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Abstract  The Hengshan complex forms part of the central zone of the North China Craton and consists predominantly of
ductilely-deformed late Archaean to Palaeoproterozoic high-grade, partly migmatitic, granitoid orthogneisses, intruded by mafic
dykes of gabbroic composition. Many highly strained rocks were previously misinterpreted as supracrustal sequences and
represent mylonitized granitoids and sheared dykes. Our single zircon dating documents magmatic granitoid emplacement ages
between 2.52 Ga and 2.48 Ga, with rare occurrences of 2.7 Ga gneisses, possibly reflecting an older basement. A few granitic
gnei sses have emplacement ages between 2.35 and 2.1 Ga and show the same structural features asthe older rocks, indicating that
the main deformation occurred after ~2.1 Ga. Intrusion of gabbroic dykes occurred at ~1920 Ma, and all Hengshan rocks
underwent granulite-facies metamorphism at 1.88—1.85 Ga, followed by retrogression, shearing and uplift.

We interpret the Hengshan and adjacent Fuping granitoid gneisses as the lower, plutonic, part of a late Archaean to early
Pal agoproterozoic Japan-type magmatic arc, with the upper, volcanic part represented by the nearby Wutai complex. Components
of this arc may have evolved at a continental margin as indicated by the 2.7 Ga zircons. Mgjor deformation and HP
metamorphism occurred in the late Palagoproterozoic during the Lliang orogeny when the Eastern and Western blocks of the
North China Craton collided to form the Trans-North China orogen. Shear zones in the Hengshan are interpreted as major lower
crustal discontinuities post-dating the peak of HP metamorphism, and we suggest that they formed during orogenic collapse and

uplift of the Hengshan complex in the late Palaeoproterozoic (<1.85 Ga).
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1 Introduction

The well exposed Hengshan terrain of the North China
Craton (NCC) is situated in northern Shanxi Province,
about 250 km WSW of Beijing (Fig. 1), and is one of the
classical areas of Archaean to Palagoproterozoic geology
of China. It is separated from the Wutai Mts. by the broad
valley of the Hutuo River and is made up of the Heng Mts.,,
extending in abroad NE-SW trending belt and bounded by
the valleys of the Sanggan and Hutou Rivers (Fig. 1). The
Heng Mts. constitute a typical high-grade gneiss terrain
with complexly deformed layered and migmatized ortho-
and minor paragneisses (Li and Qian, 1994, and references
therein) and, until recently, was believed to have been
deformed and metamorphosed in the late Archaean (Li and
Qian, 1994; Tian et a., 1996; Li et a., 1997; Kusky and
Lee, 2003). Of particular interest in the Hengshan are well

studied mafic granulites (Wang et a., 1991), derived from
gabbroic mafic dykes and previously believed to result
from a late Archaean high-pressure (HP) metamorphic
event (Li and Qian, 1994; Li et al., 1997, 1998a,b; Zhao et
al., 1999b; Kusky and Lee, 2003).

Some of the new ideas resulting from our recent work in
the Hengshan terrain can be summarized as follows: (1)
The mafic gneissesin the Hengshan are strongly deformed
gabbroic dykes that were emplaced at ca. 1920 Ma
(Kroner et a., 2005b) and experienced their HP
metamorphism about 1850-1880 Ma ago (Kréner et al.,
2000, 2001; O’Brien et a., 2005). Thisisin line with the
metamorphic history of adjacent regionsin the NCC (Guo
et a., 1994; Wilde et al., 1998; Zhao et d., 2004) and
supports the concept of a major Palagoproterozoic tectono
-thermal event in the centra zone of the NCC , in the
Chinese literature al so known as the L iiliang orogeny (Ma
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Fig. 1. Overview map of the Hengshan-Wutai-Fuping Archaean to Palagoproterozoic terrain showing major rock types and
location within the Trans-North China orogen of the North China Craton (from Kréner et al., 2005b).

and Bai, 1998). (2) The presence of ductilely deformed
Palacoproterozoic granitoid gneisses and ~1.92 Ga mafic
dykesin the Hengshan indicates that the main deformation
in the Heng Mts. is not Archaean in age (Li et a., 19984)
but Palaeoproterozoic, supporting models suggesting
collision of the Western and Eastern blocks of the NCC
along a broad belt named the Trans-North China Orogen
(seeFig. 1, inset; Zhao et al., 2001). (3) The Hengshan and
geologicaly similar and geographically adjacent Fuping
high-grade gneisses (Fig. 1) may be the lower crustd,
ductilely deformed equivalents of the upper crustal Wutai

greenstone terrain farther east and may represent the root
zone of the magmatic arc (Li and Qian, 1994; Kroner et
al., 2001; 2002, 2005a). Models invoking late Archaean
cratonization in North China (Li et a., 2000a; Kusky and
Li, 2003) are not supported by the current data, as will be
shown below.

This contribution summarizes field observations and
reports geochemical data and single zircon ages for the
Hengshan terrain to provide constraints for the above new
tectonic hypotheses.
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Fig. 2. Simplified map of the Hengshan Complex showing main rock types, the three valleys in which samples were taken, and

location of villages and towns.

2 Field Relationships, Sructure and
Metamorphic Evolution of the Hengshan
Terrain

The gneisses and migmatites of the Hengshan 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 valeys named Great Wal Valey
(Changchenggou), Big Stone Valley (Dashigou) and Little
Stone Valley (Xiaoshigou) (Fig. 2). The asphalt road
between the towns of Shahe and Yingxian follows Big
Stone Valley and has ailmost continuously fresh, blasted
exposures. This is also the case along the asphalt road
from Taihelingkou to Xinguanwu along aNW-SE traverse
across the southern Hengshan via' Y anmengguan (Fig. 2).

The majority of rocks are ductilely deformed, layered
orthogneisses of tonalitic, trondhjemitic, granodioritic and
granitic composition (TTGG-suite, Li and Qian, 1994),
similar to “grey gneisses’ in Archaean terrains elsewhere
in the world (Fig. 3a), and were collectively named

Hengshan grey gneisses or Hengshan complex (Tian,
1986). These rocks are extensively migmatized, as
particularly well displayed along the asphalt road in Big
Stone Valley, and some of the migmatized zones show
evidence of extensive in-situ melting and advanced
anatexis, generating reddish granites (Fig. 3b). Several of
the granitic to granodioritic gneisses interlayered with the
more mefic gneiss varieties are considered to be the result
of anatexis of older tonalitic rocks (Li and Qian, 1994).
The compositional layering in the TTGG gneisses ranges
from dark, hornblenderich dioritic to tonalitic
compositions to K-feldspar-dominated leucocratic
granitoid varieties and was probably produced by a
mechanism of ductile flattening as described by Myers
(1978) and Passchier et al. (1990).

Rare fine-grained, felsic gneisses described as biotite
leptynites and interpreted as greywacke in the Chinese
literature (e.g., Li and Qian, 1994; Tian et al., 1996) are
interlayered with the granitoid gneisses and, on the basis
of zircon morphology and age (see below), we consider
these to be derived from felsic volcanic rocks such as
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Fig. 3. Field photographs. (a) Typical tonalite with incipient shear zones N of Shahe town (Yixingzhai gneiss) and south of the
Zhujiafang shear zone. This rock has a SHRIMP zircon age of 2513+15 Ma (S.A. Wilde, reported in Kroner et al., 2002). (b)
Migmatite showing deformed in-situ melt aggregates and cross-cutting pegmatitic material. Roadcut in NW-part of Big Stone
Valley. (c) Well layered trondhjemitic gneissin shear zone of Little Stone Valley. Note K-feldspar sigma-clast in upper right part and
thin, boudinaged mafic layer (mafic dyke) in middle part of photo. (d) Migmatitic, granodioritic gneiss with strong strain gradient;
upper part shows high-strain fabric with flattened and boudinaged layers; Great Wall Valley.

dacites and rhyodacites. Other Al-rich gneisses locally
containing kyanite are undoubtedly of sedimentary origin
as are quartzites and thin layers of BIF. The sedimentary
assemblage suggests shallow-water deposition, and thisis
similar to many other Archaean to Palaeoproterozoic high-
grade terrains such as eastern Hebel Province in Chinaand
the Limpopo belt of southern Africa (Kréner, 1998).
Within the gneisses there occur numerous boudins and
lensoid layers of dark mafic gneisses or amphibolites (Fig.
4a, b) predominantly consisting of an assemblage of
hornblende, plagioclase, garnet, clinopyroxene, quartz and
rutile, which commonly exhibit HP metamorphic
assemblages in their cores that are downgraded along the
margins (e.g., Wang et al., 1991; Li et a., 1998a; Walte,
2001; O'Brien et al., 2005). In rare cases, and in particular
in low-strain zones such as south of the major Zhujiafang
shear zone at the southern end of Little Stone Valley, a

typical gabbroic primary igneous fabric is preserved. A
dyke in upper Big Stone Valley dated by Kroner et al.
(2005b) at 1914+2 Ma still displays primary magmatic
layering. There can be no doubt that these amphibolitesare
remnants of mafic dykes that originally intruded into the
granitoid rocks as can still be observed at a few localities
in low strain zones. Kroner et al. (2005b) dated igneous
zircons from two samples of gabbroic dykesin Big Stone
Valey at ~1915 Ma and interpreted this age to reflect
emplacement of the dykes.

Ductile deformation has later rotated these dykes into
parallelism with the layering in the enclosing gneisses (cf.
Myers, 1978; see Fig. 4d) and, at the same time, caused
boudinage (Fig. 4b). Theresulting patternis essentialy the
same as in high-grade gneissterrainsin SW Greenland, in
the Lewisian complex of Scotland, in the Ancient Gneiss
complex of Swaziland, the Limpopo belt of southern

© 1994-2006 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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Fig. 4. Field photographs. (a) Disrupted gabbroic dyke fragments enclosed in TTG gneiss and intruded by granitic melt which cuts
an older fabric; Roadcut in Big Stone Valley. (b) Large boudin of metagabbro enclosed in granitoid gneiss. Roadcut in Big Stone
Valley. (c) Ductilely sheared granitoid gneiss with fine banding resembling supracrustal sequence; Zhujiafang shear belt S of
Zhujiafang village. (d) Ductile mylonite zone with finely layered granitoid gneiss and foliated gabbroic dyke in centre. Zhujiafang

shear zonein valley S of Zhujiafang village.

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 al 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. The mafic dykes have
been of particular interest in recent years since they
contain metamorphic mineral assemblages recording aHP
event with T up to 900°C and P up to 16 kbar (for
summary of dataand literature see Zhai, 1997; Zhao et d.,
2001; O'Brien et a., 2005).

At many localities the Hengshan gneisses are affected
by strong ductile deformation in well-defined ENE-WSW
striking shear zones that cut across the regional layering/
foliation and led to complete refoliation (Fig. 4c). These
high-grade shear zones (T up to 780°C, P up to 8 kbar,
Walte, 2001) are from several mm to several hundred

metres in width and frequently contain shear-sense
indicators pointing to dextral movement (Fig. 3c). In at
least three broad shear zones examined by us the
orthogneisses and gabbroic dykes have been extensively
refoliated into a finely banded assemblage of upper
amphibolite- to greenschist-facies gneisses and/or schists
(Figs. 4c, d) that have previously been misinterpreted as
supracrustal rocks and erroneously been assigned to the
Wutai low-grade greenstone assemblage that is exposed in
the nearby Wutal Mountain range (e.g., Li and Qian, 1994;
Tian, 1996).

