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SHRIMP U-Pb ZIRCON GEOCHRONOLOGY OF THE HUAT’AN
COMPLEX: CONSTRAINTS ON LATE ARCHEAN TO
PALEOPROTEROZOIC MAGMATIC AND METAMORPHIC EVENTS IN
THE TRANS-NORTH CHINA OROGEN

GUOCHUN ZHAO*', SIMON A. WILDE**, MIN SUN*, JINGHUI GUO***,
ALFRED KRONERY, SANZHONG LIS, XUPING LI®S, and JIAN ZHANG*

ABSTRACT. The Huai’an Complex is situated in the northern segment of the
Trans-North China Orogen (TNCO), a continent-continent collisional belt along which
the discrete Archean Eastern and Western Blocks amalgamated to form the basement
of the North China Craton. The complex consists of six distinct lithologic units: the
Huai’an TTG gneisses, the Manjinggou high-pressure mafic granulites, the Khondalite
Series, the Dongjiagou granitic gneiss, the Huai’an charnockite, and the Dapinggou
K-feldspar granite. SHRIMP U-Pb geochronology, combined with Th and U data and
cathodoluminescence (CL) imaging of zircons, enables resolution of magmatic and
metamorphic events that can be directed towards understanding the late Archean to
Paleoproterozoic history of the TNCO. CL images reveal the coexistence of magmatic
and metamorphic zircons in most lithologies of the Huai’an Complex, of which the
metamorphic zircons occur as either single grains or overgrowth rims surrounding and
truncating oscillatory-zoned magmatic zircon cores. SHRIMP U-Pb analyses on mag-
matic zircons reveal that the tonalitic, trondhjemitic and granodioritic protoliths of the
Huai’an TTG gneisses were emplaced at 2515 + 20 Ma, 2499 *+ 19 Ma and 2440 *+ 26
Ma, respectively, much earlier than the emplacement of the Dongjiagou granitic gneiss
dated at 2036 £ 16 Ma. However, their metamorphic zircons yield similar concordant
207ph /29%Ph ages of 1847 + 17 Ma, 1842 * 10 Ma and 1847 = 11 Ma for the tonalitic,
trondhjemitic and granodioritic gneisses, respectively, and 1839 + 46 Ma for the
Dongjia granitic gneiss. These ages demonstrate that the Huai’an Complex underwent
a regional metamorphic event at ~1850 Ma, which is further supported by a mean
207ph/2%°Ph age of 1848 + 19 Ma for metamorphic zircons in the Manjinggou
high-pressure mafic granulite and 1849 = 10 Ma and 1850 * 17 Ma for igneous zircons
in the anatectic Huai’an charnockite and Dapinggou garnet-bearing S-type granite,
respectively. The timing of late Archean to Paleoproterozoic magmatism and regional
metamorphism in the Huai’an Complex is in general agreement with recent SHRIMP
zircon data for other metamorphic complexes in the TNCO. These data prove that the
high-grade gneiss complexes were not the basement to the low-grade granite-
greenstone terranes in the TNCO. Furthermore, the lithologies of the orogen are
considered to have developed as a longlived magmatic arc that was subsequently
tectonically disrupted and juxtaposed during the collision of the Eastern and Western
Blocks at ~1.85 Ga, leading to final assembly of the North China Craton.

INTRODUCTION

A recent tectonic model for the Precambrian evolution of the North China Craton
envisages discrete Archean Eastern and Western Blocks that developed independently
and then amalgamated along the Trans-North China Orogen (TNCO) (fig. 1) (see
Zhao and others, 2007 and references cited therein). However, there is still debate
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Fig. 1. Tectonic subdivision of the North China Craton, modified from Zhao and others (2005).
Abbreviations for metamorphic complexes: CD — Chengde; DF — Dengfeng; HA — Huai’an; LL- Luliang; TH
—Taihua; WT — Wutai; XH - Xuanhua; ZH - Zanhuang; ZT — Zhongtiao. Figure 2 is outlined.

