur.
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Fig. 4. Crude magmatic layering in gabbroic dyke from which sample Ch 020902 was taken. Dashiyu River, Large Stone Valley, Hengshan Complex.

These mafic dykes, generally known as “high-
pressure granulites” in the Chinese literature, have been
of particular interest in recent years since they contain
metamorphic mineral assemblages recording a HP event
with T up to 900 °C and P up to 16 kbar (for summary of
data and literature, see Li et al., 1998; Zhai, 1997; Zhao
et al., 2001b; O’Brien et al., 2005). Thus, there are two
genetically unrelated generations of mafic dykes in the
Hengshan Complex. The older shows the HP metamor-
phic signature and is boudinaged and tectonically rotated
into parallelism with the enclosing gneisses, whereas
the younger crosscuts all structures and is unmetamor-
phosed.

3. Summary of petrology and metamorphic
evolution of high-pressure granulites

As previously mentioned, within the North China
Craton as a whole two fundamentally different types
of mafic granulite have been recognized, namely high-
pressure and medium-pressure types (e.g. Jin and Li,
1996; Zhao et al., 1999a). The HP-granulites are pri-
marily clinopyroxene-bearing garnet granulites and are
known from the Hengshan (Wang et al., 1991; Zhai et al.,
1993, 1995; Zhao et al., 2001b), Fuping (Liu, 1996; Zhao
etal., 2000a,b) and several other areas (Zhai et al., 1993;
Lu and Jin, 1993; Li et al., 1998; Guo et al., 2002). The
MP-granulite occurs in the Eastern and Western Blocks
(e.g. Liuetal., 1993; Li, 1993) and was interpreted to be
a product of magmatic underplating (Zhao et al., 1999b).

These two granulite types reflect fundamentally different
tectonometamorphic processes and so are generally not
found together in a single terrain unless they represent
granulite events of different age.

Mafic granulite sheets, boudins and fragments
(Fig. 3a) varying from a few tens of cemtimeters to
several tens of metres in width are a common fea-
ture within the Hengshan grey gneiss complex (Li
and Qian, 1994) and their structural relationships have
been documented by Kroner et al. (2005a,b). To the
north of the Zhujiafang shear zone, relict granulite-
facies domains in the mafic boudins are represented by
garnet + clinopyroxene-bearing rocks with garnet com-
monly surrounded by a moat of plagioclase. Locally
foliated mafic granulite bodies contain drawn-out plagio-
clase coronas around garnet showing that deformation
outlasted high-grade metamorphism (Fig. 3b).

In contrast, mafic dykes south of the Zhujiafang shear
zone locally preserve intrusive features and conspicu-
ous magmatic textures overprinted by delicate garnet
coronas rimming plagioclase. In samples preserving the
best record of the HP-granulite stage, pale green, lath-
like clinopyroxene crystals, several centimeters long,
accompanied by millimeter-sized garnets, occur in a
fine-grained hornblende—plagioclase matrix. In thin sec-
tion, the lath-like clinopyroxene occurs in the form of
symplectitic intergrowths of diopside and plagioclase
and represents the breakdown of a former more jadeite-
rich, HP pyroxene. In a second variant of high-pressure
granulite, the clinopyroxene contains lamellae and blebs
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of plagioclase but without a ‘fingerprint-like’ symplec-
tite texture. This latter type commonly also contains
antiperthite and minor biotite. Details on the metamor-
phic petrology, mineral chemistry and P-T evolution
were provided by Zhao et al. (2001b) and O’Brien et
al. (2005).

South of the Zhujiafang shear zone, macroscopically
visible, magmatic textures are preserved in the central
parts of larger (up to 10 m wide) mafic boudins, showing
that the protoliths of the mafic boudins were dolerites and
gabbros. Within a single mafic body (former dyke or sill),
a variety of microtextures can be found ranging from
undeformed magmatic texture statically overprinted by
granulite-facies or locally just amphibolite-facies, to
completely recrystallized amphibolite-facies domains
without magmatic relics. The mafic lenses are commonly
in sheared contact with their host gneisses, but a critical
group of mafic lenses just north of the pass in Yanmen-
guan valley (Fig. 2) clearly occur as intrusive vertical
dykes that cross-cut ductile structures in felsic gneisses
and appear to have fine-grained chilled margins (now
metamorphosed). Without exception, where this textural
variety of metabasite was found in Small Stone Valley
and at Dianmen, Luyuegou and Yanmenguan—the loca-
tion was south of the Zhujiafang shear zone (Fig. 2).

4. Previous geochronology

Two Sm-Nd whole-rock isochron ages have been
reported for mafic granulite boudins from the Hengshan
with ages of 2851 476 and 2818 + 86 Ma, respectively,
and were interpreted as the magmatic ages of the mafic
rocks (Tian et al., 1992). As demonstrated by Kroner
et al. (2005b), the majority of gneisses in the Heng-
shan were emplaced between ~2500 and ~2520 Ma,
and the mafic dykes are clearly intrusive into these
gneisses. The above Sm—Nd ages are therefore suspect
and much too old to represent the crystallization age of
the dykes. Chang et al. (1994) have already noted this and
pointed out that the individual Sm—Nd analyses come
from samples of different dykes and yielded a combined
mean eight-point isochron age of 2860 £ 135 Ma with
end(ry of 6.1, a value which these authors considered
too high. They tentatively ascribed the anomalous val-
ues to a heterogeneous mantle source but also considered
crustal contamination as a potential contributing factor.
We suspect that granulite-facies metamorphism caused
significant disturbance of the Sm—Nd isotopic system.
A similar case has been reported from the nearby high-
grade Fuping Complex where a Sm—-Nd “isochron age”
of 2790 & 171 Ma, reported from combined amphibolite
(mafic dyke), granulite and gneissic samples (Zhang et

al., 1991), was shown to be geologically meaningless
(Guan et al., 2002).

Kroner et al. (2005a,b) argued that these dykes were
emplaced in the late Palacoproterozoic, followed by
high-grade metamorphism at 1850-1880Ma. This is
supported by conventional U-Pb multigrain zircon ages
for two samples of mafic granulites with a pooled age
of 1850 £ 2 Ma (Chang et al., 1999). The latter authors
considered this age to reflect the time of emplacement
of the gabbroic dykes but, as demonstrated by O’Brien
et al. (2005), most zircons in these rocks are clearly of
metamorphic origin and, in our view, date the peak of
granulite-facies metamorphism in the Hengshan Com-
plex.