The Hengshan gneisses experienced several phases of
deformation, but much of the early structural history of
these rocks was probably obliterated during intense ductile
shearing that produced a penetrative layering. Rare tight
intrafolial folds within this layering record the oldest
structures seen. The layering itself was produced after
emplacement of the mafic dykes, i.e. after 1915 Ma ago
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(Kroner et a., 2005h), during an extensive, penetrative
ductile event under lower crustal conditions. The dykes
were a so affected by this phase of deformation, leading to
rotation, severe flattening and boudinage. The layering
itself is commonly folded into isoclinal folds associated
with a strong stretching mineral lineation. This folding
becomesirregular around large mafic boudins because of a
marked ductility contrast between the layered gneisses and
the disrupted dyke material.

The oldest structure visible in the field isa S, foliation
in low-strain zones south of the major shear zone,

particularly in aroad-cut north of thevillage of Yixingzhai.

Here, a steeply foliated, syntectonic, coarse-grained
tonalitic to granodioritic rock (Fig. 3a) yielded a SHRIMP
zircon age of 2513 £ 15 Ma (S.A. Wilde, reported in
Kroner et a., 2002), and it is obvious from field
relationships that the penetrative fabric formed during
crystallization of the granitoid melt. This fabric is
therefore clearly of late Archaean origin.

Within the high-grade, ductilely deformed terrain, a
minera foliation (S,) is locally preserved in boudinaged
remnants of the mafic dykes. S; is defined by elongated
crystals of greenish former sodium-rich clinopyroxene
that reacted to a fine intergrowth of secondary
clinopyroxene and plagioclase (O’ Brien et a., 2005). S,
therefore formed during high pressure metamorphism.
This implies that all deformation visible outside of the
mafic boudins is connected to exhumation and the
retrograde history of the Hengshan.

Ds is the main phase of deformation under high-grade
conditions and produced the distinctive gneissic layering
S;, followed by partial melting of variable intensity. This
erased all older structures except for relicts in the mafic
boudins. Intensely foliated Ds-high strain zones aternate
with less deformed lower strain zones (e.g. Fig. 3d),
showing a foliation strike from N-S and NE-SW in the
North to E-W in the central and southern part of the range
(Zhujiafang unit, Fig. 2). D3 deformation led to boudinage
of the northern mafic granulites and was coeval with
partiadl melting and retrogression to amphibolite-facies
within the boudins. The partial melts tend to collect in the
boudin necks and connect the individual boudins with a
thin trace of white melt, sometimes over long distances.

The fourth phase of deformation (D) is presented by
several kilometre-wide E-W steep, transcurrent shear
zones, such asthe Zhujiafang belt (Fig. 2), that extend for
the full length of the Hengshan. These shear zones show a
dextral sense of shear, with a local dip-sip component.
The change in strike of S; in the northern Hengshan is
probably an effect of dextral shear on these major shear
zones. In the gneisses near the shear zone, D, is locally
recorded as tight folding of the D; foliation. Similar

exposures can be found in low strain zones in the centre of
the Zhujiafang shear zone, therefore indicating that the
Zhujiafang unit simply represents strongly sheared
Hengshan gneisses mainly of magmetic origin. The shear
zones record a history of deformation from hornblende-
stability at upper amphibolite-facies conditions to
greenschist facies ultramylonite and pseudotachylite,
recording the transition to brittle deformation. The dextral
sense of shear is recorded by asymmetric feldspar clasts,
deformation of syn-D, intruded pegmatite dykes, and C’
shear bands found in thin sections of ultramylonite.

In the western part of the Hengshan, and particularly
well exposad in road cuts SE of Yanmenguan (Fig. 2),
steeply dipping and weakly deformed dolerite dykes with
chilled margins cut S; but are overprinted statically by low
pressure granulite-facies metamorphism and subsequently
cut, in greenschist facies, by minor (probably D,) shear
Zones.

Based on microstructures and reaction relations
between mineral phases, four mineral assemblages have
been recognized from the high- and medium-pressure
mafic granulites (mafic dykes): a prograde assemblage
(My), a peak assemblage (M), pyroxene+plagioclase
symplectite or corona (M3), and hornblende+plagiocase
symplectite (M,) (O’ Brien et al., 2005). The metamorphic
evolution is characterized by a near-isothermal
decompressional clockwise P-T path (Fig. 5).

The P-T conditions of the early prograde eclogite facies
(M4) cannot be quantitatively determined because of the
absence of suitable minerals. Peak M, metamorphic
mineral assemblages indicate conditions of 13.4-15.5 kbar
and 770-840°C (Fig. 5). The high-pressure granulites may
have undergone medium-pressure granulite-facies
metamorphism following the high-pressure event, and the
medium-pressure granulites may have resulted from
retrograded high-pressure granulites (O'Brien et al.,
2005). Medium to low-pressure granulite-facies
conditions of 6.5-8.0 kbar and 750-830°C estimated for
the M3z mineral assemblage and core to rim compositional
variations of the peak-M, minerds reflect a nearly
isothermal decompression path. Such decompression
paths require rapid unroofing of deep-seated metamorphic
rocks relative to the rate of thermal relaxation and cooling.
This can typically be accomplished by rapid erosiona
exhumation or extensional faulting (England and
Richardson, 1977). P-T conditions of 4.5-6.0 kbar and
680-790°C estimated for the M4 mineral assemblage
indicate further decompression accompanied by cooling
and retrogression and are represented by hydrous phase
minerals in the mafic dykes. M, reflects exhumation to a
till shallower crustal level.
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Fig. 5. Simplified P-T diagram adapted from O’'Brien et al.
(2005) and showing different metamorphic stages, recorded or
inferred from microtextures, for the mafic granulite typesin the
Hengshan area. For detailed interpretation see O'Brien et al.
(2005).

3 Previous Geochemistry and Geochronology

Li and Qian (1994) reported mgjor and trace element
data for the Hengshan granitoid gneisses and concluded
that the moderately differentiated high-Al,O; tonalite-
trondhjemite-granodiorite assemblage is chemically akin
to Archaean TTG-suites elsewhere in the world. REE
patterns and the lack of a negative Eu-anomaly led these
authors to conclude that the gneiss precursors were
derived from melting of a mafic volcanic source,
presumably in a subduction zone along an active
continental margin. Gneisses of granitic composition were
interpreted to be derived by partia melting of a
presumably older TTG suite

Liu et al. (2002) demonstrated a remarkable similarity
in the major and trace element chemistry of Hengshan and
Fuping TTG gneisses with both units showing typical
TTG features and plotting in the volcanic arc granitoid
field on most discrimination diagrams. They concluded
from this that the Hengshan and Fuping gneisses

originated as a single crustal block and remained as such
during the early Proterozoic, aview supported by our data.

Published isotopic age data for rocks of the Hengshan
complex are few and were summarized by Tian et al.
(1992), Chang et a. (1994, 1999) Zhao et a. (20014, b)
and Kréner et al. (2005a). There are two Sm-Nd whole-
rock isochron ages for mafic granulites (gabbroic dykes)
of 2851+76 and 2818+86 Ma, respectively, interpreted as
the emplacement ages for the mafic rocks (Tian et al.,
1992). Multigrain U-Pb zircon analyses from a tonalitic
gneiss N of the village of Yixingzha (Yixingzhai
granitoid gneisses in Fig. 2) provided discordant results
with an upper concordia intercept age of 2520 Ma
(interpreted as the protolith age) and a lower concordia
intercept age of 1820 Ma (interpreted to reflect high-grade
metamorphism) (Tian et al. (1992). Single zircons from
this rock were further analyzed on SHRIMP and yielded
an age of 2513+15 Ma (S.A. Wilde, reported in Kréner et
al., 2002). As demonstrated below, the majority of
gneisses in the Hengshan was 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.

A 20-m wide, undeformed and seemingly
unmetamorphosed dolerite dyke cutting all structures in
the Hengshan gneisses and exposed in lower Big Stone
Valley provided a U-Pb zircon age of 1769+2.5 Ma (Hall
et a., 2002) which sets a lower limit to deformation,
metamorphism and uplift in the Hengshan complex.

Kroner et al. (2002, 2005a) summarized new SHRIMP
and evaporation zircon ages for the Hengshan, Wutai and
Fuping complexeswithout providing analytical detailsand
concluded from a comparative study that these three
complexes define genetically related late Archaean to
early Proterozoic igneous suites probably constituting a
Japan-type magmatic arc.

4 Analytical Methods

Whole-rock geochemistry

Whole-rock sample powders were analyzed for major
elements by ICP-AES in the Key Laboratory of Orogenic
Belts and Crustal Evolution at Peking University. Details
on the analytical procedure can be found in Xie et al.
(1994) and Liu et al. (2004), and major element accuracy
is within 0.1 weight per cent. Trace elements, including
rare-earth elements (REE), were analyzed in the same
l[aboratory in an Axiom multi-collector inductively
coupled plasma mass spectrometer (MC-ICP-MS). Rock
powders were accurately weighed (100 mg) into Savillex
Teflon beakers, and a5:3 mixture of HF-HNO; was added.
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The beakers were capped and placed on a hot plate at 190°
C until samples were completely digested. The samples
were then diluted with 1% HNO; to a suitable
concentration for analysis. Quantification was achieved
using external standardization and standard addition.
Standard Reference Materials SY-2 and MRG-1 were
used to monitor the data quality during the course of this
study. On the basis of duplicate analyses of international
reference materials and samples, the precision and
accuracy are estimated to be better than 2 % for all trace
elements, except for U (9%).

SHRIMP Il 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 etched in
48% HF for about 20 seconds. Etching brings out the high
-U, metamict parts of zircon. The etched zircons were
photographed in reflected and transmitted light to bring
out the internal structures, and the mount was then
repolished.

Isotopic analyses were performed on the Perth
Consortium SHRIMP |1 ion microprobe except for sample
Ch 020903 which was analyzed in the Beijing Shrimp
laboratory of the Chinese Academy of Geological
Sciences. Both instruments are virtually identical, and
their technical characteristics were outlined by De Laeter
and Kennedy (1998). The analytical procedures are
detailed in Claoué-Long et al. (1995) and Nelson (1997).
The reduced **Pb/*8U ratios for CZ3 were normalized to
0.0914, which is equivalent to an age of 564 Ma. The error
in the ratio 2°Pb* /U during analysis of all standard zircons
during this study was between 1.33% and 1.65%.
Anayses of samples and standards were aternated to
alow assessment of Pb*/U* discrimination. Sensitivity
was around 23 cpsy/x10~%nA Pb. Raw data reduction
followed the method described by Nelson (1997).
Common Pb is considered to be surface-related (Kinny,
1986), and corrections have been applied using the **Pb-
correction method and assuming the isotopic composition
of Broken Hill lead (Cumming and Richards, 1975). The
analytical data are presented in Table 1. Errors given on
individual analyses are largely based on counting statistics
and are at the 1-c level and include the uncertainty of the
standard added in quadrature. Stern (1997) provides a
detailed account of the counting error assessment for
SHRIMP analyses. Errorsfor pooled analyses are reported
at the 2-c level. The ages and 2 errors of intercepts of the
best-fit line with Concordia were calculated using the
ISOPLOT program of Ludwig (1999). These errors were
not multiplied with the square root of the MSWD since the
absolute value of the intercept error is strongly model-

dependent. Whenever isochron criteria were fulfilled for
best-fit lines, the model 1 solution was accepted. For cases
of greater scatter of data model 4U was used, i.e. the data
were weighted according to their degree of discordancy
with respect to the upper concordia intercept (Ludwig,
1994).

