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A b s t r a c t :  SHRIMP U-Pb zircon analyses from eight samples of metamorphosed inter- 
mediate to felsic volcanic rocks from the lower, middle and upper 'subgroups' of the 

2o7pb/2o6-pb Wutai sequence in the North China Craton define a weighted mean age of 
2523 +__ 3 Ma. Although individual rock ages range from 2533 _ 8 Ma to 2513 _ 8 Ma, 
all overlap within the error of the mean and do not support a stratigraphic interpretation 
for the sequence, since variations within individual previously assigned 'formations' in 
the sequence match the total age range. Contrary to previous interpretations, there is no cor- 
relation in age with metamorphic grade. These features highlight the need to reformulate 
stratigraphic schemes when defining the Precambrian geology of the North China Craton. 
The similarity in age between volcanic rocks of the Wutai Complex and higher-grade 
gneisses of the adjacent Fuping and Hengshan complexes supports the view that all three 
complexes represent portions of a Late Archaean arc complex that was tectonically dismem- 
bered and then re-assembled. There is no Fuping or Wutai orogeny in this, its type a r e a :  

all three complexes were deformed and metamorphosed during collision of the eastern 
and western blocks of the North China Craton in the Ltiliang orogeny c. 1.8 Ga ago. 

As elsewhere, Chinese geology grew up on the tra- 
dition of stratigraphy. However, these techniques 
have their limitations, as evidenced by major 
advances in both structural geology and tectonics 
in the 1960s. These techniques are only now 
being applied in China, and many older geological 
interpretations need to be revised. As examples, 
we can note the application of stratigraphic terms 
such as 'group' and 'formation' to non-sedimen- 
tary rocks - including high-grade gneisses - and 
the previous widely-held view that the higher the 
metamorphic grade or degree of structural com- 
plexity, the older the rock. Similarly, the late rec- 
ognition of the nature and significance of ductile 
shear zones means that many stratigraphic relation- 
ships now need to be reinvestigated, in particular, 
key 'unconformities'. When this is coupled with a 
local terminology related to tectonic events such as 
'movements', 'uplifts' and 'tectonic stages/cycles' 
- which predate the acceptance of plate-tectonic 

theory - we can see some of the reasons for con- 
fusion and possible misinterpretation. 

We demonstrate here, through the use of precise, 
high-resolution, single-zircon geochronology, that 
the traditionally accepted interpretation of the 
geology in the Wutaishan area, located approxi- 
mately 200 km west-southwest of Beijing in the 
Central Zone (Fig. 1) of the North China Craton 
(Zhao et al. 2001b), requires significant modifi- 
cation. The study area was selected because the tra- 
ditional Chinese view (Bai 1986; Tian 1991; Tian 
et al. 1996) is that the Precambrian succession here 
is essentially a stratigraphic sequence that can be 
subdivided on the basis of orogenic 'movements'; 
and the type areas of two of these - the Fuping and 
Wutai 'movements' - are located in this region 
(Fig. 2). Instead, our results will establish that we 
are dealing with a lithotectonic package that has 
been assembled during a major collisional event 
in the Palaeoproterozoic. 

From: MALPAS, J., FLETCHER, C. J. N., ALl, J. R. & AITCHISON, J. C. (eds) 2004. Aspects of the Tectonic Evolution of 
China. Geological Society, London, Special Publications, 226, 5-25. 
0305-8719/04/$15 �9 The Geological Society of London 2004. 
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Fig. 1. (a) Map showing the three-fold subdivision of the North China Craton into the Trans-North China Orogen 
and Eastern and Western blocks (study area shown as a small rectangle southwest of Beijing); inset shows the 
location of North China Craton within China. (b) Simplified geological map of the Wutai-Hengshan-Fuping area, 
showing sample locations (modified from Sun et al. 1992 and Zhao et al. 2001b). 

Previous work 

The Precambrian rocks in the Wutaishan area 
(Fig. 2) are considered in the Chinese literature 
to represent three main 'cycles' (see Bai 1986; 
Tian e t  al.  1996), characterized by discrete events 
of sedimentation, granitoid intrusion, metamorph- 
ism and deformation, and separated by two major 
orogenic episodes or 'movements'. The older Fup- 
ing 'cycle' extended from 2.9 to 2.5 Ga, and con- 
sisted of volcanogenic sediments (Hengshan and 
Fuping 'groups'), which were metamorphosed to 
upper amphibolite-granulite facies prior to intru- 
sion of extensive bodies of tonalite-trondhjemite- 
granodiorite (TTG) and mafic dykes. The entire 
package was then deformed and metamorphosed 

to upper amphibolite-granulite facies at 
c.2.5 Ga and underwent local partial melting. 
This event is referred to as the Fuping 'move- 
ment' and considered to represent the culmina- 
tion of a tectonic 'stage'. The succeeding Wutai 
'cycle' of volcanic rocks and volcanogenic sedi- 
ments was deposited on the deformed Fuping 
'Group' between 2.5 and 2.4 Ga, and variably 
metamorphosed between 2.3 and 2.2 Ga, with 
the lower rocks attaining amphibolite facies and 
the upper rocks only sub-greenschist facies meta- 
morphism; this likewise is considered to be the 
termination of a tectonic 'stage', and the event 
is referred to as the Wutai 'movement'. Rocks 
of the Wutai 'Group' have been considered to 
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Fig. 3. Traditional subdivision of the Wutai 'Group' of 
Shanxi province, based on Tian (1991) and Ma & Bai (1998). 
The asterisks refer to 'formations' dated in this study. 

Fig. 2. Major subdivisions of the Precambrian of China, 
using the traditional breakdown into 'groups' ('cycles') and 
orogenies (or 'movements') (based on Ma & Bai 1998). 

have typical Archaean greenstone belt affinities 
(Bai 1986). Finally, the Hutuo 'Group', a sequence 
of shallow-water carbonates and siliciclastic sedi- 
mentary rocks, was deposited over the deformed 
and metamorphosed Wutai and Fuping 'groups', 
between 2.3 and 2.0 Ga, and metamorphosed at 
2.0 to 1.8 Ga. This constitutes the Ltiliang 
'cycle',  and the peak metamorphic event was 
considered to be between 1.85 and 1.7 Ga, and 
is referred to as the Ltiliang 'movement'.  

This sequence of events is considered to be 
typical for China and is applied to areas not 
just within the North China Craton, but to the 
South China and Tarim cratons as well (see Ma 
& Bai 1998). 