surrounding the timing of collision between the Eastern and Western Blocks, with one
school of thought proposing that the collision occurred at ~2.5 Ga, whereas others
believe that the final amalgamation of the two blocks was completed at ~1.85 Ga (see
Zhao and others, 2007 for detailed discussion). This controversy results from the lack
of reliable isotopic ages, especially of metamorphic events, which has hampered
further understanding of the history of the North China Craton. To resolve this issue,
extensive zircon dating of rocks in the Hengshan-Wutai-Fuping mountain belt has
been carried out, a representative basement exposure across the middle segment of
the TNCO (fig. 1, see Zhao and others, 2007 for summary and references). Some
major conclusions from these data are summarized as follows: (1) high-pressure
granulites and eclogites in the Hengshan Complex are strongly deformed gabbroic
dikes that were emplaced at ~1.92 Ga and experienced high-pressure metamorphism
at ~1.85 Ga (Kroner and others, 2005a, 2005b, 2006); (2) ductilely deformed Paleopro-
terozoic granitoid gneisses in the Hengshan and Fuping Complexes were emplaced
between 2359 and 2024 Ma, indicating that the main deformation in these areas is not
Archean but Paleoproterozoic in age (Guan and others, 2002; Zhao and others, 2002;
Kroner and others, 2005a, 2005b); and (3) metamorphic zircons are present in both
the Archean and Paleoproterozoic rocks of the Hengshan and Fuping Complexes and
yield consistent metamorphic ages of ~1.85 Ga (Guan and others, 2002; Zhao and
others, 2002; Kroner and others, 2005a, 2005b, 2006). These new geochronological
data clearly support the model that collision between the Eastern and Western Blocks
occurred at ~1.85 Ga and not at ~2.5 Ga. This conclusion is also supported by recent
age data for the Taihua Complex in the southern segment of the TNCO (Wan and
others, 2006). However, all these investigations are limited to the middle and southern
segments of the TNCO, whereas it remains unknown whether the northern part of the
orogen experienced the same tectono-thermal history. In this contribution, we carried
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out SHIRMP U-Pb zircon dating on representative rocks of the Huai’an Complex, a key
area in the northern part of the TNCO, where high-pressure mafic granulites/
retrograded eclogites were first discovered in the North China Craton (Zhai and
others, 1993). Our new ages enable an evaluation of the timing of collision and thereby
place rigorous constraints on several key issues related to the late Archean to Paleopro-
terozoic accretion and assembly of the North China Craton.

REGIONAL SETTING

Lithological, geochemical, structural, metamorphic and geochronological differ-
ences between basement rocks of the Eastern and Western Blocks and the TNCO have
been summarized by Zhao and others (200la) and are not repeated here. This
three-fold subdivision of the North China Craton has been further refined and
modified using new structural, petrological and geochronological data (Zhao and
others, 2003, 2005). These data suggest that the Western Block formed by amalgam-
ation of the Ordos Terrane in the south and the Yinshan Terrane in the north along
the east-west-trending Khondalite Belt (fig. 1) at 1.90 to ~1.95 Ga, about 50 to 100 Ma
earlier than the collision of the Western and Eastern Blocks (Zhao and others, 2005).
The data also suggest that the Eastern Block underwent Paleoproterozoic rifting along
its eastern continental margin in the period 2.2 to 1.9 Ga, forming the Jiao-Liao-]i Rift
Belt (fig. 1; Li and others, 2004a, 2004b, 2005, 2006).

The TNCO, a nearly south-north-trending zone up to ~1200 km long and 100 to
300 km wide (fig. 1), is separated from the Eastern and Western Blocks by the
Xingyang-Kaifeng-Shijiazhuang-Jilanping Fault and the Huashan-Lishi-Datong-Duolun
Fault, respectively. Both faults strike N-S in the central and southern parts and NE-SW
in the north. The main lithotectonic features of the TNCO include: (1) dominant late
Archaean to Palaeoproterozoic arcrelated juvenile crust with minor reworked base-
ment rocks (Zhao and others, 1999a, 2000a; Liu and others, 2002, 2004, 2005; Wilde
and others, 2002, 2004a, 2005; Wilde and Zhao, 2005; Wu and others, 2005); (2) linear
structural belts defined by strike-slip ductile shear zones, large-scale thrusting and
folding, and transcurrent tectonics (Li and Qian, 1991; Zhang and others, 1994; Dirks
and others, 1997; Wang and others, 2003, 2004, 2007; Zhang and others, 2007); (3)
sheath folds and mineral lineations (Wu and Zhong, 1998; Zhang and others, 2007);
(4) high-pressure granulites and retrograde eclogites (Zhai and others, 1993, 1996;
Zhao and others, 2001b; Guo and others, 2002, 2005; O’Brien and others, 2005; Zhang
and others, 2006); (5) clockwise metamorphic P-T paths involving near-isothermal
decompression (Guo and others, 1993, 1996, 2001; Zhai and others, 1993; Mei, 1994;
Guo and Shi, 1996; Liu, 1996; Liu and others, 1996; Zhao and others, 1999b, 2000b;
Guo and Zhai, 2001; O’Brien and others, 2005); (6) ancient oceanic fragments and
ophiolitic mélange (Liand others, 1990; Bai and others, 1992; Wang and others, 1996,
1997); (7) syn- or post-tectonic granites (Tian, 1991); and (8) post-collisional mafic
dike swarms (Hall and others, 2000). Most of these lithotectonic elements are classical
indicators of collision tectonics.