Overgrowth rims on ~2.5 Ga zircons and metamor-
phic, ball-shaped, grains from TTG-gneisses in the
Fuping Complex yielded concordant zircon ages of
1875-1802Ma and were interpreted to approximate
the age of regional high-grade metamorphism (Zhao
et al., 2002a). This conclusion is also supported by a
40Ar—39 Ar step heating age of 1852 + 8 Ma for meta-
morphic garnet from a HP-granulite in the Sanggan
area of the NCC, some 100km NE of the Hengshan
Complex (Guo et al., 2001). SHRIMP dating of meta-
morphic zircons extracted from mafic granulite sam-
ples from the same area yielded consistent ages of
1817412 and 18194+ 16 Ma and were interpreted to
reflect the peak of HP metamorphism (Guo et al., 2005).
In summary, the available age data strongly favour HP
metamorphism to have occurred in the Palaeoprotero-
zoic.

5. Analytical methods
5.1. SHRIMP II procedure

Zircons were handpicked and mounted in epoxy resin
together with chips of the Perth Consortium standard
CZ3. The mounts were then polished, cleaned, and pho-
tographed in reflected and transmitted light and under
cathodoluminescence (CL) to bring out the internal
structures (Fig. 5). CL images were obtained on a JEOL
JXA-8900RL microprobe at the University of Mainz,
and operating conditions were 15kV accelerating volt-
age and 12 nA beam current.

Isotopic analyses were performed on the Perth Con-
sortium SHRIMP II and the Beijing SHRIMP II of the
Chinese Academy of Geological Sciences whose instru-
mental characteristics were outlined by de Laeter and
Kennedy (1998). The analytical procedures are sum-
marized in Claoué-Long et al. (1995), Nelson (1997)
and Williams (1998). The reduced 2°°Pb/238U ratios
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Fig.5. Cathodoluminescence images of selected magmatic and metamorphic zircons from HP mafic granulites (gabbroic dykes), Hengshan Complex,
North China Craton. (a) Rounded magmatic grain from sample Ch 020901, showing oscillatory zoning. (b) Magmatic grain from same sample with
thin metamorphic overgrowth. (c) Metamorphic grain from same sample showing ball-shaped nature and well-developed sector zoning. (d) Rounded
magmatic grain from sample Ch 020902 with fine oscillatory zoning. () Metamorphic grain from sample MO68 with burn mark of ion beam in
the centre. (f) Metamorphic grain with fine sector zoning from sample HG-2. (g) Two sector-zoned metamorphic zircons from sample Ch 990853.
(h) Sector-zoned, low-U metamorphic grain with dark, high-U core from sample Ch 980871. (i) Broad sector zoning in metamorphic zircon from

sample Ch 990886.

for CZ3 were normalized to 0.09143, which is equiv-
alent to an age of 564 Ma. The uncertainty in the ratio
206ph*/U of all standard zircons during this study was
between 1.33 and 1.65% for the Perth instrument and
0.79% for the Beijing instrument. Analyses of samples
and standards were alternated to allow assessment of
Pb*/U* discrimination. Sensitivity varied between 18
and 24 cps/ppm/nA Pb on the Beijing instrument and 20
and 22 on the Perth instrument. Raw data reduction fol-
lowed the method described by Nelson (1997). Common
Pb is considered to be mainly surface-related (Kinny,
1986), and corrections have been applied using the
204pb-correction method and assuming the isotopic com-
position of Broken Hill (Cumming and Richards, 1975).
The analytical data are presented in Tables 2 and 3.
Errors given on individual analyses are based on count-
ing statistics and are at the 1-sigma level and include
the uncertainty of the standard added in quadrature.
Stern (1997) provided a detailed account of the count-

ing error assessment for SHRIMP analyses. Errors for
pooled analyses are reported at the 2-sigma level. The
ages and 2o errors of intercepts of the best-fit line with
Concordia were calculated using the ISOPLOT 3-Excel-
spreadsheet program of Ludwig (2003). These errors
were not multiplied with the square root of the MSWD
since the absolute value of the intercept error is strongly
model-dependent.

5.2. Single zircon evaporation

Our laboratory procedures as well as comparisons
with conventional and ion-microprobe zircon dating
are detailed in Kroner et al. (1991) and Kroner and
Hegner (1998). Isotopic measurements were carried out
on a Finnigan-MAT 261 mass spectrometer at the Max-
Planck-Institut fiir Chemie in Mainz.

The calculated ages and uncertainties are based on
the means of all ratios evaluated and their 20 mean
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errors. Mean ages and errors for several zircons from
the same sample are presented as weighted means of the
entire population. During the course of this study we
repeatedly analyzed fragments of large, homogeneous
zircon grains from the Palaborwa Carbonatite, South
Africa. Conventional U-Pb analyses of six separate grain
fragments from this sample yielded a 2°’Pb/?%Pb age
of 2052.24+0.8Ma (20, W. Todt, unpublished data),
whereas the mean 207Pb/2%Pb ratio for 21 grains, evap-
orated individually over a period of 12 months, is
0.126634 £ 0.000026 (0.2%, 20 error of the population),
corresponding to an age of 2051.8 & 0.4 Ma, identical
to the conventional Pb—Pb age. The above error is con-
sidered the best estimate for the reproducibility of our
evaporation data and corresponds approximately to the
(mean) error reported for individual analyses in this
study (Table 3). In the case of combined data sets the 207y,
error may become very low, and whenever this error was
less than the reproducibility of the internal standard, we
have used the latter value (that is, an assumed 2o error
of 0.2%).

The analytical data are presented in Table 3, and the
207ph/296ph spectra are shown in histograms that permit
visual assessment of the data distribution from which
the ages are derived. The evaporation technique provides
only Pb isotopic ratios, and there is no a priori way to
determine whether a measured 2%’ Pb/2%°Pb ratio reflects
a concordant age. Thus, all 207pp,206py, ages determined
by this method are necessarily minimum ages. However,
many studies have demonstrated that there is a very
strong likelihood that these data represent true zircon
crystallization ages when (1) the 207Pb/2%Pb ratio does
not change with increasing temperature of evaporation
and/or (2) repeated analyses of grains from the same
sample at high evaporation temperatures yield the same
isotopic ratios within error. Comparative studies by evap-
oration, conventional U-Pb dating, and ion-microprobe
analysis have shown this to be correct (Kroner et al.,
1991, 1999; Cocherie et al., 1992; Jaeckel et al., 1997;
Karabinos, 1997).