The rocks at Wutaishan have traditionally been 
considered to form a complete stratigraphic 
succession - known as the Wutai 'Group' - 
composed of a lower sequence of amphibolite, 
banded iron formation, paragneiss and minor car- 
bonate, that was metamorphosed to amphibolite 
facies. These are overlain by middle and upper 
sequences composed of clastic sedimentary 
rocks and intermediate to felsic volcanic rocks, 
that have been metamorphosed to greenschist or 
sub-greenschist facies. Thus the older rocks are 
considered to be of higher metamorphic grade. 
The rocks have been further subdivided into a 
number of 'formations' (Fig. 3), locally separated 
by 'unconformities' (Tian et al. 1996), and rep- 
resent one of the classical stratigraphic sequences 
in the Chinese Precambrian (Bai 1986). Although 
a modem plate-tectonic interpretation has 
recently been applied to the rock association 

(Ma & Bai 1998), it is still considered to maintain 
a coherent stratigraphy. 

Based on preliminary results, we have shown 
that this interpretation is inadequate on several 
grounds, including: 

(1) the apparent similarity in age of volcanic 
rocks throughout the Wutai sequence 
(Wilde & Wang 2000); 

(2) many of the so-called 'unconformities' 
being tectonic contacts (Cawood et al. 
1998); and, 

(3) the provenance age of zircons within the 
metasedimentary units indicate that the 
basal sequence of the Wutai Complex is 
younger than the overlying volcanic rocks 
(Cawood et al. 1998). 

In view of these findings, we refer here to the 
rocks as belonging to the Wutai Complex 
(Wilde et al. 1997). All previous stratigraphic 
terms will be marked within parentheses. 

Prior to commencement of our work in the 
area in 1995, the traditional view, as outlined 
above (Figs 2 and 3), was being questioned, 
and controversy surrounded the nature and age 
of the rocks at Wutaishan. They were variously 
considered to be Archaean in age (Wang & Bai 
1986), or else marked the base of the Proterozoic 
in China (Yang e ta l .  1986). Liu etal .  (1985) pro- 
vided a broad geochronological framework for 
the area, using conventional multigrain U - P b  
zircon techniques. They dated what was referred 
to as a low-grade keratophyre lava in the central 
part of the Wutai sequence (Hongmenyan For- 
mation of Li S. et al. 1990; see Table 1) just 
north of Taihuai (Fig. 1), obtaining an age of 
2520 __+ 17 Ma. However, Wang & Bai (1986) 
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considered these rocks to be part of a granitic 
intrusion, implying that it may be younger than 
the volcanic succession. Subsequent Rb-Sr,  
Pb/Pb and Sm-Nd isotopic analyses yielded 
significantly younger ages for this sequence. 
A combined Sm-Nd isochron age of 
c.2250 Ma from samples of the so-called spi- 
lite-keratophyre sequence near Taihuai was 
interpreted as an 'errorchron', resulting from 
mobilization of REE during low-grade meta- 
morphism (Li S. et al. 1990). Separate isochrons 
from these spilite and quartz-keratophyre 
samples yielded ages of around 1980 Ma, within 
the error of the Rb-Sr  isochron age (Li S. et al. 
1990). A later Rb-Sr,  Pb/Pb and Sm-Nd 
study by Sun et al. (1992) on marie rocks from 
Wutaishan yielded similar dates. These post- 
Archaean ages have tended to be interpreted as 
primary ages (see Tian et al. 1996), rather 
than the more robust U-Pb  zircon dates of 
Liu et al. (1985). 

A SHRIMP 2~176 date of 2524 + 8 Ma 
for a rhyodacitic lava from the Hongmenyan 
'Formation' within the 'middle' Wutai clearly 
confirms its Archaean age (Wilde et al. 1997). 

The minimum age of the Wutai Complex is 
constrained by the age of the overlying Hutuo 
'Group' and that of the intrusive, essentially 
post-tectonic Dawaliang Granite. Conventional 
multigrain U - P b  zircon analyses from a Hutuo 
'Group' metabasalt gave a date of 2366 
+ 103/-94 Ma (Wu et al. 1986), which was con- 
sidered to be the age of igneous crystallization. 
Sun et al. (1992) later argued that it could be a 
metamorphic age. The Dawaliang Granite has a 
SHRIMP 2~176 date of 2176 +_ 12 Ma 
(Wilde et al. 1997), interpreted as the igneous 
crystallization age. 

In this paper, we will present new data on the 
ages of felsic volcanic rocks within the regional 
'stratigraphy' (confirmed by Yongqing Tian, 
pers. comm.). The results are discussed in 
relation to recent evidence on the nature of adja- 
cent terrains and the implications that these have 
for the Late Archaean to Palaeoproterozoic evol- 
ution of the North China Craton. 

Timing of felsic volcanism within the 
Wutai Complex 
We collected a suite of eight metamorphosed 
intermediate to felsic volcanic rocks from four 
units previously recognized as 'formations', 
including samples from what were considered 
to be the lower, middle and upper 'subgroups' 
(Fig. 3). These are described below in their 
previously assumed stratigraphic order, using 

the traditional formational names (e.g. Bai 
1986; Tian 1991). The Hongmenyan 'Formation' 
is considered to have the best-developed sequence 
of intermediate to felsic volcanic rocks, and we 
selected four samples from this unit for analysis 
from the well-exposed roadside section on 
Wutai Mountain, approximately 15 km by road 
north-northeast of Taihuai (Fig. 1). All coordi- 
nates quoted in this paper were collected with a 
hand-held Trimble or Garmin GPS. 

Sample descriptions 

All rocks in the Wutai Complex are strongly 
deformed and have undergone either greenschist- 
or amphibolite-facies metamorphism. The sam- 
ples selected for analysis are fine-grained, 
meso- to leucocratic schistose rocks, composed 
of variable amounts of quartz, feldspar, biotite, 
muscovite and homblende, with minor epidote, 
chlorite, magnetite, pyrite and calcite. Geochem- 
ical data for these rocks (Wilde, unpublished 
data; Wang et al. in press) and the local preser- 
vation of igneous textures establish their volcanic 
parentage and, in the following sections, we use 
their volcanic names for brevity. 

Zhuangwang 'Formation'. Sample 96-PC-114 
was obtained from an exposure along the side 
road leading to the Ekou Iron Mine, c.20 m on 
the uphill side of a short tunnel (Fig. 1). The 
rock is a fine-grained mesocratic andesite. It has 
a well-developed metamorphic fabric defined 
by strongly aligned biotite laths, with local devel- 
opment of poikiloblastic blue-green amphibole. 
The remainder is composed of an aggregate of 
weakly aligned quartz and untwinned feldspar, 
with granular epidote and aligned laths of 
chlorite. Pyrite is a common accessory mineral. 
There are a few calcite veins, and the whole 
rock has a crenulated fabric. It has been meta- 
morphosed to the epidote amphibolite facies. 