Single zircon evaporation

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

The calculated ages and uncertainties are based on the
means of al ratios evaluated and their 2-c mean 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 Paaborwa Carbonatite, South Africa
Conventional U-Pb analyses of six separate grain
fragments from this sample yielded a *°’Pb/*®Pb age of
2052.2+0.8 Ma (20, W. Todt, unpublished data), whereas
the mean *’Pb/"®Pb ratio for 21 grains, evaporated
individually over a period of 12 months, is 0.126634+
0.000026 (2c error of the population), corresponding to an
age of 2051.8 +0.4 Ma, identica to the U-Pb age. The
above eror is considered 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 2). In the case of combined
data sets the 2-c mean error may become very low, and
whenever this error wasless than the reproducibility of the
internal standard, we have used the latter value (that is, an
assumed 2c error of 0.000026).

The analytical data are presented in Table 2, and the
207pp/2%ph gpectra are shown in histograms that permit
visua 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 *’Pb/?®Pb ratio reflects a
concordant age. Thus, all **’Pb/*®Pb ages determined by
this method are necessarily minimum ages. However,
many studies have demonstrated that thereisavery strong
likelihood that these data represent true zircon
crystallization ages when (1) the 2"Pb/?®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 evaporation,
conventional U-Pb dating, and ion-microprobe analysis



613

ACTA GEOLOGICA SINICA Oct. 2005

Voal. 79No. 5

YFSOLT T1F0797 9TFEIST 9IFITU 8CFLILY'O SFLSBI'O LFP6Y1°0 077981 €91 96T 9-3£8066
9F169T €1FS197 9TFLIST 9IFEITL 09FLLLY O LFTH8L0 OIFHOE1 0 0£€97 L8 681 $-8€8066
SFSOLT TIF165T STFRYYT 91FE8°11 LSFOT9Y'0 9FLS81°0 OTFLOIT O 9991 81 1394 $-8£8066
SFI0LT [AE=T4T4 9TFEEST 91F0€°T1 09F4181°0 9FESRI0 6FEVPT'0 9LEVE 911 44 £-8£8066
S1F669T 9170€9¢7 0EF1152 TTFECT 89FCE8Y 0 SIFIS810 GEFHI61 0 LoLTT 67 134 7-8£8066
LFL69T £17695T STF60YT 91F6S 11 LSFIESHO 9T8Y8I°0 £1F0102°0 L6YEL9 o1 94! 1-8£8066
6¥97ST PIFI0ST LTFUYT 91FGL 01 197SL9Y'0 6¥8991°0 CIFIPEL0 10€2§ Le LL 9-178066
£IFITST SITI9VT LTFOOVT LIFPE01 19701540 £1F€991°0 1TFLYSTO §90LT1 €7 44 6-178066
8ITEIST 81FETST 0EFYEST 1756601 69FLISY 0 81F9591°0 TEFSSHT0 £€0€1 91 0¢ - 178066

8IFETST LIFE0ST 6TF6LYT 0TFLLOT 99F689v°0 81F6991°0 VEFIOZI0 1#81v 81 (42 £€-128066

978267 TIFST PTFIPEL $IF30°01 PSFLLEYO 9FOLIT'0 P1T910£°0 00666 861 €81 7178066

SIF6TST 9IFLSHT 8TFTLET 8156201 Y9T8YIY 0 SIFILOTO TIFLYO0 00LE6€ S 67 1-128066
8FI8IT L1F88YT SEFI6HT 6176501 18782LY0 $FSTIT0 6¥S6L0°0 SE6L8T 9 L61 1'$-¥18086
Y1FE8YT 61FTIHT SEFEBET 0TF80°01 8LFS6YY 0 £179791°0 8TF661°0 Yo1T 16 Lzl 1'v-418086
9FBLYT 91F667T 0EFH0IT S1T€9'8 Y9F6S8E"0 9FIT91°0 01FL¥80°0 s L0T 6vL 1'€-18086
LF08YT 91F78¢T TEF69TT LITSY'6 1LFOTTH 0 9910 01780800 1268 811 oty 1'T-718086
SFLYT 9IFLLYT PEFILYT 81FLY 01 8LFERIY0 SFIT91'0 SF1€50°0 6611€1 88 1454 1'1-418086
9TH0ST BIFL6VT 8EFE8YT 1ZFOL 01 98FELLY0 9T9¥91°0 TIFELOTO 79161 L6l 4 T'L-608086
SFR6VT 81F08YC BEFLEHT 0TF0S 01 98FIY9¥ 0 SFIPIT0 8F6L81°0 78601 8z 482 1°9-608086
LFTHIT 9176191 1Z¥8yel SLTE6'E 6£F9€1T0 SFEEETD 8FISHO0 600L 88 698 1°5-608086
LF£0ST SIF6LHT LEFSSET 0zF91°01 £8FRLIYO 9791910 OIFS6E1°0 SYRIE 11 6T 608086
SF66YT SIFE6YT 8EFI8YT 0TF$9°01 LSFSOLY 0 SFHIT0 0IF60220 S09¢€Y 082 9v¢ 17608086
91FTSIT 9IF8LII PIFST8 Y§FIST STFIELD TIFOVET'O 9TFITE0'0 $06 SLT L501 1°€-608086
$T705T S1F6YYT LEFS8ET 61FS1°01 TRFBLYY O SHA91°0 8796910 £896€ we €0t 1'7-608086
LFS05T LIF108T SEFI6HT 61FL 01 6LFOILY O LFLYST'0 YIFH09T0 TT69 26 sTe 1°1-608086
OIF358 dy,/Ad,;,  O1F9F8 N1,Ad,;,  OIFIBE Ng,/9dyg, Neer/, g Nger/dgqr 9d,/9d, o Gdy /Uy, Ad, ./, (,01)UL (Lo1X)1  "oN Jdwes

euny) ‘x3jdwo) ueysduay a3 Jo sasspu projiuessd o) sucdiz Jyeuiseu 10§ ejep [Bdonifeue Iy JATIHS 1 2981



Kroner et al.

Late Archaean and Palaeoproterozoic Lower Crust in Northern China

614

“Aloteloqe| Builiog woy are e1ep £06070 4D Adwes

0TFIIHT £IF0181 OIFIEET 8F56'p 0TEY6TT0 61F£961°0 6EFH9ET0 Shbs 6vy 05 $-£06020
SIFSINT T15062C LIFTSIT JE7 9EFEI6E'0 £1F2951°0 LTFSSEN0 £vE9 8¢l 99z +-£06020
TIFIT 01F5207 7176591 LFYE9 STIYE6T 0 TIFL95T°0 TCFOIT0 €171 61T 6vS £-£06070
TIFOTYT OTFL00T TIFIEY] LFTTY STFBLETO 11FL951°0 61F6691°0 SY6T1 0£2 0LE T-€06020
1IFCTve TIFSSET LITRLTT 119916 SEF6ELYO 0IFR951°0 1ZFEETTO ] (x4 152 ot 1-£06020
1IFS6vT PIFS6VT LTFS6YT 9IFL90I T9FLILYO 1178£91°0 £2F0067°0 1969€7 s £ -€L8066
£F63YT 170112 SIFVLL 6669 LEFYOIE 0 £F2€91°0 VFLOVO'0 9685 66 6001 TE-£L8066
LFEOST £1FS6VT 97F98YT SIF8901 65T90LE0 LFSPIT'0 €IFELTT0 vlovh 66 21 1'E-€L8066
6796+T PIFSERT STFEIET S1700°01 LSFLTIYO 6¥6£91°0 9IF8L610 LS1T6E s 9L T-€18066
117864 PIFEEHT 9TFSSET SIT86'6 LSF60VY0 OLFIY9I'0 TTFTSSTO 010101 4] £L 1-€28066
vFS0ST TIFSPT STFSIVT EIFEEO SSFOPSH0 VF8YO10 1IF1£6€0 $8L56 95 80v 658066
SFHOSZ TIFE6HT STF6LYT PIF59°01 8SFO69Y°0 SFOY9L0 ZIFVESE0 509§ [433 097 £-658066
SFR0ST TIFLOYT STFHRYT FIFOLOF 8SFIOLY0 SFIS91°0 117€8620 PETIEl 91g 867 7-658066
6F10€Z £1F602C THFIT HFI8L 3YTILED SFIOPTD PIFOIPIO TT9LL 9 Lyl 1-658066
1178152 17¥88€T 6EF8LIT 1Z70T6 PEF6I0V'0 11F19910 0TF6S60'0 LLOT 2 991 S-L18066
LIF0EST YIFLEST 9PITEST 8TFOO'1H SOIFLIZYO LIFZLOTO OEFLLITO 1L9€ €2 0§ L8066
$¥8TT 1Z7005T £HFIOHT YTFELOI 86F1995°0 8F0L91°0 TIFOV01°0 1s2L 19 oLl £-L¥3066
TIFITST TTLYT SHFLIVT YTFEY 01 LET6YSH0 TIFH991'0 8IFH601°0 el 0g 18 T-LY8066
LF00ST 617TEIT TeFILLY 9IF91°L 99FZ91£°0 LFTII0 8F9ELO'0 86L6 or 95z 1-L18066
6F60LT 17192 YPFO6YT LTFOI'T 00IFSILYO OTFZ981°0 9IF9581°0 ST L0 o1 9-£18066
LIFE1LT TTFI89L LYFYSOT OEFILE 60146050 £IFLIRI'O 61FTY300 1949 N4 €8 S-€18066
$FTLT 1TFA0LE GYFEEYT 0EFPECL 60178150 6799810 £IT9ES10 899 58 81 -€V8066
VIF60LL £TF039C LYFIY9T LEF66'€1 O1IFEY0S0 91F2981°0 9TFLEETD Shbs 4 vs £-EpR066
HFTILT LT GYFETIT 0EFT6 T LOIFIZ0S0 21799810 0TFSSLI0 7889 or L8 Z-€¥8066
SFCILL ITFLILT LHFIELT 0EFTSEl IF6525°0 6799810 €IFLITI0 s8Izl 09 Lzl 1-€£8066
o1FaBe a4, MAd,,,  O1FFe (1 /ad,,,  O1FTE (1 MAd,y, Nye,/9d, 57 Nger/dog; Ady/9d, 57 A/ /gy (OPIUL (01N oN idwes
(1 penupu)