6. Formation of metamorphic zircon at high
temperature and high pressure

The closure temperature of zircon for the U-Pb sys-
tem is well above 900 °C (Mezger and Krogstad, 1997;
Moller et al., 2002), and the experimental determination
of diffusion parameters for U, Th, Pb and Hf in zircon
(e.g. Cherniak et al., 1997; Lee et al., 1997) also support
this view. This makes it almost certain that metamorphic
zircon records the isotopic composition near or at its
growth stage. Inclusion—host relationships such as phen-

gite in zircon (Kroner and Willner, 1998) or isotopically
almost undisturbed zircon in diamond from ultra-high
pressure metamorphic rocks (Claoué-Long et al., 1991)
can be used to constrain the age of zircon growth to
parts of the metamorphic history. Ovoid to spherical,
multifaceted zircons that grew during peak metamor-
phic conditions (Hoskin and Black, 2000; Pidgeon et
al., 2000; Corfu et al., 2003) are known from ultra-
high pressure rocks in the Kokchetav massif, Kazakhstan
(Claoué-Long et al., 1991; Sobolev et al., 1992) and the
Dora Maira Massif, Western Alps (Gebauer et al., 1993;
Schertl and Schreyer, 1995). In these rocks, phases that
were stable near maximum pressure conditions, such
as diamond, Si-rich phengite, jadeite-rich clinopyrox-
ene, kyanite, pyrope, talc, coesite or rutile were found
enclosed within the zircons. Such football-shaped zir-
cons also occur in rocks of many granulite terrains such
as the Saxonian granulite massif, Germany (Kroner et al.,
1998), the Bohemian Massif, Czech Republic (Kroner
et al., 2000), the Limpopo belt, South Africa (Jaeckel
et al., 1997), and Enderby Land, Antarctica (Kelly and
Harley, 2005). Concordant U-Pb SHRIMP ages for such
zircons were therefore interpreted as dating the peak of
metamorphism. Furthermore, closure of zircon to Pb dif-
fusion in these rocks probably occurred at about the
same time as closure of garnet and clinopyroxene to
Nd diffusion (Mezger and Krogstad, 1997). These two
factors, together with resistance to resetting and protec-
tion of inclusions, make metamorphic zircon probably
the best currently available mineral to allow precise dat-
ing of regional high-grade metamorphism (Krogh, 1993;
Kroneretal., 1994; Mezger and Krogstad, 1997; Pidgeon
et al., 2000; Moller et al., 2002).

Following zircon formation, the diffusive modifica-
tion of zircon isotopic patterns under known crustal
metamorphic conditions and timescales is unlikely
(Cherniak et al., 1997; Lee et al., 1997), but the causes
and timing of possible zircon dissolution, recrystalliza-
tion or new growth must still be evaluated.

7. Sample location and zircon geochronology

We have dated igneous and metamorphic zircons from
several HP-granulite samples collected from boudinaged
mafic dykes in the Hengshan Complex, and the locations
are shown in Fig. 2. Sample Ch 020901 is from the core
of a HP-granulite boudin exposed in a streambed behind
asmall restaurant in Large Stone Valley along the asphalt
road from Shahe to the NW (longitude 113°23'49.9”E;
latitude 39°27’00.1”N). The petrography and mineral
chemistry of this rock was described by O’Brien et
al. (2005). Sample Ch 020902 represents a gabbroic
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Fig. 6. Field photograph of pegmatoid melt patches resulting from isothermal decompression in large HP metagabbro boudin (sample Ch 990839),

Small Stone Valley, Hengshan Complex.

dyke, some 12—15 m wide and exposed in the bed of the
Dashiyu River in Large Stone Valley, about 400 m WNW
of sample Ch 020901 (longitude 113°23/53.6"E; latitude
39°2706.9”N). The dyke shows well-preserved relict
magmatic layering (Fig. 4).

Sample MOG68 represents a HP-granulite boudin
(retrograded eclogite) surrounded by layered tonalitic
gneiss and collected from a roadcut between Yanggqian
and Zhaojiayao villages along the Yingxian-Shahe
asphalt road in Large Stone Valley (Fig. 2, longitude
113°22'20.6"E; latitude 39°27'28.9”N). Another HP-
granulite is represented by sample HG-2, collected from
a mafic dyke boudin within migmatitic gneisses in
the gorge of the Dashiyu River in Large Stone Val-
ley (longitude 113°19'59.1”E; latitude 39°28'46.6"N).
Possibly because of infiltration of fluids from the host-
ing migmatitic gneisses, nearly all pyroxene and gar-
net in this sample have been retrograded into horn-
blende, biotite and epidote. Sample Ch 990853 is
from a near-horizontal mafic dyke with an eclogitic
mineral assemblage and collected from a fresh road-
cut in the western half of the asphalt road pass in
Large Stone Valley NW of Shahe town (Fig. 2, lon-
gitude 113°26/56.5"E; latitude 39°30'11.7”N). Sample
Ch 980871 represents another mafic dyke with eclogitic
mineralogy and was collected in a fresh road cut in
Small Stone Valley (longitude 113°27'38.4"E; latitude
39°28'01.9”N). Sample 990886 represents a medium-
pressure mafic granulite collected from a roadcut SW of
the Wildgoose-gate pass (Yanmenguan) in the SW of the
Hengshan Complex (longitude 112°52'04”E; latitude
39°08'52”N).

Sample Ch 990839 represents a spectacular exam-
ple of a large gabbroic boudin in Small Stone Val-
ley (113°27'59.5"E, 39°27’50.7”N) containing coarse-
grained pegmatoid melt patches (Fig. 6) that probably
formed during isothermal decompression shortly after
the peak of HP-metamorphism. The sample represents
about 4 kg of 3—-6 cm fragments of the pegmatoid melt
phase. Lastly, granite gneiss sample HG-1 was collected
in the deep gorge of the Dashiyu River in Large Stone
Valley, within a few metres to sample HG-2 (see coordi-
nates above).

7.1. Magmatic emplacement and xenocryst ages

Igneous zircons are rare in these dykes and were only
found at two localities in Large Stone Valley (Dashigou).
The zircons of sample Ch 020901 comprise two mor-
phological types with one consisting of long-prismatic
grains, well rounded at their terminations, as is typi-
cal of zircons subjected to high-grade metamorphism
(Silver, 1969; Vavra, 1990; Kroner et al., 1994; Hoskin
and Black, 2000), and oscillatory zoning revealing a
magmatic origin (Fig. 6). Some of these grains have high-
luminescent (low-U), structureless, narrow rims (Fig. 6),
too thin to be measured on SHRIMP and presumably
reflecting metamorphic overgrowth. These are similar to
magmatic zircons in TTG-gneisses previously described
from the Hengshan and Fuping Complexes (Kroner et
al., 2005b; Zhao et al., 2002a). The other type con-
sists of rare oval to spherical, multifaceted grains with
well-developed sector zoning (Fig. 6) and this is of meta-
morphic origin.