The zircons are colourless to pale pink and 
mostly euhedral with well-formed prismatic and 
pyramidal faces. The length to width ratio ranges 
from 2:1 to 3.5:1. Some crystals contain rounded 
titanite or elongate apatite inclusions. A number 
of grains are fractured and metamict. 

Sample 96-PC-119 was obtained from a road- 
side exposure on the Ekou-Yantou road, 
c.100 m north of the turn-off to the Ekou Iron 
Mine. The rock is a buff-grey mesocratic andesite 
with a micaceous foliation that is interbanded with 
garnet-mica schist. It consists of a granoblastic 
aggregate of quartz and untwinned feldspar 
(mostly plagioclase), interspersed with strongly 
aligned biotite and muscovite. The mica laths 
locally show tight to isoclinal folding, with 
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alteration of biotite to chlorite at fold hinges, com- 
monly accompanied by calcite. The rock is par- 
tially retrogressed from the amphibolite facies. 

The zircons are stubby, subhedral, pale-pink to 
red grains with well-formed prism faces, but with 
somewhat rounded terminations, with an average 
length to width ratio of 1.5:1. The darker grains 
are commonly more metamict. Inclusions of tita- 
nite and apatite are common. 

Baizhiyan 'Formation'. Sample 96-PC-I15 
was obtained from within the Ekou Iron Mine, 
where it is overlain by amphibolite and BIF. 
The rock is a fine-grained, dark-grey, mesocratic 
andesite of fairly massive appearance, with 
numerous carbonate veins that transgress the 
fabric. It is composed of equidimensional quartz 
and untwinned feldspar, with abundant laths of 
chlorite and muscovite showing strong align- 
ment. Later calcite also forms isolated crystals 
associated with the felsic minerals. There are 
some irregular opaque mineral grains. Based on 
assemblages from other rock-types in the mine, 
the rock is considered to be retrogressed from 
the amphibolite facies. 

The zircons are colourless to pale pink, 
elongate crystals with well-developed prism and 
pyramid faces, although some surface pitting is 
evident. The length to width ratio varies from 
2:1 to 5:1. Some crystals show distinct oscillatory 
zoning. There are a few inclusions of apatite in 
certain grains. 

Hongmenyan 'Formation'. Samples were 
obtained between the original 32 and 35 km 
road markers on the Taihuai-Shahe road across 
Wutai Mountain. The rocks range from basaltic 
andesite to rhyodacite in composition and are 
associated with units of basalt and volcanoclastic 
sediments. Some of the more felsic units are 
locally transgressive, and may include subvolca- 
nic intrusions. Petrographically, they all show 
evidence of strong deformation, with local mylo- 
nitic fabrics, and have been metamorphosed to 
greenschist facies. Geochemical data indicate 
that the felsic volcanics are calc-alkaline in 
nature, with basaltic andesites and some andesite 
samples showing slight LREE enrichment and 
weak to negligible Eu anomalies, whereas the 
more dacitic and rhyolitic samples show greater 
LREE enrichment and more pronounced Eu 
anomalies (Wilde & Wang 1995; Wang et al. 
in press). 

Sample WT 9 is from a 2-2.5-metre-wide unit 
of fine-grained, grey, leucocratic dacite, with 
strong layering defined by chlorite. The rock 
has a pronounced deformation fabric, with 
aligned chlorite and muscovite grouped into 

weakly defined layers. The felsic components 
have straight to curved boundaries and consist 
of equidimensional quartz and untwinned feld- 
spar. There are also scattered relict micropheno- 
crysts of feldspar and quartz, partially wrapped 
around by chlorite and white mica. Some epidote 
veins occur oblique to the foliation. 

The zircons are pale pink, euhedral, stubby to 
elongate crystals with length to width ratios of 
1.5:1 to 3:1. Most crystals are clear and devoid 
of inclusions, but rare grains have rounded 
inclusions of titanite and needle-like apatite. 

Sample WT 12 is from an 8-metre-wide unit of 
massive, fine-grained, white, leucocratic rhyoda- 
cite that is slightly transgressive to the regional 
foliation. The rock may have been intrusive. It 
preserves a microporphyritic igneous texture, 
consisting of abundant, albite-twinned plagio- 
clase and rarer quartz phenocrysts, set in a ground- 
mass of equidimensional to weakly aligned quartz 
and untwinned feldspar and strongly aligned 
muscovite. The latter is evenly distributed, 
although it does form local clusters, especially 
where it partially wraps around the relict micro- 
phenocrysts. There are a few late veins of 
coarser-grained muscovite and calcite. 

The zircons are clear and pale pink, with euhe- 
dral prismatic faces and pyramidal terminations. 
Most are elongate, with length to width ratios 
of 1.5:1 to 5:1. There is weak oscillatory zoning, 
and some faces show surface frosting. 

Sample WT 13 is from a 4-metre-wide unit of 
fine-grained, creamy-white, leucocratic rhyo- 
lite. Its overall fabric is similar to Sample WT 
9, with chlorite concentrated into layers 
that define the main foliation. Muscovite is 
also strongly aligned and is associated with 
equidimensional quartz and weakly aligned 
untwinned feldspar. A few relict micropheno- 
crysts of plagioclase and quartz occur scattered 
throughout the rock. 

The zircons are well-formed, colourless to 
pale-pink, stubby grains with length to width 
ratios of 1.5:1 to 2:1. There are rare rod-like 
inclusions of apatite. 

Sample WT 17 is a rhyodacitic lava also col- 
lected from this road section. It is a pale-pink 
to cream, leucocratic rock, composed of some- 
what larger crystals of plagioclase and quartz 
set in a polygonal matrix of quartz and feldspar 
with minor chlorite. Muscovite is abundant and 
strongly aligned. 