The Huai’an Complex is situated in the central-north segment of the TNCO (fig.
1), north of the Hengshan Complex and southwest of the Xuanhua Complex (fig. 2),
both of which contain high-pressure granulites or retrograded eclogites (Zhao and
others, 2001b; Guo and others, 2002; O’Brien and others, 2005). West of the Huai’an
Complex is the Jining Complex which forms the easternmost part of the Paleoprotero-
zoic Khondalite Belt in the Western Block (fig. 2), and in which ultrahigh temperature
metamorphic mineral assemblages were recently reported (Santosh and others, 2006,
2007). It consists of S-type granites and what is referred to as the “Khondalite Series”, a
supracrustal suite dominated by metapelites, calc-silicate rocks and marbles, and
probably representing a stable continental margin deposit (Lu, 1991; Lu and Jin,
1993). Separating the Huai’an and Jining Complexes is a detachment fault that is
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Fig. 2. Spatial relationships of the Huai’an Complex with adjacent Hengshan, Xuanhua and Jining
complexes in the TNCO.

considered to have accommodated extension after crustal thickening (Zhang and
others, 1994; Wu and Zhong, 1998; Guo and others, 2002).

LITHOLOGIES OF THE HUAI'AN COMPLEX

The Huai’an Complex comprises six distinct lithologic units: (1) the Huai’an TTG
gneisses, (2) the Manjinggou high-pressure mafic granulites, (3) the Khondalite
Series, (4) the Dongjiagou granitic gneiss, (5) the Huai’an enderbite and charnockite,
and (6) the Dapinggou granite (Zhang and others, 1994; Liu, ms, 1995; Guo and
others, 2002). Large-scale mapping of these lithologic units is on-going, but in the
Manjinggou area, where HP mafic granulites were first discovered (Zhai and others,
1993), most of these lithologies have been mapped out as shown in figure 3 (Guo and
others, 2002).

Of these lithologies, the Huai’an TTG gneisses make up ~60 percent of the
complex and consist of dioritic, tonalitic, trondhjemitic and granodioritic gneisses that
have undergone a complex history of upper amphibolite- to granulite-facies metamor-
phism and intense polyphase deformation (Zhang and others, 1994). The typical
mineral assemblage of the TTG gneisses is plagioclase + quartz + biotite + horn-
blende + orthopyroxene + clinopyroxene * garnet * opaque minerals. These rocks
have geochemical characteristics similar to high-grade gray gneisses elsewhere in the
world (Guo and others, 1993, 1996; Guo and Shi, 1996). On the basis of petrological
and geochemical data, Guo and others (1996) proposed that the Huai’an TTG
gneisses were derived from partial melting of garnet-bearing mafic granulites or
eclogites.

The Manjinggou HP mafic granulites occur in boudins and sheets, ranging from
0.1 to 2 m in width and 0.1 to 50 m in length, within the heterogeneous veined and
deformed granulite-facies TTG gneisses, though some intensively retrograded HP
granulitic xenoliths are also found in the Huai’an charnockites, Dongjiagou granitic
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Fig. 3. Contribution of the Huai’an TTG gneisses, the Manjinggou high-pressure mafic granulite, the
Khondalite Series, the Dongjiagou granitic gneiss, the Huai’an enderbite and charnockite, and the
Dapinggou garnet-bearing S-type granite in the Manjinggou area (after Guo and others, 2002).

gneisses and Dapinggou K-feldspar granite (fig. 3; Guo and others, 2002). Generally,
there is a sharp contact between the HP mafic granulites and the TTG gneisses, but no
obvious intrusive relationships are observed between them in the field. The long axes
of the HP granulite boudins are always parallel to the foliation of the TTG gneisses. In
rare cases, and especially in low-strain zones, the HP granulite boudins and sheets can
be intermittently traced for several hundred meters (fig. 3), which suggests that they
were derived from metamorphosed gabbroic dikes. Ductile deformation has later
rotated these dikes into parallelism with the layering in the enclosing gneisses and, at
the same time, caused boudinage. This is the same as with the HP granulites in the
Hengshan Complex (Kroéner and others, 2005a, 2005b, 2006) south of the Huai’an
Complex.
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The Manjinggou HP mafic granulites contain mineral assemblages similar to
those of HP granulites and retrograded eclogites in the Hengshan Complex, though
omphacite pseudomorphs, indicated by clinopyroxene + sodic plagioclase (Any,_y)
symplectic intergrowths (Zhao and others, 2001b), have not been found in the
Manjinggou HP granulites. Guo and others (2002) recognized prograde (M,), peak
(My), post-peak decompression (Ms), and later cooling (M,) metamorphic assem-
blages in the Manjinggou HP granulites. The prograde assemblage (M, ) is represented
by low-Ca cores to growth-zoned garnet and associated inclusions of clinopyroxene,
plagioclase and quartz, which formed under P-T conditions of ~10 kbar and 700°C.
The peak assemblage (M,) comprises high-Ca domains in garnet interiors and
inclusions of clinopyroxene, plagioclase and quartz, yielding P-T conditions of 11 to
14.5 kbar and 750 to 870°C. The post-peak decompression assemblage (Mj) is
represented by coronas and kelyphites (symplectites) of orthopyroxene + plagio-
clase + magnetite around garnet porphyroblasts, produced at conditions between 8.5
to 10.5 kbar and 770 to 830°C. The later cooling assemblage (M,) includes horn-
blende + plagioclase kelyphites around garnet and formed at 5.5 to 8 kbar and 500 to
650°C. These mineral assemblages and their P-T estimates define a clockwise P-T path
involving isothermal decompression (ITD) and cooling following peak metamorphism
(fig. 4), which is considered to record the subduction and collision between the
Eastern and Western Blocks (Guo and others, 2002; Zhang and others, 2006).