Table 1

Analytical data for zircons from gabbroic dyke (HP-granulite) samples Ch 020901, Ch 020902, M068 and pegmatoid melt patch sample Ch 990839, Hengshan Complex®

Sample no. U (ppm) Th (ppm) 206pp/204pp 208pp/20ph 207pp/2%6ph 206ph/238y 207pp/23U 206pp/238Yy 207pp/23U 207pp/206ph
age+ lo aget lo age+ lo
Ch901-1.1° 89 12 9888 0.0468 + 63 0.1165 & 32 0.3483 £ 50 5.592 + 182 1926 + 24 1915 + 28 1902 + 49
Ch901-1.2 147 7 11929 0.0230 + 34 0.1159 £+ 19 0.3561 + 46 5.691 £ 127 1964 £ 22 1930 £ 22 1894 + 30
Ch 901-2-1 111 3 8446 0.0220 + 43 0.1180 + 24 0.3479 + 48 5.660 £ 147 1925 + 23 1925 £ 22 1926 + 36
Ch901-3.1 1068 909 1116 0.1889 & 22 0.1299 £ 10 0.3056 + 32 5.473 £ 77 1719 £ 16 1896 + 12 2097 + 14
Ch 901-4-1 84 4 9656 0.0287 + 45 0.1182 £ 26 0.3551 £+ 50 5.786 £+ 159 1959 + 24 1944 £ 23 1929 + 39
Ch901-5.1 94 3 10402 0.0120 + 68 0.1178 &+ 34 0.3521 + 48 5.719 £ 191 1945 + 23 1934 + 28 1923 + 52
Ch 901-6-1 96 4 113869 0.0182 &+ 14 0.1176 + 16 0.3527 + 47 5718 £ 115 1948 + 22 1934 + 17 1920 + 24
Ch901-7.1 95 8 100000 0.0307 + 13 0.1173 + 17 0.2991 + 51 4837 + 114 1687 £ 25 1791 £+ 20 1915 £ 25
Ch 901-8.1 116 2.6 25100 0.0082 £ 15 0.1174 + 14 0.3246 £ 56 5.254 £ 116 1812 + 27 1861 £ 19 1917 £ 22
Ch 901-9.1 82 3.4 8762 0.0169 + 23 0.1170 £+ 18 0.3127 £ 55 5.046 £ 124 1754 + 27 1827 £ 21 1911 + 27
Ch 901-10.1 88 2.1 9594 0.0096 + 29 0.1172 + 19 0.3189 £ 55 5.156 £+ 130 1785 £ 27 1845 + 21 1914 £+ 29
Ch901-11.1 102 4.7 3893 0.0125 + 50 0.1173 £+ 27 0.3245 £+ 59 5.246 £ 163 1812 £ 29 1860 + 26 1915 + 41
Ch901-12.1 117 2.7 13085 0.0159 + 21 0.1171 £ 17 0.2855 £ 47 4.609 + 109 1619 £ 24 1751 £ 19 1912 £ 26
Ch901-13.1 96 3.7 5534 0.0214 + 34 0.1170 £+ 20 0.3121 £+ 55 5.035 £+ 133 1751 £ 27 1825 £ 22 1911 + 31
Ch901-14.1 121 5.7 17068 0.0196 + 18 0.1172 £ 16 0.3137 £ 55 5.072 £ 120 1759 + 27 1831 + 20 1915 £ 25
Ch901-14.2 88 1.4 11728 0.0351 + 27 0.1265 + 21 0.3492 £+ 65 6.092 £ 161 1931 + 31 1989 + 23 2050 £ 29
Ch901-15.1 78 59 100000 0.0382 + 16 0.1175 £ 19 0.3441 + 64 5.573 £ 145 1906 + 31 1912 £ 22 1918 £+ 29
Ch 901-16.1 109 3.7 100000 0.0146 + 8 0.1365 &+ 17 0.4002 £+ 72 7.530 £ 174 2170 + 33 2177 £ 21 2183 £ 22
Ch901-17.1 103 4.7 100000 0.0170 + 9 0.1173 £+ 16 0.3444 £+ 61 5.571 £+ 133 1908 + 25 1912 £+ 20 1916 + 25
Ch902-1.1 69 0.6 1889 0.0119 + 49 0.1173 £+ 25 0.3299 + 40 5.334 £+ 139 1838 £ 19 1874 £ 22 1915 + 38
Ch 902-2.1 63 0.5 24763 0.0064 £ 13 0.1171 £ 15 0.3191 £ 39 5.149 £+ 97 1785 £ 19 1844 + 16 1912 + 23
Ch 902-3.1 62 1.5 4891 0.0145 + 25 0.1172 £ 19 0.2674 £ 30 4322 + 89 1528 £ 15 1698 £+ 17 1914 £ 28
Ch 902-4.1 66 0.6 37900 0.0097 + 10 0.1174 + 18 0.3169 + 37 5.128 £+ 104 1774 £ 18 1841 £+ 17 1916 + 27
Ch 902-5.1 77 0.7 14018 0.0033 & 15 0.1174 £ 18 0.3104 £ 33 5.025 £+ 98 1743 + 16 1824 + 16 1917 £ 27
Ch 901-6.1 374 227 9093 0.1656 + 13 0.1613 + 8 0.3894 + 34 8.658 £+ 91 2120 £ 16 2303 £ 10 2469 £ 8
Ch 902-7.1 54 0.8 4153 0.0069 + 31 0.1171 £+ 22 0.2996 + 36 4.838 + 114 1689 + 18 1792 £ 20 1913 £+ 33
Ch 902-8.1 69 0.6 3151 0.0008 =+ 33 0.1171 £ 21 0.3424 £ 43 5.529 £ 127 1898 + 21 1905 + 20 1913 + 32
M062-1.1 104 1.7 8210 0.0148 + 27 0.1135 £+ 22 0.3153 + 44 4935 + 124 1767 + 21 1808 £ 21 1856 + 35
M062-2.1 56 0.5 3492 0.0179 + 62 0.1133 £+ 39 0.3139 £+ 52 4.903 + 198 1760 £ 26 1803 £ 33 1853 £ 61
M062-3-1 112 1.5 223065 0.0123 + 8 0.1128 £+ 17 0.3071 £ 38 4.777 £ 97 1726 £ 19 1781 + 17 1845 + 26
M062-4.1 87 0.9 8875 0.0100 + 24 0.1139 £ 21 0.3087 £ 41 4.851 £ 116 1734 £ 20 1794 £ 20 1863 £ 33
M062-5.1 89 2.1 7074 0.0099 + 30 0.1135 + 22 0.3232 £+ 43 5.058 £+ 124 1805 £ 21 1829 £+ 21 1856 + 34
Ch839-1.1 1447 61 3388 0.0177 £ 5 0.1135 + 3 0.3683 £+ 10 5.761 £ 152 2021 + 45 1941 £ 23 1855+ 5
Ch839-2.1 354 8.4 1093 0.0111 &+ 19 0.1127 £ 10 0.3125 £+ 82 4.856 + 138 1753 + 40 1795 + 24 1843 + 15
Ch839-3.1 69 1.9 6294 0.0099 + 20 0.1135 + 13 0.3269 + 87 5.114 £+ 155 1823 + 42 1838 £+ 25 1856 + 21
Ch839-4.1 88.5 1.4 4701 0.0019 £ 25 0.1129 + 14 0.3227 £ 85 5.022 £ 153 1803 + 41 1823 £ 25 1846 + 22
Ch839-5.1 1905 103 833 0.0206 & 11 0.1126 + 5 0.2489 £ 65 3.865 &+ 104 1433 + 33 1606 + 22 1842 £ 9
Ch839-6.1 2966 94 895 0.0104 + 8 0.1126 + 4 0.2887 + 75 4477 £ 119 1635 £ 37 1727 £ 22 1840 £ 6
Ch839-7.1 797 28 636 0.0153 £ 15 0.1138 + 7 0.3524 £+ 92 5.529 £ 151 1946 + 44 1905 + 23 1861 £ 11
Ch839-8.1 93 2.4 8885 0.0083 & 19 0.1130 £+ 12 0.3337 £+ 88 5.201 £ 154 1856 £ 42 1853 £ 25 1849 £+ 19
Ch839-9.1 5110 113 1537 0.0122 + 5 0.1128 + 3 0.2670 £+ 69 4.154 £ 110 1526 £ 35 1665 £ 21 1845 £ 4