The zircons are pale pink, with well-formed 
prismatic faces and pyramidal terminations. 
Although the age and concordia diagram have 
previously been published (Wilde et al. 1997), 
the full data-set has not, and we include it in 
this paper for completeness. 
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Gaofan 'Subgroup'. Sample 95-PC-55c was 
collected from a riverbank near Xiazhuan village. 
It is a pale greenish-grey, leucocratic, felsic 
schist, interleaved with fine-grained chlorite- 
rich mafic volcanics, some of which contain 
garnet, and associated with strongly deformed 
granitoids which are locally mylonitic. It contains 
original porphyroblasts of garnet, now totally 
replaced by chlorite, and is composed of an 
aggregate of quartz and untwinned feldspar 
(mostly zoned plagioclase), between schistose 
layers dominated by chlorite and muscovite. 
Granular epidote is common within the felsic 
areas, but is independent of the feldspar. There 
is evidence of local recrystallization of the initial 
straight quartz and feldspar grain boundaries to 
abundant sub-grains. Certain layers are coarser 
grained and composed of quartz, muscovite, 
chlorite and calcite. Although now at greenschist 
facies, the rock was originally at a higher grade, 
possibly reaching the amphibolite facies, and is 
interpreted as a tuff. 

The zircons are pink, rather stubby grains, 
mostly with length to width ratios of 1.5:1, but 
reaching a maximum of 2:1. Crystal faces tend 
to be slightly irregular, and there is extensive sur- 
face pitting. Many grains are slightly metamict 
and show internal fractures. 

Analytical procedures 

Following crushing, zircon crystals were 
extracted from the samples using a combination 
of heavy liquids and magnetic separation tech- 
niques. Individual crystals were hand picked 
and mounted, along with pieces of the Curtin 
University Sri Lankan zircon standard (CZ3), 
on to double-sided adhesive tape and then 
enclosed in epoxy resin discs. The discs were 
ground and polished, so as to effectively cut all 
zircon grains in half, and the samples were then 
gold coated. 

The U - T h - P b  analyses of the zircons were 
performed using the SHRIMP II ion microprobe 
at Curtin University, Perth, Western Australia, 
following standard operating techniques (Nelson 
1997; Williams 1998). An average mass resol- 
ution of 4800 was recorded during measurement 
of the Pb/Pb and P b - U  isotopic ratios and Pb -U  
ratios were normalized to those measured on the 
standard zircon [CZ3 - ( 2 ~  = 0.0914)], 
to compensate for elemental discrimination that 
occurs during sputter ionization (Kinny et al. 
1993). The conventionally measured age of the 
standard is 564 Ma (Pidgeon et al. 1993) and 
the error associated with the measurement of 
Pb -U  isotopic ratios for the standard, at one stan- 
dard deviation, averaged c. 1.64%. The measured 

2~ values in the unknowns were similar to 
those recorded for the standard zircon, and so 
common lead corrections were made, assuming 
an isotopic composition of Broken Hill lead, 
since the common lead is considered to be 
mainly associated with surface contamination in 
the gold coating (Nelson 1997). The analytical 
spot size averaged c.30 Ixm during each analyti- 
cal run, and each spot was rastered over 
100 Ixm for three to five minutes prior to analysis 
to remove common Pb on the surface or contami- 
nation from the gold coating. Data reduction was 
performed using the Krill 007 program of P. D. 
Kinny at Curtin University and applying the 
2~ correction. Errors on individual analyses 
are at the 10- level whereas errors on pooled ana- 
lyses are quoted at the 20- level. 

Results 

Zhuangwang 'Formation'. The data for sam- 
pies 96-PC-114 and 96-PC-119 are presented in 
Table 1 and shown on concordia plots in Figs 4a 
and 4b. For sample 96-PC-114, 25 analyses on 
25 zircons were made, along with 12 analyses 
of the standard (CZ3) that gave an error of 
2.75% over the analytical period. The data can 
be broadly grouped into two sets, those with 
low U and Th, and those with slightly higher 
values (Table 1). The former have U values ran- 
ging from 34 to 95 ppm, and Th from 19 to 
89 ppm, whereas the latter have U contents of 
113 to 186ppm, and Th contents of 127 to 
148 ppm. However, both sets show similar Th-  
U ratios, which range from 0.30 to 1.23 (average 
0.74) (Table 1). With two exceptions, the data are 
concordant in the range of 94-104% (Table 1). 
The majority of the analyses, 21 zircons, define 
a 2~176 age of 2529 • 10 Ma (Fig. 4a). 
Three analyses are considerably older, with the 
two most concordant data points giving a 
2~176 age of 2679 _ 16 Ma (Fig. 4a). 

A total of 38 zircons, along with 11 analyses of 
the standard that gave an error of 0.52%, were 
analysed from sample 96-PC-119. This sample 
is quite distinct in zircon chemistry from the 
above, revealing considerably higher U and Th 
values and having much higher total Pb contents 
(Table 1). The U ranges from 47 to 1712 ppm, 
and the Th from 16 to 3177ppm, although 
the range in Th/U ratios is similar, varying 
from 0.34 to 1.86 (average 0.69) (Table 1). On 
the concordia diagram (Fig. 4b), the data define 
a pronounced discordia line trending to zero 
million years - suggestive of recent lead 
loss. However, in terms of (2~ 
(2~176 systematics (see Table 1), the 
data are fairly concordant (Table 1). If the 16 
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most concordant data points are taken, the 
weighted m e a n  2~176 date is 
2513 _+ 8 Ma (Fig. 4b), and this is taken to be 
the time of igneous crystallization. This is within 
the error of the main population of zircons in 
sample 96-PC-114 and indicates a possible 
range of crystallization age for the Zhuangwang 
'Formation' of c.2530-2515 Ma. 

Baizhiyan "Formation'. The data for sample 96- 
PC-115 are presented in Table 1 and on a concordia 
diagram in Figure 4c. A total of 15 analyses were 
made on 15 zircons, along with 12 of the standard 
which recorded an error of 2.75%. There is some 
variation in both the U and Th data, with the former 
ranging from 56-362 ppm and the latter from 24-  
376 ppm. However, variation in the Th-U  ratio is 
similar to samples from the Zhuangwang 'For- 
mation', ranging from 0.34 to 1.43 (average 
0.64). With two exceptions (analyses 115-PC-5 
and 115-PC-15 in Table 1) the data are concordant 

206 238 207 206 with respect to the ( Pb/ U)/( Pb/ Pb) sys- 
tem, although they do define a distinct discordia 
line trending to zero million years in the concordia 
plot (Fig. 4c). The 13 most concordant analyses 

from 13 individual zircon crystals give a weighted 
mean 2~176 date of 2524 _+ 10 Ma. This is 
interpreted as the crystallization age of the Baizhi- 
yan 'Formation' and is within the range exhibited 
by the two samples from the Zhuangwang 
'Formation'. 

Hongmenyan 'Formation'. The data from the 
four samples analysed in this study are presented 
in Table 2 and on concordia diagrams in Figure 
4d and Figure 5a, b and c. The most striking 
features of the data are their close similarity in 
age, their concordance and the lack of any 
inheritance. 