The Khondalite Series is mainly composed of graphite-bearing sillimanite-garnet
gneiss, garnet quartzite, felsic paragneiss, calc-silicate rock and marble, which were
derived from a sedimentary sequence metamorphosed at medium- to low-P granulite-
facies conditions (Liu, ms, 1995). Interlayered with the Khondalite Series rocks are the
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Huai’an TTG gneisses, mafic granulites, syntectonic charnockites and S-type granites,
and the boundaries between the Khondalite Series and other lithologic units are
tectonic (Guo and others, 2002). Zhao and others (2005) suggested that the Khon-
dalite Series rocks in the Huai’an Complex are allochthonous; they were part of the
Jining Complex situated in the easternmost segment of the Paleoproterozoic Khon-
dalite Beltin the Western Block and were thrust over the TNCO during collision of the
Western and Eastern Blocks.

The Dongjiagou granitic gneiss only occurs in the southeastern part of the
Manjinggou area and consists of pethitic Kfeldspar (~45%), plagioclase (~20%),
quartz (~20%), hornblende (~10%), garnet (~3%) and magnetite/ilmenite (~2%).
Hornblende crystals show a strongly preferred orientation and define a gneissic fabric.
It remains unknown whether hornblende is of metamorphic or igneous origin. The
nature of the boundary between the Dongjiagou granitic gneiss, the Huai’an TTG
gneisses and the Dapingggou granite is tectonic.

The Huai’an enderbite and charnockite occur as small-scale stocks or patches
within the Huai’an TTG gneisses. The enderbite is mineralogically and chemically
intermediate between the dioritic/tonalitic gneiss and the charnockite. It contains
plagioclase (~45%), quartz (~20%), orthopyroxene + clinopyroxene (~20%), K-
feldspar (~10%) and biotite (~5%), and exhibits weak banding and gneissosity, which
is more prominent on weathered than on fresh surfaces. The charnockite contains
more abundant K-feldspar (>30%) and less plagioclase (<25%) than the enderbite
and is structurally more homogeneous and massive. In the field, the transformation of
dioritic/tonalitic gneiss to enderbite is evident from the diffuse boundaries that cross
the gneissic foliation and banding. However, the charnockite shows a clear intrusive
relationship with the TTG gneisses. All these features suggest that the enderbite and
charnockite were produced by in-situ anatexis of the dioritic/tonalitic gneisses (Liu,
ms, 1995).

The Dapinggou garnet-bearing K-feldspar granite only occurs in the southwestern
part of the Manjinggou area (fig. 3) and is characterized by garnet (up to 10%) and
minor sillimanite (<1%), with perthitic K-feldspar (~45%), plagioclase (20%) and
quartz (~25%). The granite is mineralogically homogeneous and structurally massive,
though locally it exhibits a weak foliation. These mineralogical and structural features
indicate that the Dapinggou granite is a syn- or post-tectonic S-type granite that was
derived from partial melting of pelitic gneisses of the Khondalite Series (Guo and
others, 1996).

PREVIOUS GEOCHRONOLOGY

The age of the rocks and timing of metamorphic events in the Huai’an Complex
are poorly constrained. Most of the existing dates are based on K-Ar, Rb-Sr and
Sm-Nd analyses of minerals and whole-rock samples and conventional U-Pb multi-
grain zircon geochronology (Guo and others, 1993; Guo and Shi, 1996). Age estimates
range between 2600 to 1800 Ma, with a few ages older than 2600 Ma or younger than
1800 Ma (Kroner and others, 1987; Liu, ms, 1989). Using conventional isotope
dilution techniques on zircon fractions, Guo and Shi (1996) obtained a U-Pb zircon
age of 2402 +9/-7 Ma for a tonalitic gneiss. This age is now considered to be
geologically meaningless, since CL images show that most zircons from the Huai’an
TTG gneisses have an igneous core and a metamorphic rim and dissolution analysis
may therefore represent mixed ages. Using the same method, Guo and Shi (1996)
obtained a U-Pb zircon age of 1892 + 23/-19 Ma for a sillimanite-garnet-gneiss of the
Khondalite Series. Again, this age is now interpreted to reflect mixing of igneous and
metamorphic zircons, since CL images show that most detrital zircons in the high-
grade pelitic gneisses have metamorphic rims. In addition, an upper Concordia
intercept zircon age of 2144 + 47/-36 Ma was obtained for the Dapinggou K-feldspar
granite, and was interpreted to reflect emplacement of the granite (Guo and Shi,
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1996). However, this age is likewise unreliable, because all data points are strongly
discordant due to significant lead loss. The age of the Huai’an syn-tectonic charnockite
has not been precisely determined, though three zircon grains gielded apparent
207ph,/205Ph ages of 1799 Ma, 1806 Ma and 1856 Ma, with a mean **’Pb/?*°Pb age of
1820 Ma (Guo and Shi, 1996).