4 Zircons from sample Ch 990839 were analyzed on SHRIMP II in Perth, all other samples on SHRIMP II in Beijijng.

b 1-1is spot 1 on grain 1, 1-2 is spot 2 on grain 1, etc.
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Fig. 7. Concordia diagrams showing SHRIMP II data for spot analyses from magmatic zircon grains of gabbroic dyke samples in the Hengshan
Complex (for locations see Fig. 2). (a) Sample Ch 020901, Large Stone Valley. Data boxes are defined by standard errors in 207pp/2357 and
206pp/2387J. (b) Sample Ch 020902, Dashiyu River, Large Stone Valley. Errors as in (a).



Table 2

Analytical data (Perth SHRIMP II) for zircons of gabbroic dyke sample HG-2 and late granite gneiss sample HG-1, Hengshan Complex

Sample and U (ppm) Th (ppm) 206pp,204ph 208pp/206pp 207pp,206pp 200pp/238y 207pp/25U 200pp/238y 207pb/235U 207/206

spot no. aget lo aget lo aget lo

HG-1
HGI-1 11109 17 1163 0.0447 + 32 0.0830 + 14 0.0824 + 7 0.94 4+ 2 511 4+ 4 675 + 10 1270 + 34
HG1-2 483 5 5000 0.0127 + 14 0.1101 + 8 0.2553 + 23 3.88 £ 5 1466 + 12 1609 + 10 1801 + 13
HG1-3 595 7 4545 0.0123 + 10 0.1124 £ 6 0.2971 + 27 460 + 5 1677 + 13 1750 £ 9 1839 + 10
HG1-4 747 9 1000 0.0658 + 39 0.0983 + 18 0.0963 + 9 130+ 3 593 +5 848 + 12 1591 =+ 34
HG1-5 110 21 3333 0.0615 + 30 0.1481 + 16 0.4090 + 47 835+ 14 2210 4+ 21 2270 + 15 2323 + 18
HG1-6 827 17 5556 0.0065 + 11 0.1019 + 6 0.1873 + 16 2.63 +3 1107 £ 9 1309 + 8 1658 + 11
HG1-7 880 7 826 0.1061 + 50 0.0905 + 22 0.0592 + 5 0.74 + 2 371+ 3 562 4+ 12 1436 + 46
HGI1-8 411 130 2857 0.0232 4 19 0.1122 + 10 0.3206 =+ 30 4.96 + 7 1793 + 14 1813 + 11 1836 + 15
HG1-9 1189 10 1724 0.0789 + 32 0.0909 + 15 0.0602 + 5 0.76 + 1 377+ 3 57149 1445 + 31
HG1-10 848 12 1587 0.0878 + 35 0.0963 + 16 0.0742 + 7 0.98 + 2 461 + 4 696 + 10 1553 + 32
HGI1-11 1506 15 2326 0.0268 + 15 0.0781 £ 7 0.0979 + 8 105+ 1 602 + 5 731 47 1149 + 19
HG1-12 905 5 2228 0.0522 4 27 0.1019 + 13 0.1153 £ 10 1.62 +3 703 £ 6 978 + 10 1660 + 24
HGI1-13 930 11 2273 0.0292 + 19 0.1006 £ 10 0.1346 + 12 1.87 + 3 814 +7 1069 + 9 1635 + 18
HG1-14 336 3 2174 0.0033 + 21 0.1132 4 11 0.3235 + 31 505+ 7 1807 + 15 1827 + 12 1851 + 18
HGI1-15 1485 11 1429 0.0033 + 11 0.1151 £ 6 0.3217 + 27 51145 1798 + 13 1837 £ 9 1882 £ 9
HG1-16 339 3 4662 0.0062 + 15 0.1128 + 8 0.3216 =+ 30 5.00+6 1797 + 14 1819 + 11 1845 + 14
HG1-17 1118 7 5882 0.0002 + 7 0.1156 + 4 0.3207 + 27 51145 1793 + 13 1838 + 8 1889 + 7
HGI1-18 62 55 2128 0.2448 + 51 0.1667 + 23 0.4730 + 68 10.87 £ 23 2497 4 30 2512 4 20 2525 + 24
HG1-19 1744 15 20000 0.0034 + 3 0.1143 + 3 0.3212 + 26 506+ 5 1796 + 13 1829 + 8 1868 + 5
HG1-20 114 3 2326 0.0051 =+ 40 0.1136 + 20 0.3306 =+ 40 518+ 12 1841 £ 19 1849 4+ 19 1858 + 32
HG1-21 899 17 2174 0.0309 + 17 0.1048 £ 8 02164 + 19 313+ 4 1263 + 10 1439 + 10 1710 + 15
HG1-22 1246 7 2273 0.0178 + 14 0.1067 + 7 0.2335 + 20 344 + 4 1353 4 10 1513+ 9 1744 + 12
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Table 2 (Continued )