615

ACTA GEOLOGICA SINICA Oct. 2005

Voal. 79No. 5

LEFEIST 0€¥625T YYFOVST 9EFED' 11 10170€81°0 LEFISIL'O ILFILS10 969¢ €1 9 ¥-9OH
TTFSOST 1T¥6L7T 0£F9€0T OTFEY'S SOFYILEO TTFLIILO IPFPSIL0 1££9 9 44l €-90H
LTFSST 9TFHEST PYFE0ST [A3T4M 101FSpLY0 8TFOOLL'0 1PF28S1°0 STIEL 2! L T-90H
LTFSTST STFILST TYFEPIT 1€769'11 86FL90S0 LTFLITO ISFILET'O vL8T 0T [44 1-9DH
OVF6EST 1€79057 TYFLIVT LEFO8°01 L6F299%°0 1PF1891°0 6LFT601°0 €491 €l €€ S1-$OH
8TFR6YL STFIEVT LEFISET LTFI6'6 YSFI0VH0 8TFIVIT0 0SFELOI'0 81€€ 61 143 ¥1-SOH
898161 8EFRI61 £EFH161 STFI9'S 69FLIVE0 SYFSLIT'O €6F6810°0 185€ 90 6¢ €1-SOH
€IFSEST 81F0VST 9EFSHST TTFOT 1) £8FZY8Y0 CIFLLINO TCFOILLO 96£71 18 671 TI-SOH
StF1161 8TFEE6! 0£FrS61 61F1L'S YOFIPSED OEFOLILO 19¥2900°0 SEEL o 8 11-$OH
0176287 L1955 9EF065T 123611 £8F9V610 OIFILITO 91F7961°0 68121 (441 Ll 01-SOH
PIFIPST 61F5TST 9EF50ST FO'11 T8F0SLY'0 YIFESIL0 STFOSS1°0 ssTy 9 911 6-SOH
01¥918Z LIFLOST SEFI6VT 0TF18°01 08F8TLY 0 01F8591°0 81F7961°0 65L6 6£1 61 8-SOH
LIFV161 LIFHT61 STFYEG! 11759 65F86V€°0 LFLLITO 91¥9600°0 1681 LT 91 L-SOH

9¥2T5T 91¥81ST YEFEIST 6177601 8LF899Y°0 9Fr991°0 6¥9L61°0 01 6€€ 8Sy 9-SOH
£1F0pST 81F915T 9EFLBYT TTFT6°01 T8¥80LY 0 £177891°0 TCHIELD 8YIL £ 601 $-SOH
1179052 8IFE8YT SEFSSYT 0ZF€501 6LFIEIY0 1IF8¥91°0 LIFEEPT0 989L 1L 182 +-SOH
0TF6LYT 17356€T SEFLETT TTFRS'6 LLFISTVO 61F7791°0 £EF60Z1°0 43 8z L9 €-SOH
0TFL0ST LIF6SYT VEFIONT 61792701 9LFTISYO 01F6¥91°0 9IF¥191'0 L8791 6L 8€1 T-SOH
8EF1061 STFOS81 0£¥9081 9IF61'S T9FEETE0 STFYIILO o¥6210°0 ovSL 14 vE 1-SOH
LF05¢€T YTF8TT 8VF61TT TTFIS'S SOTFOT140 9FH0ST'0 T1F62H0°0 6087 €8 186 TI-vOH
SFLIET YTRIYT TSFIT 9TFIL6 61170990 §F61S1°0 RS ] LovL 66 686 11-¥OH
SFPLET YTFSEVT £5F805T 9TF00°01 1Z1F9SLY'0 SFSTSI0 6¥8b¥0°0 80961 811 S0l O1-¥OH
SIFPLET LTIILLT 69F19¢€€ 15F6€ 71 181FV¥89°0 €IFSTST0 9TFI8600 €217 LS £€1 6-¥OH
9F6LET YTFERTT WF6EIT IZF11'8 101¥5€6E°0 SFY6YL0 6FL801°0 S20s 89 L 8-vOH
8IFLTIT 9TFNMIT 6vF80TT TTHFYL 901F¥80¥°0 YIFTIELO IEFLEELO 1L01 Le 86T L-¥DH
9F092C €TFH90T 15FbL81 LIFEY9 98TELEED SFITYT0 OIFIONIO 18€1 01¢ 061T 9-¥OH
LFIET £TF60T 1578L81 RIFLR'9 98FEREED 9FILYT0 EIF9PI1°0 €€zl 42 3341 S-¥OH
9FELTT £TF6LIT SYF080T 0ZFSS'L LEF608E0 SF8EVI'0 01F£L50°0 6LY1 98¢ 1881 ¥¥OH
9FPTET YTFSTST 8SFIRLT 6732011 8EIFY6ES0 SFISPI0 6¥5550°0 orLT s8I 9L £-vOH
9F8SHT YTFISHT ISFITIT LTFLTOT 81IF509¥°0 9FZ091°0 1179160°0 £919 Ll ey T¥OH
vFpiEL £TF6661 8ET80LI 91¥91'9 LLFEOE0 PFILYLO LFEVE00 £8L1 15T T16T I-¥OH
O1F39® Qd /Ay,  OIF98e (1 /Ad,,  OIFOTe Ny /Ady, N/, o Ngee/dgg Qdgr/9d Qdgc/9d g Ad,:/9d gy, GopJuL opdn  "oNIdures

(z penuyuod)



Kroner et al.

Late Archaean and Palaeoproterozoic Lower Crust in Northern China

616

0ZF01ST 0TFOIST PEFOIST £TFK8°01 LLFOILY'O 61FT591°0 PEFEYSIO LESE 8¢ 69 0T-LOH
1T#905T 0TF60ST YEFTIST YTFER 0L LLFILYO 1TF6191°0 EHFBSLTO 018 89 89 61-LOH
0ZF60ST 61F80SC €EFLOST £TF€8°01 SLFSSLY'O 61FT591°0 8EFHTITO £€81 69 98 81-LOH
9EF10ST 8TFSEST LYFETEE 9rFIE Sl 1TIF8SLY0 9EFHO1'0 OLFOYOI'0 8LYE 91 9 LI-LOH
CTFEOYT 1739057 PEFELST $ZF08°01 8LFI6LYO €TFIE910 9PFO6£T 0 L60E [39 99 91-LOH
8IFHIST 6LFLOVT EEFSLYT TF69°01 PLFI89L0 81F9591°0 BEFLLEEO 950t $6 8L SI-LOH
LTFLOST ETFVEST 9£¥896T 8TFETNI ¥8FE68H0 9ZF0S91°0 €STHTTTO 182C 6¢ 6 $1-LOH
CEFO6YT STFSIVT PEFSTHT 8TFHE 0L LLFLISY'0 TEFI1°0 LYFLETTO 6LS1 44 o €1-LOH
9IF8TTT 9IF6LIT LTFLTIT YIFSS'L LSF606£°0 SIFIONI 0 TTFS600°0 $E0E 6 661 TI-LOH
LIFEIST 81F00ST TEFHBIT 1TFELOT YLFIOLY'O LIFSS9T°0 TEFLESTO 1%6C £S $6 11-LOH
9EFB06T LTFITST 9EFREST 1E¥86°01 £8F9T8Y0 9£70591°0 9LFLYSTO 026 65 ¥9 01-LOH
0EFTIST YTROVHT £EFSSET 9Z¥90°01 PLF60YY'O OEFHE91°0 65F6EY1°0 X974 0 65 6-LOH
YTFS6YC 1TFL6TT T1€F180C 0TF09°8 LIFOI8E0 £TF8E91°0 SEFLTZ600 689% 14! 6 8-LOH
LTFI08T YEFOTIT OLFLLLT SHFOTTL 89178¢S0 9TFHYIL'0 8YFBEI00 6¥0¢C Y0z TIL L-9DH
8TFL0ST ETFO6PT SEFI6VT LTFeL 01 08F6ZLY 0 LTFSHIT'0 SSFIVOTO L9ST Sy 19 9-99H
TTFIIST 0TF905T £ETS61T YTF0801 LIFSTUYO TTFSSI10 IWFIPLLO 995¢C St 1L S-LOH
YTFS6HT 1TF00ST YEFLOST STFYLOL 8LFSLY'0 vTFREIN0 PHFI180'0 0981 4 9 ¥LOH
STF6RPT TTFECIST £EFTHST 97¥88°01 LLFVERY'O LTFTESIC $SFOSLOC 88 61 <8 €-LOH
YIFTIST LIFH95T €EFIE9C 1Z%61° 11 8LFOY0S0 PIFHSI1'0 0TF1650'0 4%a4 €2 701 T-LOH
SIFPIST LIFEEYT 6TF8EET 817866 YOFLLEY'O SIFIS91°0 6TFPLELO 8601 001 5174 1-LOH
YIFE0ST 6170SKT SEF98ET 13#91°01 8LFRLYYO PIFOVIL 0 £TFC961°0 7656 65 16 TI-90H
[AE=74%4 81F0EHT EEFITEL 613566 ELTEEEYD TIF9991°0 TCHLBITO 0SI11 607 €5 11-90H
€8F6TST TSFESHT SYFLIET 85FTT01 00IFLEYYO £8F1L91°0 6LIFHOLLO L8€1 1z ve 01-90H
1€F9b5T 9TFOLST TYF665T £€796°11 86¥9961°0 1£76891°0 85F80L00 S9veE Tl 6 6-90H
STFLSS1 YTFTISL 6EFSSHT 8ZF98°01 68F9€91°0 STFOOLL'0 LPFOI8I0 LEOY 74 oy 8-9DH
TIFIEST 81798bT SEFIEHT 1779601 6LF08SY'0 TIFELITO 1ZFSHLI0 0L6S 08 6T1 L"9OH
S1FTTST 6176T5C LEFSEST £TFLOIL SEFHT8Y0 SIFF991°0 YTFYTI0 6561 8¢ 93 9-9OH
£TF195T £TFCIST SEFVLYT LT766°01 LEF6LY'0 YTFAOLL'O £VFESTI0 60VS £z ¥ $-9DH
OIF938 Qd,,/Ad, . O1F8e (1.,/[Ad,,;  O1F28% [, /Ad,,, N/, g Ngez/ gz Adg./9d, o Ad g/ gy 44, ,/9d oy, GO UL (; 01X)1  "ON ddureg
(€ ponunuod)