Compared with other lithologies, the HP mafic granulites of the Huai’an Com-
plex are well dated (Guo and others, 1993, 1996; Guo and Shi, 1996). Guo and others
(1993) obtained a garnet-clinopyroxene-orthopyroxene Sm-Nd isochron age of 1824 +
18 Ma and a U-Pb zircon age of 1833 * 23 Ma, both interpreted to reflect a
high-pressure metamorphic event. More recently, Guo and others (2005) SHRIMP-
dated zircons from two HP mafic granulite samples collected from Manjinggou, and
the metamorphic zircons yielded mean 2*’Pb/?*°Pb ages of 1817 + 12 Ma (n = 20;
MSWD = 0.65) and 1817 = 12 Ma (n = 21; MSWD = 1.9), both interpreted as the age
of the high-pressure metamorphic event. Whereas these SHRIMP results provide
reliable data for peak metamorphism in the Manjinggou HP mafic granulites, signifi-
cant questions still remain because of a lack of precise and reliable isotopic age data for
other major lithologies of the Huai’an Complex.

SAMPLE SELECTION AND ANALYTICAL METHODS

Seven samples representing all major lithologies of the Huai’an Complex were
selected for study. Of these, samples M21, M19 and M23 are two-pyroxene-bearing
tonalitic, trondhjemitic and granodioritic gneisses, respectively, collected from the
Huai’an TTG gneisses; sample M17 is a high-pressure mafic granulite collected from
the Manjinggou area; sample M28 is from the Dongjiagou granitic gneiss; sample M22
is a massive charnockite; and sample M24 is from the Dapinggou garnet-bearing
granite. Table 1 lists major petrographic features of each sample, and sample sites are
shown on figure 3.

The samples were processed for heavy mineral separation by crushing and initial
heavy liquid and subsequent magnetic separation. Samples were divided into size and
magnetic fractions using a Frantz isodynamic separator. Zircons from the 105 to 132
and >132 pm non-magnetic fractions were hand-picked and mounted on adhesive
tape, enclosed in epoxy resin and then polished to about half their thickness and
photographed in reflected and transmitted light. Cathodoluminescence (CL) imaging
of zircon grains was then carried out using a scanning electron microprobe at the
Guanzhou Institute of Geochemistry. The mount was then cleaned and gold-coated.
U-Th-Pb analyses were made on the exposed zircon surfaces using the Western
Australian Consortium SHRIMP II ion microprobe housed at Curtin University, whose
instrumental performance has been documented by De Laeter and Kennedy (1998).
Detailed analytical procedures are described by Nelson (1997). Isotopic ratios are
monitored by reference to a **°Pb/***U ratio of 0.09143 that is equivalent to an age of
564 Ma for the Sri Lankan gem zircon standard CZ3 (Pidgeon and others, 1994),
fragments of which were mounted on each sample. Pb/U ratios in the unknown
samples were corrected using the In(Pb/U)/In(UO/U) relationship as measured in
standard CZ3. (This is all in Williams and Nelson.) Ages have been calculated from the
U and Th decay constants recommended by Steiger and ]i§er (1977). All reported
ages represent “*’Pb/2°°Ph data corrected using measured 2**Pb. The analytical data
were reduced and plotted using the Squid (1.0) and IsoplotEx 2.46 programs (Ludwig,
2001). Individual analyses in the data table and concordia plots are presented with lo
error and uncertainties in pooled ages are quoted at the 20 (95 % confidence) level,
unless otherwise indicated.