Sample and U (ppm) Th (ppm) 206 pp,204ppy 208 pp,206py, 207pp/206pp 206pp,238y 207pp235y 206pp,238y 207pp/235y 207/206

spot no. aget lo aget lo aget lo

HG-2
HG2-1 12 2 3846 0.0449 + 94 0.1148 + 44 0.3225 + 52 511 +22 1802 =+ 25 1837 + 37 1877 + 69
HG2-2 90 1 10000 0.0026 + 17 0.1110 £ 10 0.3315 + 32 507 +7 1845 + 16 1831 + 12 1815 + 16
HG2-3 275 12 11111 0.0144 + 9 0.1116 £ 6 0.3116 + 27 479 £5 1748 + 13 1784 £ 9 1826 £ 9
HG2-4 255 5 20000 0.0051 + 7 0.1118 £ 5 0.3265 + 29 50445 1822 + 14 1825 + 9 1830 + 8
HG2-5 356 12 20000 0.0101 + 5 0.1115 £ 4 0.2942 + 25 452+ 4 1662 + 13 1735 + 8 1823 + 6
HG2-6 20 4 2778 0.0601 + 82 0.1148 + 38 0.3106 + 42 492 + 18 1744 + 21 1805 + 32 1877 + 60
HG2-7 199 5 25000 0.0064 + 8 0.1121 £ 6 0.3238 + 30 500 £6 1808 =+ 15 1820 + 10 1833 £+ 10
HG2-8 344 129 20000 0.1060 + 9 0.1094 + 5 0.3181 + 29 480 £ 5 1780 + 14 1784 £ 9 1789 + 9
HG2-9 509 196 6250 0.1128 + 13 0.1096 + 7 0.2128 + 19 321+4 1244 + 10 1461 + 9 1792 + 11
HG2-10 690 85 16667 0.0366 + 7 0.1102 + 4 0.3116 + 27 473 £ 5 1749 + 13 1773 + 8 1803 & 7
HG2-11 283 8 14286 0.0068 + 8 01123 £ 6 0.3315 + 30 513+£6 1846 + 14 1842+ 9 1837+ 9
HG2-12 283 8 33333 0.0087 + 7 0.1137 + 5 0.3341 + 30 52346 1858 + 15 1858 + 9 1859 + 8
HG2-13 1446 14 5000 0.0088 + 9 0.0967 + 5 0.1382 + 12 1.84 £ 2 835+ 7 1061 + 7 1561 % 10
HG2-14 10 <1 9091 0.0335 + 162 0.1238 + 75 0.3423 + 72 5.84 + 39 1898 =+ 35 1952 + 58 2011 + 108
HG2-15 28 3 3704 0.0278 + 59 0.1113 + 29 0.3288 + 46 5.04 + 16 1833 + 23 1827 + 27 1820 =+ 48
HG2-16 282 8 25000 0.0076 + 6 0.1119 £ 6 0.3268 + 29 504 +5 1823 + 14 1826 + 9 1830 + 9
HG2-17 331 11 16666 0.0077 + 7 01122+ 5 0.3254 + 29 503+ 5 1816 + 14 1825+ 9 1835+ 9
HG2-18 278 7 33333 0.0075 + 6 0.1130 + 5 0.3319 + 30 517+6 1847 + 14 1848 + 9 1848 + n9
HG2-19 600 280 4000 0.1450 + 18 0.1008 £ 9 0.1182 + 11 1.64 £ 2 720 £ 6 987 + 8 1640 £ 16
HG2-20 242 6 7692 0.0084 + 13 0.1122 + 8 0.3241 + 30 502+6 1810 + 14 1822 + 10 1836 + 12
HG2-21 82 7 2778 0.0318 + 34 0.1155 + 17 0.3287 + 36 523+ 10 1832 & 17 1858 + 16 1887 + 26
HG2-22 386 166 33333 0.1270 + 9 0.1104 + 5 0.2758 + 24 420 + 4 1570 + 12 1674 £ 9 1806 + 8
HG2-23 269 8 20000 0.0081 + 6 0.1121 £ 5 0.3292 + 30 50945 1834 + 14 1834 +9 1834 + 8
HG2-24 464 206 10000 0.1295 + 10 0.1091 + 5 0.2357 + 21 354 + 4 1364 + 11 1537 + 8 1784 + 8
HG2-25 238 70 4762 0.0791 + 20 0.1123 + 10 0.2311 + 22 358+ 5 1340 £ 11 1545 + 11 1837 + 16
HG2-26 560 179 8333 0.0986 + 13 0.1060 + 6 0.1593 + 14 23343 953 + 8 1221 + 8 1732 + 11
HG2-27 203 83 20000 0.1178 + 13 0.1120 £ 7 0.3200 + 30 494 £+ 6 1790 + 15 1809 % 10 1832 % 11
HG2-28 373 10 25000 0.0077 + 6 0.1124 + 5 0.3235 4 29 501 5 1807 + 14 1821 + 9 1838 + 8

8¢
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A total of 17 magmatic grains was analyzed on the
Beijing SHRIMP, and the results are listed in Table 1 and
in the concordia diagram of Fig. 7a. A group of eight
grains is concordant with a weighted mean 2%’ Pb/2%°Pb
age of 191544 Ma, whereas six grains are variably
discordant reflecting recent Pb-loss and showing an

alignment suggesting that they belong to the same age
group as the concordant grains. The discordant analyses
probably reflect (hydrothermal?) alteration of variably
metamict portions of the igneous grains (Geisler et al.,
2003). We exclude instrumentally biased discordancy
due to wrong U-Pb calibration in which case reverse
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Fig. 8. Concordia diagrams showing SHRIMP II data for spot analyses from metamorphic zircon grains from gabbroic dyke samples (HP mafic
granulites) in the Hengshan Complex (for locations see Fig. 2, uncertainties as in Fig. 7a). (a) Sample MOG68, roadcut in Large Stone Valley,
Hengshan Complex. (b) Sample HG-2, gorge of Dashiyu River, lower Large Stone Valley.
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discordancy should also be observed. Recent Pb-loss was
also found in zircons from the surrounding TTG-gneisses
(Kroner et al., 2005b).

A best-fit line through all data points (MSWD =0.14)
produces a concordia intercept age of 1915+ 13 Ma
(Fig. 7a). Three additional grains, one concordant and
two discordant, are significantly older with 207Pb/?%°Pb
ages of 2050429, 2097414 and 2183 +22Ma
(Table 1; Fig. 7). We interpret the age of 1915Ma
as reflecting the time of emplacement of the gabbroic
dyke, whereas the older ages are from xenocrystic zir-
cons which were incorporated into the gabbroic melt
during magma formation or ascent and thus reflect
crustal contamination. Zircon ages around 2100 Ma were

Table 3

reported from the Hengshan gneisses by Kroner et al.
(2005b).