Vol. 79 No. 5 ACTA GEOLOGICA SINICA Oct. 2005 617
Table 2 Zircon morphology and isotopic data from single grain evaporation
Sample No. Zircon colour and morphology Grain# Mass scans'" Evapor(itg;n temp rat?:g?nan d Z?clym Z:)ror an S zl_c::be:rii
Lisht 0 liaht vellow-b 1 55 1607 0.164329+72 2500.740.7
Ch 980802 ‘ﬁ) ng%; ‘;Ys;at‘i‘i , ef:is"r‘;’unfi"c";"' 2 99 1602 0.164328£51 2500.740.5
3 88 1599 0.164286:52 2500.340.5
Mean of 3 Grains 1-3 242 0.164313432 2500.540.3
1 88 1604 0.16457859 2503.240.6
Ch 980809 D]z;‘;f:fi':’;;‘g& yellow-brows, 2 143 1607 0.164597439 2503.4+0.4
3 121 1602 0.164627+55 2503.740.6
Mean of 3 Grains 1-3 352 0.164603128 2503.540.3
1 88 1603 0.184916157 2697.540.5
Light ye[low to long-prismatic. 2 132 1607 0.1848541+44 2696.910.4
Ch 980811 g .
idiomorphic rounded ends 3 110 1604 0.184887+43 2697.240.4
4 165 1602 0.184866133 2697.040.3
Mean of 4 Grains 14 495 0.184876121 #2697.110.3
1 132 1607 0.162145133 2478.240.3
2 110 1603 0.162129+49 2478.040.5
Light grey, long-prismatic, ends 3 77 1603 0.162159+59 2478.340.6
Ch 989814
rounded 4 132 1601 0.162138435 2478.130.4
5 121 1600 0.162108+49 2477.840.5
6 77 1604 0.162165%53 2478 40.6
Mean of 6 Grains 1-6 649 0.162149+18 *2478.210.3
Ch 980824 Yellow-brown, long-prismatic, 1 77 1599 0.181928465 2670.50.6
ends rounded. 2 88 1600 0.181942+49 2670.710.4
Mean of 2 Grains 1,2 165 0.18193640 2670.610.4
1 88 1605 0.163533169 24925407
Chogogss  Light yellow-brown, long-prismatic, 2 88 1607 0.163498147 2492.240.5
ends slightly rounded 3 110 1605 0.163520+42 2492.410.4
4 132 1607 0.16354130 2492.610.3
Mean of 4 Grains 1-4 418 0.163525123 *2492.440.3
1 55 1602 0.164556171 2503.040.7
2 120 1598 0.164561156 2503.140.6
Chogogag  Light grey-brown long-prismatic, 3 104 1603 0.164581+43 2503.3+0.5
ends rounded 4 99 1599 0.164511146 2502.610.5
5 82 1599 0.164553153 2503.040.5
6 82 1600 0.164536133 2502.810.3
Mean of 6 Grains 1-6 542 0.164550+21 *2503.010.3
1 110 1601 0.161438+45 2470.80.5
o 2 75 1598 0.161419+58 2470.620.6
Chogogsy ~ Darkred-brown, long prismatic, 3 80 1603 0.161447156 2470.940.6
4 77 1604 0.161372£50 2470.140.5
5 93 1599 0.161356138 2469.8+0.4
Mean of § Grains 1-5 435 0.1614074+22 *2470.54£0.3
1 104 1597 0.186486291 27114108
Ch 990843 Light yellow-brown, .long.—prismatic, 2 122 1599 0.186407164 2710.710.6
rounded terminations 3 109 1598 0.186436149 2711.080.4
4 105 1598 0.186472429 2711.310.3
Mean of 4 Grains 1-4 440 0.186450%30 2711.130.3
1 105 1598 0.166422+54 2522.040.5
Ch 990847 C';:;,:?aﬁif‘e{,ﬂl":;ﬁ'?&l’.ﬁa':ig' 2 130 1599 0.166394+62 2521.740.6
3 125 1599 0.166363161 2521.440.6
Mean of 3 Grains 1-3 360 0.166391135 2521.740.4
Ch 990854 1 119 1600 0.164656161 2504.00.6
Pink to light grey, long-prismatic, 2 76 1599 0.164626163 2503.740.6
ends rounded 3 79 1601 0.164763172 2505.130.7
4 83 1599 0.164799£62 2505.540.6
Mean of 4 Grains 14 357 0.164706133 2504.610.3
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Fig. 6. (a) Primitive mantle-normalized multielement diagram of granitoid gneisses from the Hengshan (dark
grey) and Fuping (light grey) Complexes, based on data of Table 1 and Liu et al. (2004). (b) Triangular Rb-
Hf-Ta-plot (Harris et al., 1986) showing samples of Hengshan (+) and Fuping (x) TTG gneisses. Designated
fields are: VA — Volcanic arc; OF — Ocean floor; WP — Within-plate. Data from Table 1 and Liu et al.

(2004).

have shown this to be correct (Kroner et al., 1991, 1999;
Cocherie et al., 1992; Jaeckel et al., 1997; Karabinos,
1997).

5Whole-rock Geochemistry

Geochemically, the Hengshan grey gneisses are similar
to Archaean TTG-suites elsewhere is the world (e.g.
Martin, 1987) that have been interpreted as root zones of
arc complexes (e.g. Cassidy et al., 1991; Percival, 1994).
Our analytical datafor whole-rock splits from some of the
same samples from which zircons were separated are
given in Table 3. These rocks are metaluminous to
peraluminous, define a calc-akaline trend, as already
noted by Li and Qian (1994) and Liu et a. (2002), and are

characterized by awide range in SiO,, high N&O, Ba, Sr
and low Y. REE-patterns are similar to the Fuping TTG-
assemblage (Liu et a., 2002) and Archaean granitoids
elsewhere in the world, and only the most differentiated
granodiorites and granites exhibit siight negative Eu-
anomalies. Selective enrichment in LIL-elements and
marked depletion in Nb, Ta and Ti are probably derived
from magmatic precursors with a strong mantle signature,
modified by a subduction component and variable
contributions from older crust (Pearce et a., 1984; Harris
et al., 1986). A particularly diagnostic discriminant for the
tectonic setting isthe Rb-Hf-Tatriangular plot for felsic to
intermediate magmatic rocks in which arc-derived suites
occupy a field distinct from rocks generated in within-
plate and ocean floor settings (Harris et al., 1986).
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Table 3 Chemical composition of selected granitoid gneisses from the Hengshan Complex, North China Craton (major elements
in weight%, trace elementsin ppm)

Sample No. 980802 980803 980804 980806 980811 980814 980824 980825 980833 980838
SO, 65.89 67.90 52.70 66.75 68.15 60.21 71.93 68.53 69.34 64.12
TiO2 0.64 0.46 1.86 0.43 0.42 0.52 0.34 0.50 0.25 0.30

Al203 13.81 15.27 12.98 15.63 15.84 16.89 14.66 15.61 17.01 18.17
FeO 4.13 2.58 10.23 2.26 2.46 4.06 154 2.23 1.34 1.83
Fex03 157 1.38 413 1.16 0.83 1.60 0.81 1.10 0.29 1.02
MnO 0.07 0.05 0.19 0.04 0.03 0.08 0.02 0.05 0.01 0.05
MgO 3.23 152 3.47 177 1.74 3.33 0.55 1.29 0.65 1.84
Cao 2.96 2.93 6.43 4.28 2.62 4.72 1.95 3.37 3.30 5.22
Na0 247 411 2.48 4.62 4.59 5.03 3.73 4.46 5.27 4.35
K20 3.30 1.85 2.33 1.48 1.95 175 3.86 1.58 157 197
P20s 0.15 0.09 0.46 0.14 0.13 0.23 0.08 0.14 0.07 0.16
LOI 1.50 1.64 1.88 122 0.90 1.34 0.66 1.10 1.03 1.06

Total 99.72 99.78 99.74 99.78 99.66 99.76 100.13 99.96 100.13 100.09
Cr 201 168 157 189 124 156 206 218 99 139
Co 25.8 12.6 54.8 13.0 10.4 18.2 7.85 10.7 6.99 115
Ni 51.9 22.6 447 28.8 15.9 35.8 12.3 13.8 13.4 222
Cu 86.4 36.8 88.4 26.6 18.2 8.69 10.9 14.4 8.82 34.2
Zn 76.4 834 222 84.9 83.6 87.4 147 88.5 43.0 55.6
Rb 126 69.8 59.1 48.9 80.0 52.9 197 51.8 46.2 68.6
Sr 175 366 297 529 290 682 385 312 904 646
Y 7.74 7.14 35.2 7.06 5.42 15.0 7.29 3.66 164 4.83
Zr 136 121 230 142 148 196 188 136 733 134
Nb 8.23 6.23 14.0 6.64 4.44 8.07 8.53 541 3.06 7.38
Sn 177 0.95 2.05 101 0.78 155 2.03 0.71 0.44 0.78
Cs 1.99 2.36 1.96 1.29 1.42 1.23 4.46 551 1.63 4.20
Ba 701 424 698 508 201 625 956 388 545 548
La 43.2 13.2 34.0 13.6 121 55.1 42.3 14.9 14.7 20.2
Ce 818 285 80.0 31.0 24.3 105 80.4 30.5 26.9 43.1
Pr 9.12 321 9.62 3.62 2.68 111 8.25 3.24 2.84 5.08
Nd 33.0 131 42.1 16.5 10.2 411 28.2 131 10.7 19.7
Sm 4.62 2.32 9.17 3.23 197 6.35 4.09 1.90 155 3.02
Eu 118 0.72 2.28 0.89 0.55 1.58 1.02 0.63 0.87 0.91
Gd 417 2.15 9.13 2.51 1.95 6.50 3.82 174 142 2.62
Tb 0.44 0.29 1.23 0.29 0.25 0.70 0.37 0.18 0.10 0.24
Dy 175 121 7.03 1.29 1.08 3.08 151 0.86 0.39 0.99
Ho 0.31 0.29 133 0.29 0.27 0.63 0.31 0.17 0.08 0.17
Er 0.80 0.80 3.74 0.74 0.61 148 0.84 0.32 0.60 0.48
Tm 0.10 0.12 0.55 0.08 0.08 0.19 0.08 0.03 0.02 0.06
Yb 0.65 0.69- 3.34 0.64 0.46 1.30 0.55 0.23 0.21 0.42
Lu 0.12 0.12 0.53 0.10 0.06 0.19 0.08 0.04 0.02 0.07
Hf 4.09 3.18 6.03 4.35 411 5.78 5.07 4.38 2.17 3.98
Ta 0.92 0.80 0.90 0.38 0.48 0.66 0.75 0.52 0.20 0.46
Pb 8.95 5.26 9.88 8.96 5.40 1110 18.75 371 16.63 8.91
Bi 0.14 0.06 0.16 0.05 0.03 0.04 0.02 0.14 0.02 0.17
Th 20.6 3.17 4.27 112 4.04 12.0 13.9 1.48 0.57 4.95

U 114 0.57 0.87 0.26 0.53 0.28 151 0.23 0.17 1.20
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Table 4 Summarg/ of emplacement ages for granitoid orthogneisses from Hengshan, northern Shaanxi
Province, China'*

No. in Fig. 2 Sample No. Rock type and description Zircon age (Ma) Dating method®