RESULTS
Huai’an TTG gneiss (samples M21, M19 and M23).—Most zircons in Huai’an TTG
gneiss samples M21, M19 and M23 are euhedral and prismatic in morphology as is
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Sample | Rock Name Main Minerals Fabric Environment
M21 Tonalitic P1 (55%) + Qtz Medium-grained ; | Pre-tectonic
gneiss (25%) + Opx + Cpx strong gneissosity
(15%) + Hbl/Bt (5%)
M19 Trondhjemitic | P1(60%) + Qtz Medium-grained; | Pre-tectonic
gneisses (30%) + Opx + Cpx strong gneissosity
(5%) + Bt (5%)
M23 Granodioritic | P1(45%) + Qtz Medium-grained; | Pre-tectonic
gneiss (25%) + Kf (10%) + | strong gneissosity
Opx + Cpx (5%) +
HbI/Bt (5%)
M17 High-pressure | P1(40%) + Cpx Granoblastic Pre-tectonic
mafic (25%) + Grt (20%) + | texture; massive
granulite Qtz (5%) + Opx or weak foliation
(symplectite, 5%) +
Hbl (5%)
M28 Hbl granitic Kf (40%) + Qtz Granoblastic Pre-tectonic
gneiss (25%) + P1 (25%) + texture;
Hbl (10%) + Grt gneissosity
(<1%)
M22 Charnockite Kf (30%) + Qtz Granular texture; | Syn-tectonic
(25%) + P1 (25%) + massive structure
Opx (10%) + Bt
(10%)
M24 Grt granite Kf (40%) + Qtz Granular texture; | Syn-tectonic
(25%) + P1 (25%) + massive structure
Grt (10%)

commonly observed in zircons from magmatic rocks, but have been recrystallized or
overgrown by thin rims. CL images show that zircons in these samples can be grouped
morphologically into three types: (1) those with concentric, oscillatory zoning (fig.
5A); (2) those with concentric oscillatory-zoned cores with narrow (<10 pm) or wide
(>20 wm), highly luminescent, structureless rims (figs. 5B and 5C); and (3) those with
dark cores with wide, highly luminescent, structureless rims (fig. 5D). Based on
morphology and the assumption that the zircon rims are generally younger than the
cores that they overgrow, the structureless rims in type (2) and (8) zircons are
considered to have formed through metamorphic recrystallization/overgrowth; type
(1) zircons and the oscillatory-zoned cores in type (2) represent igneous grains; the
dark cores in type (3) zircons represent unconsumed igneous zircon.

The SHRIMP analytical data for sample M21 are presented in table 2. Analytical
points were positioned on three individual grains with concentric, oscillatory zoning;
four concentric, oscillatory-zoned, igneous cores and seven highly luminescent, struc-
tureless, metamorphic zircon rims. In terms of Th-U chemistry, concentric, oscillatory
zoning in igneous zircon is characterized by high Th/U ratios, whereas the high
luminescent, structureless, metamorphic zircon rims have much lower Th contents
(fig. 6A). On a concordia plot (fig. 7), seven analyses of igneous zircon (individual
grains and zoned cores) are concordant or nearly concordant, and define a single
population with a weighted mean **’Pb/?°°Pb age of 2515 = 20 Ma (MSWD=5.5),
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Fig. 5. Representative selection of CL zircon images of the studied samples. Descriptions of zircons are
included in the text. All scale bars are 50 pm.

interpreted as the crystallization age of the igneous protolith of the tonalitic gneiss.
Seven data points on the highly luminescent, structureless, metamorphic zircon rims
are concordant to slightly discordant (fig. 7) and yielded a weighted mean 207py, /206py,
age of 1847 + 17 Ma (MSWD=3.8), interpreted as the time of metamorphic zircon
growth.

For the trondhjemitic gneiss sample M19, analytical sites were positioned on 11
igneous and 10 metamorphic zircons. Most, but not all, metamorphic zircons are
characterized by relatively low Th and high U contents, with most Th/U ratios lower
than 0.2 (table 3), whereas all magmatic zircons show relatively high Th and low U
contents, with most Th/U ratios higher than 0.6 (table 3; fig. 6B). On a concordia plot
(fig. 8), 8 out of 11 analyses of the igneous zircons are concordant, or nearly
concordant, and define a weighted mean 2*’Pb/?*°Pb age of 2499 + 19 Ma (fig. 8),
interpreted as the crystallization age of the igneous protolith of the trondhjemitic
gneiss. The remaining three data points on igneous zircons are younger (fig. 8). These
analyses may have overlapped the narrow metamorphic rims or have undergone
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Fig. 6. Plots of Th vs U for the magmatic and metamorphic zircons in samples M21 and M19.

recrystallization during the later metamorphic event, yet still retain vestiges of original
oscillatory zoning. Ten analyses of metamorphic zircon are mostly concordant but
form two groups (fig. 8). One group consists of six analyses that define a weighted
mean 2°7Pb/2°°Ph age of 1838 = 35 Ma. The two concordant data points (spots 13 and
15; table 3) in this group %}Ve a mean age of 1842 = 9 Ma (MSWD =2) (fig. 8), similar
to the weighted mean **’Pb/*’°Pb age of metamorphic zircons in tonalitic gneiss
sample M21, and are thus interpreted as reflecting the time of peak metamorphism.
Another group consists of four analyses that have 207Pb/ 206pp, a%eg somewhat older
than the other six data points, and define a weighted mean 2°’Pb/*°°Pb age of 1954 +
32 Ma (fig. 8). There are two possible interpretations for this age. One is that these
zircons record an earlier metamorphic event resulting from collision between the
Ordos and Yinshan Terrane to form the Western Block, which is considered to have
occurred before the collision of the Eastern and Western Blocks (Zhao and others,
2005). Another interpretation is that these analyses may be positioned on very narrow
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=
0 04 + -
Q Igneous zircon cores
E Weighted mean 207Pb/296Pp age:
Q - 2515 + 20 Ma
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0.2