For sample WT 9, a total of 20 analyses were 
made on 20 zircons, along with seven analyses 
of the standard, which recorded an error of 
1.00% during the analytical session. The zircons 
are remarkably uniform in their chemistry, with 
U ranging from 32 to 73 ppm, and Th from 16 
to 52ppm, the T h - U  ratio shows a small 
range from 0.47 to 0.71 (average 0.58), (Table 2). 
The zircons are concordant (92-103%), and 
define a single population with a weighted mean 
2~176 age of 2523 _ 9 Ma (Fig. 4d). 
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A total of 27 analyses were made on 26 zircons 
from sample WT 12, along with seven analyses of 
the standard, which recorded an error of 1.61% 
during the analytical session. With two exceptions 
(WT 12-1 and WT 12-20 in Table 2), the zircons 
show little variation in their U and Th contents - 
these ranging from 23-94 ppm and 9 -73  ppm, 
respectively. The T h - U  ratio, with the exception 
of WT 12-20 which is higher at 1.05, shows little 
variation, ranging from 0.30 to 0.79 (average 0.61). 
The data are reasonably concordant (86-109% in 
Table 2), and the 26 most concordant analyses 
define a single population with a weighted mean 
2~176 age of 2516 ___ 10 Ma (Fig. 5a). 

For sample WT 13, a total of 24 analyses on 
23 zircons were determined, along with 10 ana- 
lyses on the standard zircon, which gave an 
error of 1.45%. With one exception (WT 13- 
13 in Table 2), the data reveal little variation 
in U and Th contents, ranging from 2 7 -  
86 ppm and 15-54  ppm, respectively, with 
T h - U  ratios varying from 0.46-0.71 (average 
0.57). The data are reasonably concordant 
98 -109%)  and define a weighted mean 
~176 age of 2533 + 8 Ma (Fig. 5b). 

For completeness, the data-set for sample WT 
17 is also included in this paper (Table 3 and on a 
concordia plot in Fig. 5d). Thirty analyses were 
made, along with 10 measurements of the stan- 
dard, which gave an error of 2.06% during the 
analytical session. A total of 29 zircon analyses 
(the exception being WT 17-11) reveal a small 
range in U and Th contents, varying from 24 to 
74 ppm and 9 to 58 ppm, respectively; the T h -  
U ratio of the total population varies from 0.33 
to 0.75 (average 0.53) (Table 3). The data are 
tightly concordant (95-104%),  and define a 
weighted mean 2~176 age of 2524 + 8 Ma. 

In summary, all four samples from the 
Hongmenyan 'Formation' have 2~176 
dates within the range c .2533-2516 Ma, that is, 
indistinguishable from the data from the Zhuang- 
wang 'Formation'. 

Gaofan 'Subgroup'. The data-for sample 95-PC- 
55c are presented in Table 3 and on a concordia plot 
in Figure 5d. A total of 29 zircons were analysed, 
along with seven analyses of the standard, which 
gave an error of 1.00% during the analytical ses- 
sion. The U and Th contents of the zircons range 
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from 40 to 241 ppm and 17 to 498 ppm, respect- 
ively, with a range in the T h - U  ratio from 0.38 
to 2.06 (average 0.64). All bar four of the analyses 
are reasonably concordant (91-102%, Table 3) and 
these remaining 25 analyses define a weighted 
mean 2~176 age of 2528 _+ 6 Ma. 

Interpretat ion 

Zircons from all specimens show strong oscil- 
latory zoning in cathodoluminesence imagery, 
indicative of magmatic growth. Furthermore, 
the metamorphic grade of greenschist to lower 
amphibolite facies is too low to allow meta- 
morphic zircon growth and all grains, including 
the inherited population in sample 96-PC-114, 
are considered to reflect igneous ages. 

The dating results from the seven new speci- 
mens analysed, together with sample WT 17 
from Wilde et al. (1997), are summarized in 
Table 4. It is evident that: 

(1) all the dates are essentially similar within 
error; 

(2) there is no consistent trend of upward 
younging from what has been interpreted 
as the base of the Wutai succession (Tian 
1991); and, 

(3) there is more variability within what were 
considered to be single 'formations' than 
there is between units supposedly near the 
top and bottom of the sequence. 

Although the weighted mean ages of the eight 
individual samples do not overlap within two 

sigma error (Table 4), collectively, the data sets 
do overlap without a time break, extending 
from the youngest date of 2513 _+ 8 Ma (96-PC- 
119) to the oldest date of 2533 • 8 Ma (WT 
13). If the 149 most concordant zircon analyses 
are treated as a single population from one mag- 
matic episode, the calculated weighted mean 
2~ 2'~ age is 2523 +_ 3 Ma; we consider 
this to be the best estimate of the general age of fel- 
sic volcanism in the Wutai Complex. More than 
one age is possibly represented in the suite, but 
the fairly large error recorded for individual popu- 
lations, coupled with the slightly discordant nature 
of several analyses, precludes a thorough evalu- 
ation of this aspect. However, the overall similarity 
in both age and zircon chemistry of the volcanic 
rocks, together with their whole-rock geochemistry 
(Wang et al. in press), suggests that they represent 
essentially the products of one magmatic event. 

The age of the Zhuangwang 'Formation' ande- 
site (96-PC-114) is 2529___ 10Ma and this is 
considered to be within the lower Shizui 'Sub- 
group' (Fig. 3). It is virtually identical to the age 
of the Gaofan 'Subgroup' tuff (95-PC-55c) at 
2528 _+ 6 Ma, considered to be at the top of the 
sequence (Tian et al. 1996; Ma & Bai 1998). 
This indicates that: (1) the difference in meta- 
morphic grade between the Zhuangwang 'For- 
mation' (amphibolite facies) and the Gaofan 
'Subgroup' (low greenschist facies) has no appar- 
ent age significance and cannot be used as a discri- 
minator to map-out stratigraphy (contrast with Bai 
1986; Tian 1991" Ma & Bai 1998); (2) the rocks 
evolved rapidly, so that there is no recognizable 
stratigraphy to the felsic volcanics at the resolution 

Table 4. Sample numbers, locations, 2~176 zircon ages and average Th/U ratios of  the eight felsic 
volcanic samples discussed in this study. The 'formations' are listed from top to bottom in the stratigraphic 
order identified in Bai (1986) and Tian (1991) 

Formation name Sample no. Location Age (Ma) Th/U 
Ratio (av.) 