The zircons in sample Ch 020902 are exclusively of
the long-prismatic type with rounded terminations, sim-
ple internal growth structures and only rare oscillatory,
magmatic zoning (Fig. 6). Eight grains were analyzed on
the Beijing SHRIMP and these have experienced vari-
able degrees of recent Pb-loss (Table 1; Fig. 7b). Seven
analyses, with one virtually concordant, are well aligned
and define a mean 207Pb/?%°Pb age of 1914 4 2 Ma. The
data can be fitted to a discordia line (MSWD =0.01) with
an upper concordia intercept age of 1914 26 Ma and a
lower intercept at —5 380 Ma. By analogy with sam-
ple Ch 020901 and in view of the magmatic origin of the

Zircon morphology and isotopic data from single grain evaporation of metamorphic zircons from high-grade mafic dykes and pegmatoid melt of

the Hengshan gneiss terrain, North China Craton

Sample number Zircon colour and Grain# Mass Evaporation Mean 27 Pb/?%°Pb 207pp/206Ph age and
morphology scans® temperature (°C) ratio® and 207, error 20, error
Ch 980871 Clear to pink, 1€ 75 1610 0.115064 £ 45 1880.9 £ 0.7
ball-round, 2¢ 70 1612 0.115088 + 46 1881.3 £ 0.7
multifaceted 3¢ 62 1610 0.115071 + 47 1881.0 £ 0.7
4¢ 238 1604 0.115101 £ 22 1881.5 £ 0.3
Mean of four grains 1-4 445 0.115089 £ 17 1881.3 + 0.4¢
Ch 990839 Clear to light grey, 1 89 1598 0.113482 £+ 118 18559 £ 1.9
long-prismatic, 2 107 1597 0.113512 £ 71 1856.4 £ 1.1
idiomorphic 3 107 1599 0.113488 + 44 1856.0 £+ 0.7
4 105 1598 0.113503 £ 39 1856.2 £ 0.6
Mean of four grains 1-4 408 0.113497 £ 35 1856.1 + 0.6
Ch 990848 Clear to light grey, 1€ 80 1602 0.115369 + 43 1885.7 £ 0.7
ball-round, 2¢ 78 1600 0.115308 + 47 1884.7 £ 0.7
multifaceted 3¢ 83 1603 0.115331 £ 48 1885.1 £ 0.8
4¢ 119 1606 0.115354 £ 30 18854 £ 0.5
5¢ 105 1601 0.115348 + 41 1885.3 £ 0.6
6¢ 125 1603 0.115320 £ 26 1884.9 £ 0.4
Mean of six grains 1-6 590 0.115367 £+ 16 1885.6 + 0.4¢
Ch 990853 Clear, oval to 1€ 107 1600 0.113731 £ 37 1859.9 £+ 0.6
near-spherical, 2¢ 109 1601 0.113720 £+ 77 1859.7 £ 1.2
multifaceted 3¢ 107 1606 0.113707 £ 44 1859.5 £ 0.7
4¢ 105 1599 0.113722 £ 39 1859.7 £ 0.6
Mean of four grains 14 428 0.113720 £ 30 1859.7 £ 0.5
Ch 990886 Clear, near-spherical, 1€ 123 1603 0.113482 £ 118 18559 £ 1.9
multifaceted 2¢ 185 1600 0.113512 £ 71 18564 £ 1.1
3¢ 77 1605 0.113488 + 44 1856.0 £+ 0.7
4¢ 105 1602 0.113503 £ 39 1856.2 £+ 0.6
Mean of four grains 1-4 490 0.113497 £ 35 1850.9 + 0.4

2 Number of 27 Pb/2%Pb ratios evaluated for age assessment.

b Observed mean ratio corrected for non-radiogenic Pb where necessary. Errors based on uncertainties in counting statistics.
¢ Errors of combined mean ages (bold font) are based on reproducibility of internal standard at 0.000027 (20).
94 Grain fractions of three to four metamorphic grains each, evaporated together.
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zircons we interpret this age to approximate the time of
igneous emplacement of the gabbroic dyke. One grain
is considerably older with a 2%’Pb/?°°Pb minimum age
of 2469 + 8 Ma (Fig. 7b), and this again is interpreted as
a xenocryst, probably inherited from the basement into
which the dyke was emplaced. This age also corresponds
well with zircon ages reported for the Hengshan gneisses
in the Large Stone and Great Wall Valleys (Kroner et al.,
2005a,b).

Excellent agreement in the magmatic crystalliza-
tion ages for the above two samples leaves little doubt
that the Hengshan mafic dykes were emplaced at
~1915 Ma, much later than previously considered, and
only shortly before being subjected to high-grade meta-
morphism (Kroner et al., 2005a). Since the numerous
dykes occupy an area much larger than the Hengshan
Complex they define a genuine dyke swarm and sig-
nify considerable crustal extension prior to the Liiliang
orogeny. The tectonic implications will be discussed
below.

7.2. Metamorphic ages and late granite gneiss
Sample MOG68 contains three generations of symplec-

tite, and its mineral composition was described by Zhao
et al. (2001b) who also determined peak P-T condi-

tions of 13.5—15.5 kbar and 770-840 °C for this sample.
The zircon population consists predominantly of oval to
spherical, multifaceted grains with well-developed sec-
tor zoning (Fig. 6) that are interpreted as metamorphic
in view of their similarity with published CL-images
of metamorphic zircons elsewhere (e.g. Vavra et al,,
1999; Corfu et al., 2003) and because of low Th/U ratios
(Bingen et al., 2004, and references cited therein). Five
grains were analyzed on the Beijing SHRIMP and pro-
duced a near-concordant cluster of data points with a
mean 297Pb/2°Pb age of 1850 + 3 Ma (Table 1; Fig. 8a),
reflecting zircon growth at or close to the peak of HP-
metamorphism.

The zircons in sample HG-2 range from weakly elon-
gate crystals with rounded terminations to more equidi-
mensional grains with multifaceted surfaces (Fig. 6).
A large number of zircons were analyzed on SHRIMP
II in Perth, and the analytical data are listed in
Table 2 and are plotted in the concordia diagram
of Fig. 8b. Most analyses are concordant or near-
concordant, and eight further analyses are significantly
discordant but define a linear arrangement (Fig. 8b)
that, if regressed together with the concordant or near-
concordant data (MSWD =3.4), yields an upper inter-
ceptage of 1867 &£ 23 Ma. This is the best estimate for the
timing of metamorphic zircon formation in this sample.
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160 A h h L 200 1 L L L 200 B i L H
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Fig. 9. Histograms showing distribution of radiogenic lead isotope ratios derived from evaporation of small metamorphic zircon fractions of three
to four grains each from two gabbroic dyke samples (HP mafic granulites), Hengshan Complex. Errors are 2-sigma (mean). (a) Spectrum for four
grain fractions from sample Ch 990853, integrated from 428 ratios. (b) Spectrum for four grain fractions from sample Ch 980871, integrated from
445 ratios. (c) Spectrum for four grain fractions from sample Ch 990886, integrated from 490 ratios.
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Fig. 10. Concordia diagrams showing SHRIMP II data for spot analyses from Palacoproterozoic magmatic zircons in granitoid rocks from the
Hengshan Complex. For locations see Fig. 2, uncertainties as in Fig. 7a. (a) Pegmatoid melt patch sample Ch 990839, Small Stone Valley. Inset
shows histogram for four single magmatic grains from same sample, integrated from 408 ratios. (b) Granitic gneiss sample HG-1, gorge of Dashiyu
River, lower Large Stone Valley. Inset shows enlargement of grains near upper concordia intercept.