Agegroup 2712-2670 Ma

Grey trondhjemitic gneiss, from migmatite

15 990843 domain, GWV 271242 SHRIMP
Same sample 2711.1+0.3 Evap.
14 990838 Well foliated grey biotite gneiss, BSV 2701+5.5 SHRIMP
5 980811 Grey granodioritic gneiss, GWV 2697.1+0.3 Evap.
Finely layered, fine-grained biotite gneiss
7 980824 (felsic metavolcanic?), GWV 2670.6£0.4 Evap.
Finely layered, fine-grained biotite gneiss
13 990821 (felsic metavolcanic?), BSV 2526+4.7 SHRIMP
Garnetiferous trondhjemitic gneiss, roadcut
27 HG5 near Yanmenguan 2520+10 SHRIMP
Two euhedral grains from same sample 1912+9 SHRIMP
Grey, unveined trondhjemitic gneiss from
18 990847 migmtitic sequence, BSV 2524+8 SHRIMP
Same sample 2521.7+0.4 Evap
Trondhjemitic gneiss, roadcut near
28 HG 6 Yanmenguan 2526+12 SHRIMP
Dioritic gneiss from margin of metagabbro
21 990859 boudin, LSV 250645 SHRIMP
Same sample 2504.6+0.3 Evap.
Trondhjemitic gneissin sheared contact
20 990854 with metagabbro boudin, LSV 2504.6+0.3 Evep.
Coarse-grained, well foliated tonalitic
17 990845 gneiss, BSV 2504.4+0.4 Evap.
Trondhjemitic gneiss near foliated
10 980838 metagabbro boudin, Ruyue Valley 2503.040.3 Evap.
Coarse grained, foliated pegmatitic red
4 980809 granite-gneiss, BSV 2501+3 SHRIMP
Same sample 2503.5+0.3 Evap.
Homogeneous felsic gneiss (highly sheared
2 980803 granite), BSV 2502.3£0.6 Evap.
2 990871 Tonalitic gneiss, ST/: II :;/ de valley of Ruyue 2502.3+0.3 Evap.
Trondhjemitic gneiss, roadcut near
29 HG7 Yanmenguan 25074 SHRIMP
Homogeneous tonalitic gneiss, not
1 980802 compositionally layered, BSV 2500.510.3 Evap.
Well foliated granite gneiss from migmatitic
23 990873 blage, SW of Guaner 2499+6 SHRIMP
Same sample . 2497.6+0.3 Evap
Foliated, slightly sheared trondhjemitic
11 980845 gneiss, LSV 2498.810.3 Evap.
8 080825 Fine-grained, hlgthLsg? ned granite-gneiss, 2496.3+0.3 Evap.
9 980833 Granitic gneiss, LSV 2492.4+0.3 Evap.
Dioritic gneiss at outer margin of gabbroic
6 980814 boudin, GWV 2479+3 SHRIMP
Same sample 2478.2+0.3 Evap.
12 990803 Dioritic gneiss with melt patches, BSV 2455+2 SHRIMP
one euhedral zircon grain from melt patch
of same sample 1881+8 SHRIMP
25 020903 Red migmatitic gneiss, LSV 2420+3 SHRIMP
Age group 2359-2112 Ma
3 980806 Fine-grained granitic orthogneiss, BSV 2358.7£0.5 Evap.
19 990850 Layered trondhjemitic gneiss, BSV 2329.7+0.6 Evap.
26 HG 4 Pegmatitic granite-gneiss, BSV 2331+36 SHRIMP
24 990881 Pegmatite cutting older gneissesin LSV 2248.5+0.5 Evap.
16 090844 Red anatectic granite from migmatitic 211348 SHRIMP

assemblage, GWV
Same sample 2112.3+0.6 Evap.

@ Analytical datain Tables 3 and 4; ® SHRIMP — U/Pb age with 2-G error, based on SHRIMP |1 analysis (Table 3). Evap. — Single
grain evaporation 2°’Pb/*®Pb age with 2-6(mean) error, see Table 4. BSV — Big Stone Valley; LSV — Little Stone Valley; GWV —
Great Wall Valley.



Vol. 79 No. 5 ACTA GEOLOGICA SINICA Oct. 2005 621
056 T T 1 v . . . y
Ch 990843-Palacosome 990838-Well foliated gray |
} 2 Y } . ; = -~ -
ol migmatitic tonalitic gneiss, =300 biotite gneiss, Great W 2700 3
0.54F Great Stone Valley, Hengshan, ; &) 0.52 F Great Stone Valley, 1ar g
northern China / = | northern China
0.51F =
65
- 262
S 0.50 2600 2 0.50 ) grains, mean
2 ) ] - /" Pb age:
2550 = 701 +5.5 Ma
0.48} )49}
0.46¢ o Li 1 _-'../_" 4
| . ¥ A% 1 £
I \h.m\.” o/ \t |\‘ | L« |
age: 27122 Ma i_ . (b~ 1
0.44 jo R T TR S N T e 04 L ]
1.0 12.0 12 13.0 13.5 124 0 13.5
I 1 Pb/™1
l: - . y - T ]
Ch 99082 1-Fine-grained leuco - |
;!l:;'lk\.II'\-I-:l\'nu-ln\;li-;.un:\":. 0. '\':‘F-‘”«!'; }
Great Stone Valley, Hengshan, > g \ ’ |
0.48I" horthern Chir g U. . 2400 _—
e I Valley, Hengshan, e
0.44 northern China 7 4
— 0.46 0. S 0 4
2400 / = - iy
N / 0.40 A
| /e 2 b d /
0.44 -~ % ,/;2, )38 F / -

I Concordia 4 I / . |
intercept age: = 0.36 / 0] (G —
2525+7Ma I Mean ““Pb/ Pt i I

0.421 / 034l | \I[‘_ Pb/ Pb H
/' | age: 25248 Ma £ |
// 032 7 |
| Vi 030l ) , 1 L L L i \ =)
0.40" L L G e L L { DL :
4 9 ( 11 0 5 8.0 8.5 9.0 9.5 10.0: 6
Ph/™ Pb/™ 1

Fig. 7. Concordia diagrams showing SHRIMP analyses of zircons from Hengshan granitoid gneisses. Data boxes for each analysis
are defined by standard errors in 2"Pb/?°U, 2%°Pp/?8U and 2'Pb/?®Pb. (a) Palacosome of migmatitic gneiss sample Ch 980843.
Inset shows histogram with distribution of radiogenic Pb isotope ratios derived from evaporation of 4 single zircons from same
sample, integrated from 440 ratios. (b) Grey biotite gneiss sample Ch 980838; inset shows CL-image with good oszillatory zoning;
(c) Fine-grained leucocratic gneiss sample Ch 990821 (felsic metavolcanic rock?); inset shows euhedral magmatic grain with
excellent oszillatory zoning (d) Palacosome from migmatitic gneiss sample Ch 990847. Inset shows histogram with distribution of
radiogenic Pb isotope ratios derived from evaporation of 3 single zircons from same sample, integrated from 360 ratios.

Fig. 6b shows such a plot for Hengshan gneisses dated
by uswhich clearly supportstheir arc derivation. Thereare
also chemical similaritieswith the Jurassic Bonanzaarc on
Vancouver Idand, Canada (DeBari et a., 1999), the
Talkeetna arc of southern Alaska (DeBari and Sleep,
1991), the Cretaceous Ryoke arc-granitoids of
southwestern Japan (Kutsukake, 2002) and the Archaean
Pikwitonei gneisses in Canada (Percival, 1994). The
granitoids of the Neoproterozoic Goias magmatic arc of
Brazil (Vianaet al., 1995) serve as another example.

6 Zircon Agesfor the Hengshan Complex and
I nter pretation

Single zircon ages were obtained from granitoid
gneisses of the Hengshan complex using SHRIMP |1 and
the evaporation technique, and the ages are summarized in

Table 4, whereas the analytical data are presented in
Tables 1 and 2. Our samples mainly come from the valleys
in the central Hengshan, but also from roadcuts near
Yanmenguan, and locations are shown in Fig. 2, with
numbers corresponding to those in Table 4.

The oldest rocks in the Hengshan complex are light to
medium grey gneisses of tonalitic to granitic composition,
predominantly medium-grained, that occur interlayered in
the younger granitoid gneisses but which are difficult to
recognize as separate units in the field. Some of these
rocks have previously been interpreted as paragneisses,
possibly derived from greywacke-type protoliths (Li and
Qian, 1994; Tian et al., 1996), but the zrcons are
uniformly thin and long-prismatic, with slight rounding at
their terminations due to metamorphic corrosion (e.g. Fig.
7b, inset) that is typical for rocks in high-grade terrains
(Kréner et a., 1994; Hoskin and Black, 2000). Most
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zircons also reved  oscillatory  zoning in
cathodoluminescence images (e.g., Figs. 7b, ¢, insets), and
we interpret these as igneous zircons derived from
magmatic protoliths, and the host rocks were either dacitic
to rhyodacitic volcanic rocks or fine- to medium-grained
granitoids.

Our oldest sample (Ch 990843) isamigmatitic gneiss of
tonalitic composition collected in Big Stone Valley (No.
15in Table4 and Fig. 2) and representing the hornblende-
rich palaeosome portion of the rock. The zircons are
predominantly long-prismatic with rounded terminations
and well developed oscillatory zoning. Six zircon spots
analysed on SHRIMP Il provided concordant or near-
concordant results with a mean 2"Pb/*®Pb age of 2712+2
Ma (Table 1, Fig. 7a) that isinterpreted to reflect the time
of protolith emplacement. Four zircon grains of the same
sample were evaporated separately and provided a
combined mean *’Pb/*®Pb age of 2711.1+0.3 (Table 2,
Fig. 7a, inset). A dightly younger age was obtained for a
medium-grained trondhjemitic gneiss of undoubted
granitoid origin (Ch 990838, Table 3), collected in Big
Stone Valley at a little waterfall some 100 m W of the
village of Quegou (No. 14 in Table 4 and Fig. 2). The
zircons are uniformly long-prismatic with well rounded
terminations and display well developed oscillatory
zoning (Fig. 7b, inset). Six zircon spots analysed on
SHRIMP | yielded concordant or near-concordant data
with amean %"Pb/*®Pb age of 2701+5.5 Ma(Table 1, Fig.
7b) which we also interpret to reflect the time of protolith
emplacement. Two further samples yielded similar but
dightly younger results. Grey, homogeneous biotite
granite-gneiss sample Ch 980811 of granodioritic
composition (Table 3) was collected from aroadcut in Big
Stone Valley near the village of Quegou (No. 5in Table 4
and Fig. 2). The zircons are light yellow-brown, long-
prismatic with dlightly rounded terminations and good
magmatic zoning. Four grains provided a combined mean
27pp/2%ph evaporation age of 2697.1+0.3 Ma (Table 2,
Fig. 8a). Sample 980824 is a finely-layered light grey
biotite gneiss of granitic derivation (Table 3) and was
collected at a blasted roadcut at the beginning of Great
Wall Valley just E of the village of Changchenggou (No. 7
in Table 4 and Fig. 2). The yellow-brown zircons of this
sample are less than 100 pum in length, long-prismatic in
shape with rounded ends and oscillatory zoning. Severa
optically identical grains were therefore evaporated
together in two experiments, yielding a combined mean
207pp/2%ph age of 2670.6+0.4 Ma (Table 2, Fig. 8b).

We interpret all the above ages as reflecting the time of
emplacement of the igneous protoliths, and these rare
~2670-2710 Ma gneisses may either constitute remnants
of a basement to the younger ca. 2500 Ma granitoid

generation described below or they may be the oldest part
of the same igneous suite to which the ca. 2500 Ma
gneisses belong. The intense ductile deformation makes it
impossible to identify the original nature and extent of
these rocks, but we consider the second aternative
unlikely since ages intermediate between ca. 2700 and
2500 Ma have so far not been found, making it unlikely
that there was a break of some 200 Ma in magmatic
activity within the same magmatic assemblage. We
therefore prefer the interpretation that these rocks were
derived from an older basement, tectonically sandwiched
in between the younger gneisses and flattened together
with the enclosing rocks during a severe
Palaeoproterozoic ductile deformation event.