Gaofan 95-PC-55c Lat. 38~ ' 13"; 2528 _+ 6 0.64 
Long. 113~ " 

Hongmenyan WT 17 Lat. 39~ 2524 _+ 8 0.53 
Long. 113~ " 

WT 13 Lat. 39~ 2533 _ 8 0.57 
Long. 113~ '' 

WT 12 Lat. 39~ 2516 + 5 0.61 
Long. 113~ " 

WT 9 Lat. 39~ 2523 _+ 9 0.58 
Long. 113o36'54 ,, 

Baizhiyan 96-PC- 115 Lat. 39~ 2524 +_ l 0 0.64 
Long. 113 ~ 15'60" 

Zhuangwang 96-PC-119 Lat. 39~ 2513 _+ 8 0.69 
Long. 113~ " 

96-PC-114 Lat. 39~ 2529 _+ 10 0.74 
Long. 113o16'38 '' 
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of our data and, by implication, to the mafic volca- 
nics and metasediments interleaved with them. 

In the two 'formations' where we have ana- 
lysed more than one sample, there is considerable 
variation between the ages. In the Zhuangwang 
'Formation', sample 96-PC-119 (the most discor- 
dant of the samples analysed) has a date of 
2513 _+ 8 Ma, whereas sample 96-PC-114 has a 
date of 2529 _+ 10 Ma. These just overlap within 
error, but are at the two extremes of the dates that 
we have obtained; 2513 +_ 8 Ma being the young- 
est date recorded and 2529 + 10 Ma being the 
second oldest (Table 4). Similarly, the spread of 
dates recorded from the so-called Hongmenyan 
'Formation' range from 2516 _+ 5 Ma for sample 
WT 12 (second youngest) to 2533 ___ 8 Ma for 
sample WT 13 (the oldest age obtained from 
the suite). One possibility is that this may be 
attributable to an error in the original mapping 
of the 'formations'. However, samples from the 
Hongmenyan 'Formation' were all collected 
from a single, well-exposed 3-km-long traverse 
and considered to represent a simple stratigraphic 
sequence on all published maps and by Y. Tian 
(pers. comm., 1996). As with the data for the 
units considered to represent the basal and 
upper 'subgroups' of the sequence (Zhuangwang 
and Gaofan, respectively), the validity of the 
individual 'formations' is also severely compro- 
mised. The slightly younger age of 
2516 +_ 5 Ma for sample WT 12 may be real, 
since the field evidence suggested that it was 
slightly transgressive and might therefore be a 
somewhat younger intrusive. 

Significance of the results 

The new data presented here require revision of 
the 'stratigraphic model' for the Wutai 'Group' 
(see also Cawood et al. 1998), since the pre- 
viously accepted stratigraphic divisions are no 
longer valid. Because the Wutai area has been 
used to define type-locations for greenstone belt 
stratigraphy, orogenies and tectonic events 
(Fig. 2) throughout China (Ma & Bai 1998), 
this has important ramifications. 

Relat ionship to associated  grani toids  

A number of granitic intrusions are associated with 
the Wutai Complex, and field evidence indicates a 
range of relationships. Many granitoids are strongly 
deformed and in tectonic contact, so that original 
contact relations cannot be unequivocally inter- 
preted. Wilde et al. (1997) identified that some 
granitoids were older than the felsic volcanics of 
the Wutai 'Group' - the Lanzhishan granite new 
Longquanguan and Ekou granite at Ekou (Fig. 1) 
having SHRIMP 2~176 ages of c.2545 Ma 

and 2555 ___ 6 Ma, respectively. They also estab- 
lished the younger age of the Dawaliang granite 
near Gaofan at 2176 _+ 12 Ma. Two distinct suites 
of granitoid have been identified (Wang et al. 2000; 
Liu et al. 2002): those older than the Wutai volca- 
nics, including some bodies coeval with the volca- 
nics with ages of 2530-2525 Ma, and a younger 
set of intrusions (including both the Dawaliang 
Granite and the pink phase of the Wangjiahui gran- 
ite southeast of Dalxian - Fig. 1) with ages of 
2170-2120 Ma. 

The Lanzhishan Granite was originally con- 
sidered to be unconformably overlain by the 
Wutai Complex (Liu et al. 1985). However, we 
have questioned this interpretation (Wilde et al. 
1997), considering the granite to be overlain by 
the Hutuo Group at several localities. Further- 
more, its contacts are sheared, like those between 
the Ekou Granite and the Wutai Complex. Details 
on the age and relationship of the granitoids to 
the Wutai Complex will be discussed in a sub- 
sequent paper. 

Relat ionship to adjacent  terranes 

Three main lithotectonic components are recog- 
nized in the area: the Wutai, Fuping and Hengshan 
complexes (Fig. 1). Traditionally, in the Chinese 
literature, the Wutai Complex has been considered 
to unconformably overlie both the Fuping and 
Hengshan complexes (Tian et al. 1996). Both the 
Fuping and Hengshan complexes consist of a var- 
iety of grey granitoid gneisses, amphibolites and 
metasediments at amphibolite- to granulite-facies 
metamorphic grade (Bai 1986; Tian 1991). The 
Hutuo Group, which is mostly composed of low- 
grade metasediments with minor metavolcanics, 
is considered to be the youngest unit in the region, 
and to unconformably overlie the Wutai and 
Fuping Complexes (Tian 1991). 

The Wutai Complex was generally considered 
to have developed within a continental rift 
environment, due to fracturing of pre-existing 
continental crust, now represented by the Fuping 
and Hengshan complexes (Tian 1991). Alterna- 
tively, Li, J. et al. (1990), Li & Wang (1992) 
and Sun et al. (1992) suggested that plate-tec- 
tonic-styled terrane accretion may have occurred, 
resulting in the collision of a typical low-grade 
Archaean greenstone sequence (the Wutai Com- 
plex), with island-arc affinity, and older continen- 
tal fragments (the Fuping and Hengshan 
complexes) during the Late Archaean. The Fup- 
ing Complex was considered to be an ancient 
continental nucleus Liu et al. (1985). Sun et al. 
(1992), on the other hand, proposed that it was 
the basal portion of an island-arc. Li & Wang 
(1992) further developed the plate-tectonic 
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model, suggesting that the Fuping Complex 
formed part of a c.2.9 Ga microcontinent which 
collided with both the Hengshan Complex 
(another microcontinent) and the Wutai Complex 
(containing both island-arc and fore-arc com- 
ponents) in the Early Proterozoic (c.2.0 Ga). A 
major shear zone (the Longquanguan Shear 
Zone) was considered to be the surface 
expression of a d6collement that controlled the 
thin-skin tectonics of the foreland. 