One further discordant grain is significantly older at faceted grains with high reflectivity, typical of metamor-
2011 £ 105 Ma (Table 2; Fig. 8b) and is interpreted as a phic growth (Fig. 6). Four grain fractions of three to four
xenocryst. zircons each were evaporated individually and yielded

The zircon population of dyke sample Ch 990853 identical 27 Pb/29Pb ratios, providing a combined mean

exclusively consists of clear, oval to spherical, multi- age of 1859.7+0.5Ma (Table 3; Fig. 9a). This is
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identical to the above SHRIMP ages and again reflects
zircon growth at or near the peak of HP-metamorphism.

Sample Ch 980871 also exclusively contains ball-
shaped, multifaceted and metamorphic zircons (Fig. 6).
Four grain fractions of three to four zircons each were
evaporated and produced identical results with a mean
207pp/296ph age of 1881.3 4+ 0.4 Ma (Table 3; Fig. 9b).
This age is significantly older than those reported above
and may either mean that the peak of metamorphism was
diachronous in this region or that the zircons contained
small cores of inherited older grains, perhaps trapped
during dyke emplacement at ~1915 Ma. We have indeed
identified a few ball-shaped grains with cores in this
sample (Fig. 6) and therefore favour the second alter-
native, i.e. inheritance, and suggest that the above “age”
reflects a mixture of metamorphic and older components
and will not be considered further. However, Zhao et al.
(2002a) reported a concordant SHRIMP mean zircon age
of 1875 =+ 43 Ma for metamorphic zircon grains and rims
in a trondhjemitic gneiss of the Fuping complex.

The zircons in sample Ch 990886 are again almost
exclusively oval to spherical, clear, multifaceted, and
with high reflectivity, and display the characteristic sec-
tor zoning (Fig. 6). Four grain fractions of three to
four zircons each were evaporated individually, and the
results can be combined to a mean 297Pb/2%Pb age of
1850.9 £ 0.4 Ma (Table 3; Fig. 9c) which, as in the pre-
vious samples, we interpret to reflect the time of peak
metamorphism.

There are also spectacular examples of large gabbroic
boudins in Small Stone Valley containing coarse-grained
pegmatoid melt patches (Fig. 6) that probably formed
during isothermal decompression shortly after the peak
of HP-metamorphism. Sample Ch 990839 (Fig. 2) comes
from one of these irregular patches and contains clear,
near-euhedral, long-prismatic, magmatic zircons with
only slight rounding at their terminations. Nine grains
were analyzed on SHRIMP II in Perth and produced
remarkably well-aligned analyses three of which are
concordant, two are reversely discordant and four are
discordant (Table 1; Fig. 10a). Regression of all data
suggests recent Pb-loss and internal redistribution of U
(Williams et al., 1984) and yields an upper concordia
intercept age of 1851 £ 5 Ma (Fig. 10a). Evaporation of
four small grain fractions of three to four metamorphic
grains each yielded identical results that combine to give
a mean 20"Pb/?%Pb age of 1856.1 0.6 Ma (Table 3;
Fig. 10a, inset). We consider this to most precisely reflect
the melting event associated with post-peak decompres-
sion.

Lastly, we report zircon age data for the youngest
yet reported granitoid rock in the Hengshan Complex.

This is a well-foliated granitic gneiss (HG-1), inter-
layered with the more migmatitic TTG-gneisses in the
deep gorge of the Dashiyu River, close to sample HG-2
(Fig. 2). The zircons are clear to light brown in colour
with a multifaceted round to ovoid shape. Many grains
are broken, and most contain numerous fine cracks.
Twenty-two grains from the >135 pm fraction were ana-
lyzed on SHRIMP II in Perth and produced highly
variable data (Table 2). Seven data points are concor-
dont or near-concordant, and their mean 207Pb/2%°Pb
age is 1872 4+ 17Ma (Fig. 10b, inset). Thirteen points
are variably discordant but define a linear array suggest-
ing Pb-loss in recent times. These data only provide a
minimum age assessment and are not further considered
here. Two discordant analyses are considerably older
at 2323 + 18 and 2525 4 24 Ma (27Pb/2°Pb minimum
ages; see Table 2) and are interpreted as xenocrysts.
The important implication of the age of ~1872Ma is
that the host granitic gneiss displays the same foliation
and structural-metamorphic history as the other Heng-
shan gneisses and, by implication, this means that the
main deformation and associated high-grade metamor-
phism in the Hengshan Complex must be younger than
1872 + 17 Ma.

8. Conclusions

Our age data indicate that a mafic dyke swarm
intruded late Archaean to Palaeoproterozoic granitoid
gneisses of the Hengshan Complex at ~1915 Ma during
a major crustal extension event that predated the col-
lision of the Eastern and Western blocks to form the
Trans-North China orogen. It may well be possible that
these two blocks were part of a single continental mass
in the late Archaean and early Palaoproterozoic and only
separated during the above extension event. However, no
typical features of continental separation such as alkaline
complexes, bimodal volcanism, rift or continental mar-
gin deposits or remnants of oceanic crust have been iden-
tified in the Hengshan. We therefore speculate that mafic
dyke emplacement may reflect extension and an unsuc-
cessful attempt to break apart a component of the NCC at
~1915 Ma. Subsequent shortening resulted in significant
crustal thickening during which the Hengshan Complex
was transferred into the lower crust, acquired its duc-
tile fabric and experienced high-grade metamorphism.
This structural-metamorphic event is bracketed between
1872 £ 17 Ma (emplacement of youngest granite) and
~1848 Ma (decompression event in mafic dykes), and is
similar to ages derived from SHRIMP-analyses of meta-
morphic zircons in the nearby Fuping complex (Zhao et
al., 2002a).
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Therefore, our age data show beyond reasonable
doubt that the main tectono-metamorphic event in the
Hengshan Complex was late Palacoproterozoic and not
Archaean in age. This conclusion is in agreement with
structural and age studies in the gneissic terrain of the
Zanhuang Mts. to the southeast of our study area where
the most intense deformation occurred between ca. 1870
and 1826 Ma (Wang et al., 2003). Slightly younger meta-
morphic ages between 1825 and 1802 Ma as recorded in
high-grade terrains to the east and north of the Heng-
shan Complex (Zhao et al., 2002a; Guo et al., 2005)
may reflect differences in the collision—accretion history
of these terrains within the Central Zone of the NCC.

Our data do not support models of late Archaean cra-
tonization in northern China (Li et al., 2000a,b; Kusky
and Li, 2003) but reflect extensive Palaeoproterozoic
tectonism and metamorphism, probably related to amal-
gamation of several Archaean crustal domains. Thus,
the Trans-North China orogeny, generally known as the
Liiliang orogeny in the Chinese literature, probably was
one of the most important events in the history of the
NCC (Zhao, 1993; Zhao et al., 2002b, 2005), welding
together older domains and similar to the Trans-Hudson
orogeny of the Canadian shield (Hoffman, 1988, 1990;
Lucas et al., 1996).
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