The next group of four samples has surprisingly
uniform agesin the range 25262420 Ma (Table 4, Figs. 7
—11) and represents the bulk of the gneissic assemblage in
the Hengshan complex. These rocks either exhibit
pronounced compositional layering or are homogeneous
but well foliated. One of the oldest rocks of thisgroupisa
fine-grained leucogneiss (Ch 990821) collected from a
blasted roadcut between Taihelingkou and Xinguanwu
(No. 13in Table 4 and Fig. 2) and appearing distinct from
the adjacent granite-gneisses by its laminar layering. This
rock consists of quartz, plagioclase, minor K-feldspar, and
small flakes of hornblende and biotite, and was previously
interpreted as a metagreywacke and assigned to the Wutai
Group; we interpret it as a metadacite, and the zircon
morphology (Fig. 7c, inset) supports this view. Six
euhedral, needle-like zircons with well developed
oscillatory zoning were analyzed on SHRIMP and
provided concordant and near-concordant results with a
mean “’Pb/*®Pb age of 2526+4.7 Ma (Table 1, Fig. 7¢).
Thisageisidentical to thefelsic rocks of the Wutai Group
(Wildeet a., 2000; 2004; see also Krdner et a., 2003), and
we tentatively interpret the above rock as representing a
felsic volcanic unit, perhaps representing the upper level
of the Hengshan magmatic arc or the Wutai felsic suite,
that became tectonically interdigitated with the plutonic
assemblage.

An identical age was obtained for tonalitic gneiss
sample HG 6, collected from a roadcut near Y anmenguan
in the western Hengshan (Fig. 2), where 12 SHRIMP
analyses (Table 1) yielded amean *"Pb/*®Pb age of 2526
+12 Ma (Fig. 9b). The third sample of this group is a
homogeneous, well foliated but unveined trondhjemitic
gneiss (Ch 990847) from the migmatite terrain in the
lower part of Big Stone Valley (No. 13in Table4 and Fig.
2). The zircons are long-prismatic with rounded ends and
good oscillatory zoning. Five grains were analyzed on
SHRIMP Il of which three are virtually concordant and
two are discordant, but al are well aligned, suggesting
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Recent Pb-loss and a mean *"Pb/*®Pb age of 2524+8 Ma
(Table 1, Fig. 7d). Three additional grains were
evaporated and produced amean ?°'Pb/*®Pb age of 2521.7
+0.4 Ma(Table 2, Fig. 7d, inset), identical to the SHRIMP
age, within error. The fourth sample is a garnetiferous
trondhjemitic gneiss (HG 5) collected from a fresh
roadcut near Y anmenguan in the western Hengshan (Fig.
2) where numerous gabbroic dykes with high-pressure
mineralogy cut the orthogneisses (O'Brien et al., 2005).
Eleven grains analyzed on SHRIMP (Table 1) provided a
mean 2°’Pb/*®Pb age of 2520+10 Ma (Fig. 9a) which we
interpret to reflect the age of emplacement of the gneiss
precursor. Two idiomorphic grains from the sample are
considerably younger, and four SHRIMP analyses (Table
1) yielded acombined mean °’Pb/*®Pb age of 1912+9 Ma
(Fig. 9a). This age is identical to that of igneous zircons
reported from several metagabbroic dyke remnantsin the
Hengshan (1915+4 Ma, Kréner et al., 2005b), and since
such dykes are numerous in the Yanmenguan area we
consider it likely that local new zircon growth occurred in
some gneisses during dyke emplacement.

The majority of our zircon ages are around 2500 Ma
and come from granitoid gneisses ranging in composition
from dioritic to granitic. Their location is shown in Fig. 2,
and the ages are summarized in Table 4. Some of the
migmatitic gneiss varieties in the lower parts of Big Stone
and Great Wall Valleys aso belong to this age group, as
does one sample from the western Hengshan collected
from aroadcut SE of Yanmengguan (HG 7, Fig. 9c). The
SHRIMP (Table 1) and evaporation (Table 2) ages are
graphically shown in Figs. 8 to 11. One of the youngest
ages of this group was obtained from a dioritic gneiss
collected in Great Wall Valley near the village of Quegou
(Ch 990803, No. 12 in Table 4 and Fig. 2). This well
foliated rock contains many small melt patches that could
not be separated from the sample during zircon separation.
Two long-prismatic  zircons with well rounded
terminations yielded dightly discordant SHRIMP results,
combining to amean 2°’Pb/*®Pb age of 2455+2 Ma (Table
1, Fig. 12a), whereas one stubby, euhedral grain produced
a much younger age of 1881+7.5 Ma (Table 1) that we
consider to reflect the time of melt patch formation
associated with high-grade metamorphism. Metamorphic
ages of 1850-1880 Ma are common in the Hengshan and
were also determined for metamorphic zircons from high-
pressure mafic granulites that originated from gabbroic
mafic dykes (O’ Brien et a., 2005; Kréner et a., 2005b).

The youngest rock in this group of granitoid
orthogneisses is a red migmatitic gneiss (sample Ch
020903) exposed next to alarge dolerite dykein Big Stone
Valley (No. 26in Table4 and Fig. 2). The zircons are oval
to long-prismatic and show well developed oscillatory
zoning. Five grains were analyzed on the Beijing

SHRIMP and produced discordant results (Table 1) which
are, however, well aligned in the Concordia diagram and
yielded an upper intercept age of 2420+20 Ma (mean
2pp/?%pPh age is 2420+3 Ma, see Fig. 12b) which we
interpret to reflect the time of protolith emplacement.

The 2526-2420 Ma igneous event in the Hengshan
complex produced large volumes of calc-alkaline
granitoid rocks and seems to reflect the main phase of
igneous activity in the region. This overlaps with of calc-
alkaline magmatism in the Wutai complex (Wilde et a.,
2000; 2004; Kroner et al., 2005a). Since the youngest rock
in this suite, the 2420 Magneiss described above, displays
the same penetrative ductile fabric as the older gneisses,
thereis no doubt that the main regional deformation in the
Hengshan complex is Palaeoproterozoic.

Further evidence for Palaeoproterozoic deformation
comes from well foliated gneisses that yielded zircon ages
between 2359 and 2112 Ma (Table 4). A fine-grained,
grey, granodioritic gneiss sample Ch 980806 (Table 3)
was collected in Big Stone Valley (No. 3 in Table 4 and
Fig. 2). Evaporation of three zircons, of similar
morphology to those described before, yielded identical
207ph/?%ph ratios that define amean age of 2358.7+0.5 Ma
(Table 2, Fig. 11d). Reddish, pegmatitic granite gneiss
sample HG-4 is exposed near the top of the hill at the high
point on theroad in Great Wall Valley (No. 25in Table 4
and Fig. 2) and consists of quartz, K-feldspar, plagioclase
and minor bictite. The zircons are long-prismatic and
undoubtedly of igneous origin. SHRIMP-dating of 11
grains produced an array of variably discordant data
points (Table 1) that can be fitted to a chord intersecting
concordia at 2331+36 Ma (Fig. 12c). We interpret this as
the emplacement age of the gneiss precursor. An identical
age of 2329.7+0.6 Ma (Table 2) was obtained through
evaporation of three igneous zircons from layered
trondhjemitic gneiss sample Ch 990850 (Table 2, Fig.
11e), dso collected in Big Stone Valley (No. 19in Table 4
and Fig. 2). All these rocks have the same foliation as the
enclosing older, layered gneisses.

Two significantly younger ages were found in coarse-
grained red granitic material that appears to be the result
of anatectic melting in migmatitic gneisses of granitic
composition. A sample of pegmatitic material cutting
older gneissesin lower Big Stone Valley (Ch 990881, No.
24 in Table 4 and Fig. 2) has a mean *°’Pb/*®Pb
evaporation age of 2248.5+0.5Ma (Fig. 11f). A further
sample of red anatectic granite (Ch 990844) from strongly
migmatitic and anatectic granite gneiss exposed along the
asphalt road in the northwesternmost part of Big Stone
Valley (No. 16 in Table 4 and Fig. 2) contains slightly
rounded, long-prismatic zircons with excellent magmatic
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Fig. 8. Histograms showing distribution of radiogenic lead isotope ratios derived from evaporation of single zircons from
granitoid gneiss samples of Hengshan Complex, North China Craton. (a) Spectrum for 4 grains from granite gneiss sample
Ch 980811, Quegou village, Yinxian area, integrated from 495 ratios. (b) Spectrum for 2 grains from fine-grained biotite
gneiss sample Ch 980824, Great Wall Valley, integrated from 165 ratios. (c) Spectrum for 4 grains from trondhjemitic
gneiss sample 990854, Ruyueyu valley, integrated from 274 ratios. (d) Spectrum for 3 grains from coarse-grained, well
foliated tonalitic gneiss sample Ch 990845, Dashiyu valley, integrated from 287 ratios. (€) Spectrum for 6 grains from
trondhjemitic gneiss sample Ch 980838, Ruyueyu valley, integrated from 542 ratios. (f) Spectrum for 3 single zircons from
coarse-grained, well foliated tonalitic gneiss sample Ch 980803, Dashiyu valley, integrated from 339 ratios.
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Fig. 9. Concordia diagrams showing SHRIMP analyses of zircons from Hengshan granitoid gneisses, data boxes as in Fig. 7. (a)
Garnetiferous trondhjemitic gneiss sample HG 5. Note young age for 2 grains considered to reflect new zircon growth during mafic
dyke emplacement. (b) Tonalitic gneiss sample HG 6. (c) Tonalitic gneiss sample HG 7; analysis shaded in grey is from an
isotopically disturbed zircon and was not used for age calculation. (d) Dioritic gneiss sample Ch 990859 from margin of large
metagabbro boudin. Inset shows histogram with distribution of radiogenic Pb isotope ratios derived from evaporation of 6 single

zircons from same sample, integrated from 333 ratios.

zonation (Fig. 12d, inset 1). SHRIMP analysis of four
grains produced a concordia upper intercept age of 2113+8
Ma (Fig. 12d), and evaporation of four further grains
yielded amean 2"Pb/*®Pb age of 2112.3+0.6 Ma(Table 2,
Fig. 12d, inset 2). We consider it likely that this age
reflects the Palaeoproterozoic anatectic event.

Since the youngest rock in this suite, the 2112 Ma
gneiss described above, displays the same structural
features asthe older gneisses, it is obviousthat the main D3
deformational event in the Hengshan complex, producing
a penetrative foliation and layering in the gneisses, must
post-date this age. Thisis aso supported by a mafic dyke
emplacement age of 1915+4 Ma, based on SHRIMP
dating of igneous zircons from two dykes in Big Stone
Valey (Kroner et al., 2005b). Since these dykes were
ductilely deformed and then experienced HP
metamorphism, the main deformation event in the

Hengshan complex must be younger than ~1915 Ma
Similar relationships are exposed in the Fuping complex
farther southeast where ~2 Ga old granitoids (Zhao et al.,
2002) show the same penetrative and ductile deformation
as the Hengshan gneisses.