Fig. 7. Concordia plot of SHRIMP U-Pb zircon analytical results for the Huai’an tonalitic gneiss (sample
M21). Errors are 1-sigma.

metamorphic zircon rims or overlap with the zoned zircon cores of magmatic origin,
and thus these data points record mixed ages and are geologically meaningless.

SHRIMP analyses on two-pyroxene granodioritic gneiss samples M23 were made
on seven oscillatorily-zoned igneous cores (Types 1 and 2), one dark core (Type 3)
without obvious zoning, and eight structureless metamorphic rims that have over-
grown Type 2 and 3 zircons (table 4). Unlike those in samples M23 and M19, most
metamorphic zircon rims in sample M23 do not show low Th/U ratios (table 4),
although two metamorphic zircon rims (for example spots 15, and 16) have extremely
low Th/U ratios (<0.01). On a concordia plot (fig. 9), seven analyses on oscillatorily-
zoned igneous cores form a reasonably concordant group with a weighted mean
207p, /295p, age of 2440 = 26 Ma (MSWD = 2.7) (fig. 9), interpreted as the
crystallization age of the gneiss protolith. One analysis (spot 14) on a dark zircon core
gives an apparent 2°’Pb/?*°Pb age of 2581 = 10 Ma (fig. 9), much older than other
zircon cores and interpreted as recording the age of an inherited grain. Seven analyses
on structureless rims form a well-defined concordant population with a weighted mean
207Pb/206Pb age of 1847 = 11 Ma (MSWD = 0.97), similar to metamorphic ages
obtained from the other two Huai’an TTG gneiss samples and thus interpreted reflect
the time of metamorphic zircon growth in the Huai’an Complex.

Manjinggou HP granulite (sample M17).—Only a few zircon grains were present in
sample M17 and CL images reveal two morphologically distinct types: one is nearly
spherical, multifaceted, and structureless with high luminescence (fig. 6E), typical of a
metamorphic origin; the other has dark (low-luminescence) oscillatorily-zoned cores
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Metamorphic zircons 2500
Weighted mean 207Pb/296Pp age:
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Fig. 8. Concordia plot of SHRIMP U-Pb zircon analytical results for the Huai’an trondhjemitic gneiss
(sample M19). Errors as in figure 7.

and bright (high luminescence) structureless rims (fig. 6F). The dark zoned cores are
interpreted to be of igneous origin, whereas the bright, structureless rims are consid-
ered to have resulted from metamorphic recrystallization or overgrowth. Table 5 lists
ten analyses for sample M17, of which two were made on individual metamorphic
zircon grains, four on magmatic zircon cores with oscillatory zoning, and four on
bright (high luminescence), structureless, metamorphic rims. On a concordia plot
(fig. 10), the metamorghic zircons form a nearly concordant group that gives a
weighted mean 2°’Pb/2"°Pb age of 1848 = 19 Ma (MSWD = 0.13), interpreted as
approximating the peak of the metamorphic event. This age is comparable to the
somewhat more precise ages obtained from the Huai’an TTG gneiss samples. Of the
four analyses on dark (highly luminescent) oscillatorily-zoned zircon cores, one
analysis is concordant, giving a 2°’Pb/?°°Pb age of 1964 = 60 Ma, with a large error,
which is comparable to the emplacement age (~1915 Ma) of the metamorphosed
mafic dike swarm in the Hengshan Complex (Kroéner and others, 2006), 50 km south
of the Huai’an Complex. The remaining three analyses are variably discordant, giving
207ph,/205Ph ages of 2032 = 86 Ma, 2040 = 39 Ma and 2201 = 68 Ma (fig. 10), which
may represent the crystallization ages of xenocrystic zircons entrained in the mafic
protolith.