SHRIMP U-Pb zircon geochronology (Guan 
et al. 2002; Zhao et al. 2002), has shown that 
the Fuping Complex is composed of four litho- 
tectonic units: the Fuping gneisses, Longquan- 
guan augen gneisses, Wanzi supracrustals and 
Nanying granitic gneisses (Zhao et al. 2002). 
Cathodoluminescence (CL) and backscattered 
electron (BSE) images reveal the coexistence of 
magmatic and metamorphic zircons in nearly 
all rock types of the Fuping Complex (Guan 
et al. 2002; Zhao et al. 2002). SHRIMP U-Pb 
analyses on magmatic zircons reveal that the 
Fuping TTG gneisses were emplaced between 
2 5 2 3 _ 1 4 M a  and 2 4 8 6 _ 8 M a  ago (Guan 
et al. 2002; Zhao et al. 2002), whereas the pro- 
toliths of the Longquanguan augen gneisses 
were intruded between 2543 + 7 M a  and 
2507 _ 11 Ma (Wilde et al. 1997; Zhao et al. 
2002). SHRIMP data also reveal that the Nanying 
granitic gneisses formed between 2077 + 13 Ma 
and 2024 _ 21 Ma (Guan et al. 2002; Zhao et al. 
2002). Zircon grains and new overgrowth zircon 
rims from all components of the Fuping Complex 

207 206 yielded similar concordant Pb/ Pb dates in 
the range 1875-1802 Ma, interpreted as approxi- 
mating the age of regional metamorphism of the 
Fuping Complex (Guan et al. 2002; Zhao et al. 
2002). In addition, Guan et al. (2002) obtained 
a SHRIMP U-Pb zircon age of 2708_ 8 Ma 
for a hornblende gneiss, which occurs as enclaves 
in the Fuping gneisses. Work on the Hengshan 
Complex (Kroner et aI. 2001; Zhao et al. 
2001a) has shown a similar range of ages to 
those recorded from the Fuping Complex. In 
both areas, the preferred interpretation is that 
they represent lower components of a complex 
arc system, of which the Wutai Complex rep- 
resents the upper portion (Fig. 6), and which 
was assembled into its current position at 
c. l .8Ga (see also Zhao et al. 200lb; Wilde 
et al. 2002). No components older than 
c.2.7 Ga have so far been identified in either 
the Fuping or Hengshan Complexes. Indeed, the 
majority of rocks are similar in age to the Wutai 
Complex; this implies that neither the rift 
model (Tian 1991) nor the plate-tectonic model 
of Li & Wang (1992), involving older cratonic 
blocks, is viable. 

Tectonic setting 

Zhao et al. (2000 & 2001b) have proposed that 
Wutaishan and the adjacent Fuping and Heng- 
shan complexes (Fig. 1), lie within the Central 
Zone of the North China Craton. This zone, 
also referred to as the Trans-North China Orogen 
(Zhao et al. 2001a), is a linear zone of crustal 
thickening characterized by clockwise P - T  
paths, which separates two major crustal blocks- 
referred to as the eastern and western blocks 
(Zhao et al. 1998), that are considered to be sep- 
arate continental nuclei which collided at 
c.1.8 Ga ago (Zhao et  al. 2001b; Wilde et al. 
2002). The western block consists of Archa- 
ean tonalite- trondhjemite- granodiorite (TTG) 
gneisses and mafic igneous rocks, unconform- 
ably overlain by Palaeoproterozoic high-grade 
metasedimentary rocks referred to locally as 
'khondalites' (Zhao et al. 1999). The Archaean 
rocks underwent greenschist- to granulite-facies 
metamorphism at 2.6-2.5 Ga and are character- 
ized by anticlockwise P - T  paths. The eastern 
block also consists of TTG gneisses, accom- 
panied by syntectonic granitoids and interleaved 
supracrustal rocks, including ultramafic to 
felsic volcanic rocks and metasediments, meta- 
morphosed from greenschist to granulite facies; 
also exhibiting anticlockwise P - T  paths (Zhao 
et al. 2001b). In contrast to the western block, 
some basement rocks have considerably older 
protolith ages, up to c.3.8 Ga (Song et al. 1996). 

Our new results are important on the craton- 
scale, for the following reasons. The age data 
from felsic volcanic rocks in the Wutai Complex 
suggest a single magmatic source that extended 
over a period of approximately 20 Ma, from 
c.2533 to c.2515Ma, with a mean age of 
2523 +_ 3 Ma. Because there is no difference in 
the age of the felsic volcanic rocks within the 
Wutai Complex, these findings may also apply 
equally to other associated components of the 
complex, with the proviso that some younger 
rocks of the Hutou Group might be interleaved 
(Cawood et al. 1998). The complex had pre- 
viously been considered an unconformity- 
bounded, layer-cake stratigraphic succession up 
to 5 km thick (Tian et al. 1996) that was either 
formed in a rift environment (Tian 1991) or 
island-arc setting (Li J. et al. 1990; Li & Wang 
1992). Both models imply that the Wutai rocks 
were younger than the adjacent Fuping and 
Hengshan complexes, which is not supported 
by our new data. 

Investigations of the Wutai Complex (Wilde & 
Wang 1995; Wilde et al. 1997, 1998 and 2001; 
Wang et al. in press) have established that this 
complex represents relicts of an island and/or 
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Fig. 6. Schematic diagram showing the relationship of the major lithological components within the Wutai arc 
system prior to dismemberment at 1.8 Ga. Approximate width of diagram is 75 km. 

magmatic arc composed of mafic, intermediate 
and felsic volcanic rocks, with associated volca- 
niclastic and chemical sediments (Fig. 6). We 
consider that the components of the arc have 
been tectonically disrupted during a major colli- 
sional event and interleaved with granitoids, 
some of which predate the volcanic rocks and 
others which evolved coevally with them (Wilde 
et al. 1997; Wang et al. 2000). Our present results 
further substantiate this interpretation, with the 
implication of repetition of the sequence rather 
than a true stratigraphy. 

With respect to the timing of deformation 
and metamorphism, geochronological evidence 
shows that metamorphic ages of c. 1800 Ma are 

present throughout the area, especially in the 
higher-grade rocks. This age was originally con- 
sidered to represent a local thermal event (Tian 
1991" Bai et al. 1992). However, since all three 
crustal complexes show evidence of major tecto- 
nothermal activity at this time, the event is of 
regional extent. Evidence includes K - A r  data 
on hornblendes from the low-grade Wutai Com- 
plex of 1782 4-20 Ma (Wang et al. 1997) and 
metamorphic overgrowths on existing zircons 
and generation of new zircons in rocks of the 
higher-grade Hengshan and Fuping Complexes 
at c. 1.8 Ga (Kroner et al. 2000; Guan et al. 
2002; Zhao et al. 2001a). It now appears that 
the c . l . 8 G a  event (the so-called Liiliang 
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orogeny) records the timing of collision resulting 
from amalgamation of the east and west blocks 
of the North China Craton and its formation as 
a crustal entity (see also Zhao et  al. 2001b; 
Wilde et  al. 2002). 