The last event recorded in zircons of the Hengshan
terrain is a granulite-facies high-pressure and high-
temperature episode, preserved in some of the boudinaged
mafic dykes. Details of the metamorphic petrology of
these dykes were provided by Liu et al. (1993) and
O'Brienet al. (2005). Kroner et al. (2005b) reported zircon
ages of 1886 to 1850 Ma for clear, ball-round,
multifaceted zircons of undoubted metamorphic origin. A
spectacular example of pegmatitic melt generation was
found in a large gabbro boudin in Big Stone Valley and
probably reflects decompression melting at the end of the
high-grade event. Zircons from these melt aggregateswere
dated at ~1850 Ma (Kroner et al., 2005b).
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Fig. 10. Concordia diagrams and histograms showing analytical data from SHRIMP and evaporation analysis of single zircons from
granitoid gneiss samples of Hengshan Complex, North China Craton. Error symbols in (a) to (c) as in Fig. 7. (8) Pegmatitic red
granite gneiss sample Ch 980809. Inset shows histogram with distribution of radiogenic Pb isotope ratios derived from evaporation
of 4 single zircons from same sample, integrated from 432 ratios. (b) Migmatitic grey granodioritic gneiss sample Ch 990873. Inset
shows histogram with distribution of radiogenic Pb isotope ratios derived from evaporation of 4 single zircons from same sample,
integrated from 327 ratios. (c) Dioritic gneiss sample Ch 980814 from outer margin of gabbroic granulite boudin. Inset 1 shows CL-
image of oszillatory-zoned magmatic zircon with thin U-poor (metamorphic?) overgrowth. Inset 2 shows histogram with distribution
of radiogenic Pb isotope ratios derived from evaporation of 6 single zircons from same sample, integrated from 649 ratios. (d)
Spectrum for radiogenic lead isotope ratios derived from evaporation of 5 zircons from foliated tonalite sample Ch 990871, Ruyueyu
Valley, integrated from 458 ratios. (€) Spectrum for radiogenic lead isotope ratios derived from evaporation of 3 zircons from
tonalitic gneiss sample Ch 980802, S of Xiaheyu village, Big Stone Valley, integrated from 242 ratios.

7 Discussion and Tectonic M odel

The main mass of the Hengshan granitoid suite, dated
between ~2525 and ~2420 Ma, was probably generated in
the lower levels of a Japan-type magmatic arc (Kay and
Mahlburg-Kay, 1991). The existence of pre-arc
continental basement of unknown tectonic affinity is
shown by the occurrence, albeit rare, of ~2670-2710 Ma
granitoid gneisses. Similarly rare gneisses of this age were
also described from the Fuping complex farther SE (Guan
et a., 2002; Zhao et al, 2002). These rocks provide
evidence for the existence of a continenta terrane whose
relation with rocks of similar or older age in northern

Chinais unknown. We therefore tentatively interpret this
as part of a microcontinent of unknown dimensions and
origin or, more likely, as the westernmost part of the
Eastern block of the North China Craton.

Geochemically, both the Hengshan and Fuping gneisses
are similar to Archaean TTG-suites elsewhere isthe world
(e.g. Martin, 1987) that have been interpreted asroot zones
of arc complexes (e.g. Cassidy et a., 1991; Percival,
1994). Liu et al. (2002) provided geochemical and isotopic
data showing the Fuping TTG gneisses to be the result of
mixing of mantle-derived melts related to a major
underplating event at ~25 Ga with older crust
characterized by Nd-model ages of 2.8-3.0 Ga.

The geochemical features of felsic to intermediate
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ratios.

metavolcanic rocks of the upper crustal Wutai complex
situated SE of the Hengshan (Fig. 1) are aso remarkably
similar to those of the Hengshan and Fuping gneisses
(Wilde et a., 2004) and, together with their almost

identical agesto those of the Hengshan and Fuping, make
a strong case for our interpretation that the Wuta is the
upper crustal equivaent of the lower to middle crustal
Hengshan-Fuping granitoid suite and that all these rocks
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Fig. 12. Concordia diagrams showing SHRIMP analyses of zircons from Hengshan granitoid gneisses, data boxes asin Fig. 7. (a)
Dioritic gneiss sample Ch 990803 with melt patches. Most discordant grain with 2’Pb?®Pb age of 1881+7.5 Ma is from melt
patch. (b) Red migmatitic gneiss sample Ch 020903. (c) Pegmatitic granite gneiss sample HG 4. Shaded analyses were not used in
calculation of Concordiaintercept. (d) Red anatectic granite sample Ch 990844 from migmatitic assemblage. Inset 1 is CL-image of
euhedral zircon with oszillatory zoning. Inset 2 shows histogram with distribution of radiogenic Pb isotope ratios derived from
evaporation of 4 single zircons from same sample, integrated from 649 ratios.

together constitute a crustal profile through a Japan-type
magmatic arc (Kroner et al., 20053a)

The voluminous ~2525 — 2420 Ma Hengshan
plutonic suite was produced by subduction-related calc-
alkaline magmatism (Liu et al., 2003) in a lower crustal
environment, and these were the precursors of the present
gneisses. Kroner et al. (2005a) speculated that these rocks,
together with felsic, intermediate and mafic volcanic
assemblages of the Wutai complex and associated high-
level granites, generated a magmatic arc along the active
margin of the above microcontinent or Eastern block of
the NCC (Fig. 13a). Some of the ~2.7 Ga basement was
remelted during this event and contributed crustal material
to the arc magmas, now seen as xenocrystal zirconsin the
gneisses and metavolcanic rocks (Fig. 13b). The time
range of ~100 m.a. for the generation of these rocks is
comparable to the generation of Archaean and
Palaeoproterozoic arcs elsewhere in the world (Goodwin,

1991; Windley, 1995).

Evidence for early deformation of late Archaean age
and generation of a penetrative foliation in tonalitic rocks
of the Hengshan complex, is preserved in low-strain
zones, in particular in the southern part of the complex,
and is tentatively ascribed to accretionary tectonics,
probably associated with deformation along the evolving
active margin of the arc terrane. Itislikely that the original
crustal structure of the arc was aready affected by this
deformation, and rocks generated at different crustal levels
became tectonically interdigitated and/or juxtaposed.

Volumetrically much less significant granitoid
magmati sm continued through the early Palaeoproterozoic
in the Hengshan, particularly at ~2360-2330 Ma, 2250
Ma and 2115 Ma (Table 4). Some of these are anatectic
melts, as seen from field relationships, and are therefore
likely to be related to crustal thickening events. It is
particularly important to note that the granitoids emplaced
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at 2360-2115 Ma in the Hengshan complex contain the
same deformational features as the older gneisses and thus
unambiguously demonstrate that the main deformational
event is not Archaean but Palaeoproterozoic in age.

The next stage is seen in the emplacement of a mafic
dyke swarm at ~1920 Ma (Kréner et al., 2005b) (Fig. 13e),
now preserved as boudinaged gabbroic dykes and sills. In
the southern Hengshan complex these dykes intruded into
already foliated tonalitic gneisses. Similar dykes occur in
the Wutai and Fuping complexes farther SE, and this dyke
swarm signifies an extensonal event of regiona
proportions. Mafic dyke emplacement also constitutes an
older age limit to the main fabric-forming event in the
Hengshan. The long time interval of ~600 Ma between
emplacement of the main volume of granitoid rocks at
about 2500 Ma and intrusion of the mafic dyke swarms at
~1900 Ma suggests that there is no genetic relationship
between arc formation at the end of the Archaean and
crustal extension and rifting initiating the Luliang
orogenic event in the Palacoproterozoic.

The main deformation event leading to a penetrative

ductile fabric in the Hengshan granitoid rocks took place
after mafic dyke emplacement, most likely at the same
time when high-pressure metamorphism occurred at 1880
—1850 Ma that is recorded in numerous gabbroic dykes
which were described as mafic granulites (Li et al, 1998b;
Zhao et al., 2001a; O'Brien et a., 2005). Werelatethisto a
major collison event reflected by compressional
structures and a clockwise P-T path in the Hengshan
granulites (Zhao et a., 20018) during formation of the
Trans-North China orogenic belt when the western and
eastern blocks of the NCC collided (Zhao, 2001) (Fig.
13e) and the overall structure of the Hengshan/Fuping/
Wutal magmatic arc was finaly destroyed and the rocks
were tectonicaly interdigitated (Kroner et al., 2005a).
This is the Luliang orogeny of the Chinese literature.
Collision-induced intracrustal thrusting transported the
Hengshan and Fuping granitoid assemblages into lower
crustal levels where ductile deformation prevailed (Fig.
13f). Subsequent uplift as a result of orogenic collapse
generated major shear zones in the lower crustal domains
in which many of the granitoid gneisses were transformed
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into mylonites and ultramylonites, at high T and P, giving
the rocks a well layered appearance. The rocks in these
shear zones were mistakenly interpreted as supracrustal
assemblages and were previously correlated with the
Wutai greenstone sequence (e.g., Tian, 1991).

Following collision, further uplift and inflow of fluids
into the HP rocks caused widespread retrogression, and
movement along the shear zones continued into the upper
crustal brittle domain. In the Wutai/Fuping area, this late
shearing produced low-angle detachments one of which is
now preserved as the Wutai/Fuping tectonic contact at
Tiebao (Li et al., 2003), previoudly interpreted as an
unconformity (Tian et al., 1996).

Our speculative model differs significantly from the
viewsof Li et al. (2000a, b) and Kusky and Li (2003) butis
in broad agreement with the suggestions of Zhao (2001)
and Zhao et da. (2004) that deformation and
metamorphism of the Hengshan terrain was related to
collisional tectonics during amalgamation of the North
China Craton in the early Proterozoic some 1880-1850
Ma ago.

8 Conclusions

Field observations, petrographic and geochemical data,
and the zrcon geochronology presented above
demonstrate that the main magmatic activity producing
the granitoid assemblages in the Hengshan complex is
latest Archaean to Palaeoproterozoic in age (~2526-2115
Ma) and is thus similar in age to other parts of the North
China Craton (e.g., Ren et a., 1987; Liu et al., 1990;
Kroner et a., 1998, Zhao et al., 2001), including the
adjacent Wutai and Fuping complexes. Rare remnants of
what may be an older basement are present as small,
discontinuous domains of ~2700 Ma rocks that are
tectonically sandwiched in between the younger gneisses.
The main event of ductile deformation and high-grade
metamorphism giving rise to the conspicuous layering and
flattening in most rocks in the Hengshan complex,
including the formation of a HP-metamorphic assemblage,
is ca 1850-1880 Ma in age and post-dates the
emplacement of the ~1920 Ma gabbroic dykes.

Our data do not support models of late Archaean
cratonization in northern China but reflect extensive
Pal acoproterozoic tectonism and metamorphism, probably
related to amalgamation of several Archaean crustal
domains, the oldest nucleus of which was probably in
eastern Hebei (Liu et a., 1990). Thus, the Liilliang orogeny
probably was one of the most important events in the
history of the NCC, welding together older domains and
similar to the Trans-Hudson orogeny of the Canadian
shield (Maxeiner et a., 2004).
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