Our new data indicate that, in one sample (96- 
PC-115), a 2~176 date of 2679-t-16Ma 
(Fig. 4c) was recorded from two of three older, 
inherited zircons. This is the only volcanic sample 
to contain inheritance, and this in turn suggests 
that at least some of the components of the 
Wutai Complex were extruded through pre-exist- 
ing crust (Fig. 6). It has previously been noted 
(Wilde et  aL 1997) that some of the earlier grani- 
toids at Wutaishan also contain inherited zircons 
as old as c.2.7 Ga, considered to most likely rep- 
resent components of the eastern block of the 
North China Craton (Wilde et  al. 2002); a similar 
origin is proposed for the older zircons contained 
in the Wutai volcanics, and this suggests that part 
of the Wutai Complex might also have evolved at 
the western continental margin of the eastern 
block. 

Locally, tonalitic gneisses as old as c.2.7 Ga are 
also present in the Fuping (Guan et  al. 2002) and 
Hengshan (Kroner et  al. 2001) complexes. There- 
fore, not only are the dominant rock-types in the 
Wutai, Fuping and Hengshan Complexes 2.52 Ga 
old, but all three areas contain evidence of earlier 
c.2.7-Ga crustal components. 

Geochemical data (Sun et  al. 1992; Liu et  al. 
in press) support the view that the high-grade 
granitic gneisses of the Fuping and Hengshan 
Complexes are arc-related. Because of their 
similarity in age (Guan et  al. 2002; Zhao et  al. 
2001b) and chemistry (Liu et  al. in press; 
Wang et  al. in press) to the Wutai Complex, 
they may represent part of the same arc system 
(Kroner et  al. 2001; Wilde et  al. 2002). We there- 
fore interpret both the Hengshan and Fuping 
Complexes as the lower part of a Late Archaean 
arc complex (Fig. 6), with the intervening 
Wutai Complex representing the upper portion 
of the arc (Kroner et  al. 2001; Zhao et  al. 
2001b; Guan et  al. 2002; Wilde et  al. 2002; 
Zhao et  al. 2002). It appears likely that the arc 
may have been complex, since it contains 
island-arc and back-arc components (Wang 
et  al. in press), as well as segments that erupted 
through pre-existing continental crust. 

At the present time, there are insufficient data to 
adequately model the convergent margin com- 
ponents of the arc, or to elucidate the full sequence 
of events that occurred between arc formation at 
2.53 Ga - possibly along the western margin of 
the eastern block of the North China Craton - 
and collision with the western block at c. 1.8 Ga 
(Zhao et  al. 2001b). One possibility is that the 

island-arc/back-arc components amalgamated 
with the western margin of the eastern block 
during the late Archaean/earliest Proterozoic 
and subsequently evolved as a passive margin. 
The age of the overlying Hutuo Group at 2366 
+ 1 0 3 / - 9 4  Ma (Wu et  al. 1986) is poorly con- 
strained, although it may be a correlative of the 
c.2100 Ma Wanzi Supracrustal Suite that is tecto- 
nically interleaved with the Fuping TTG gneisses 
(Guan et  al. 2002). There is also a suite of younger 
granitoids with Palaeoproterozoic ages of 
c.2150 Ma in the Wutai, Fuping and Hengshan 
Complexes (Wilde et  al. 1997; Guan et  al. 2002). 
These data suggest that the complexes had a 
common evolution from c.2.2 Ga. 

Our favoured interpretation, therefore, is that 
the Wutai, Fuping and Hengshan Complexes 
evolved at a convergent margin along the western 
continental margin of the Eastern block of the 
North China Craton (Zhao et  al. 2001b; Wilde 
et  al. 2002). They were subsequently tectonically 
dismembered, interleaved with Palaeoprotero- 
zoic shelf sediments and granitoids and meta- 
morphosed at c. 1.8 Ga during a major collision 
that brought together the eastern and western 
blocks of the North China Craton (Zhao et  al. 
2001b; Wilde et  al. 2002). 

Conclusions 

New SHRIMP U-Pb  data from felsic volcanic 
rocks collected throughout the Wutai sequence 
in the North China Craton establish that: 

(1) The rocks have similar dates within 
error, indicating that there is only one period 
of volcanism recorded in the Wutai Complex. 
This shows a range in age from 2533 _+ 8 Ma 
to 2513 _ 8 Ma, with a mean of 2523 _+ 3 Ma. 

(2) There is no layer-cake stratigraphy to the 
Wutai Complex and, coupled with evidence of 
structural complexity, this indicates that the 
rocks are tectonically juxtaposed. Remapping of 
this classic area of Chinese geology will probably 
reveal a complex tectonostratigraphy. 

(3) There is no correlation between meta- 
morphic grade and age of volcanic rocks in the 
Wutai Complex, contrary to previous views 
(Bai 1986; Tian 1991; Tian et  al. 1996). 

(4) There is a similarity in age between the 
igneous rocks of the low-grade Wutai Complex 
and those in the high-grade Fuping and Hengshan 
complexes (Guan et  al. 2002; Kroner et  al. 2001; 
Zhao et  al. 2001b). There is also a consistency in 
the geochemical data (Sun et  al. 1992; Wang 
et  al. in press), tending to support a common ori- 
gin within a complex arc system. 

(5) There is no evidence for rocks older than 
c.2.7 Ga in any of the three complexes and there 
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is thus no apparent difference between the 
so-called Fuping and Wutai 'movements '  or oro- 
genic events. Furthermore, there is no direct evi- 
dence that the Wutai or Fuping /Hengshan  
complexes were deformed prior to c. 1.8 Ga ago 
(Kroner et al. 2001), and so the very existence 
of  the Fuping and Wutai orogenies is in need of 
re-evaluation. 

(6) The marked similarity in age between the 
main metamorphic  events in the Wutai, Fuping 
and Hengshan Complexes at c. 1800 Ma indicates 
that the Ltiliang 'movement '  (orogeny) is the 
major tectonic event in the region. It resulted in 
formation of  the North China Craton by amalga- 
mation during collision of the eastern and 
western blocks (Zhao et al. 2000). 
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