Dongjiagou granitic gneiss (sample M28).—Most zircons in sample M28 are euhedral
to subhedral prisms with sharp terminations, evidently of igneous origin, which is
further supported by their CL images revealing oscillatory zoning. Some zircons have
an oscillatory-zoned core with a bright, structureless rim (fig. 5G). Like those in other
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Fig. 9. Concordia plot of SHRIMP U-Pb zircon analytical results for the Huai’an granodioritic gneiss
(sample M23). Errors as in figure 7.

samples, the narrow structureless rims with high luminescence are interpreted to be
the result of metamorphic recrystallization or overgrowth, whereas the dark oscillatory-
zoned cores are of igneous origin. The analytical data are presented in table 6 and on a
concordia plotin figure 11. Of 14 analyses, ten were made on oscillatory-zoned igneous
zircons (with or without metamorphic rims), and four were made on highly lumines-
cent and structureless metamorphic rims. All analzyses of igneous zircons (fig. 11) form
a concordant group with a weighted mean 2*’Ph/?°°Ph age of 2036 = 16 Ma (MSWD =
2.2), interpreted as the crystallization age of the gneiss protolith. The four analyses on
the metamorphic rims are also nearly concordant and give a weighted mean *’Pb/
20°Ph age of 1839 = 46 Ma, interpreted as the approximate age of the metamorphic
event. Despite the large error and high MSWD, this age is comparable to those
obtained from metamorphic zircons in all samples previously described in this paper.

Huai’an charnockite (Sample M22).—Sample M22 was collected from a massive
charnockite body that locally intrudes the high-grade tonalitic gneiss (fig. 3). Zircons
in sample M22 form a homogeneous population of euhedral prisms. The internal
structures as revealed by CL images are characterized by irregular zoning (fig. 5H)
without structureless rims. The analytical data are presented in table 7 and on a
concordia plot in figure 12. Sixteen out of 18 analyses are concordant, or nearly
concordant, and yielded a weighted mean 207py, /206py, age of 1849 * 10 Ma (fig. 12),
interpreted as the crystallization age of the Huai’an charnockite. Two analyses are
discordant (spots 14 and 18), possibly due to their high U-contents, but relatively
strongly correlated with the other data points, and a regression through all 18
data-points, using the program IsoplotEx, defines a chord with an upper concordia
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Fig. 10. Concordia plot of SHRIMP U-Pb zircon analytical results for the Manjinggou high-pressure
mafic granulite (sample M17). Errors as in figure 7.

intercept age of 1847 * 15 Ma (MSWD = 0.86), identical to the weighted mean
207ph /%Ph age defined by the 16 concordant data points. The crystallization age of
the massive charnockite is identical to the metamorphic ages obtained from the
Huai’an TTG gneisses, which supports the conclusion that the charnockite formed by
anatexis of the gneisses during the peak of high-grade metamorphism (Liu, ms, 1995).

Dapinggou garnet-bearing S-type granite (Sample M24).—Sample M24 was collected in
the southwestern part of the Manjinggou area (fig. 3). CL images of all zircons are
characterized by concentric oscillatory zoning (fig. 5I), without overgrowth rims,
evidently of igneous origin. The analytical data are presented in table 8 and on a
concordia plot in figure 13. The ei§ht analyses are concordant to nearly concordant
and yielded a weighted wean 2°’Pb/?’°Pb age of 1850 = 17 Ma (MSWD = 1.3) (fig. 13),
interpreted as the crystallization age of the granite. This age is identical to the ages of
metamorphic zircons from other lithologies in the Huai’an Complex, supporting the
previous conclusion (Lu, 1991; Lu and Jin, 1993) that the Dapinggou granite is a
syn-tectonic intrusion that was derived by anatexis of Al-rich gneisses of the Khondalite
Series.

DISCUSSION AND IMPLICATIONS

Table 9 summarizes our new zircon data, which, when combined with data from
other complexes in the TNCO (for example, Hengshan, Wutai, Fuping and Xuanhua
Complexes), enable us to place constraints on several key issues related to the late
Archean to Paleoproterozoic accretion and evolution of the orogen.



289

Constraints on late Archean to Paleoproterozoic magmatic and metamorphic events

' 91q®) 998 S[OQUIAS I9U)() "UOIIIZ SNOJUST = [ U011z D1y dIoWreIdW = A :9IMIXI T 4

SIF 10T SOT Ly6 4 188¢€°0 ¢c €99 80 6€C1°0 81°0 VATl 4%y 680 LET 091 1 Y1-8CTIN
LIF 8€81 01 €€6° 4 LBEE0 9C Y €60 YCIro 01°0 S-d49°9 L'ty ¥0°0 S 0S1 W €I-8TIN
91+ 8¢€0¢ 101 43y 4 ISLE0 9C 089 €60 9¢CI'0 - ¢-d8'¢ 6'8S S¥0 6L €81 1 CI-8TIN
L1F 290¢ Y01 1€6° ¥'C Y60 9C €69 76°0 YLTT0 €00 ¢-dI'e 0°'Is 050 CL IS1 1 I1-8CIN
€IF L661 01 €56 T 8ILE0 Sc 679 9L0 8TCI0 0T0 V-del 099 80°L SIc 90¢ 1 01-8¢
SLF¥  6I81 01 S86° T 9Tee0 ¥'C (Y 70 48880 €00 S-4T'C 181 y1°0 88 €€9 W 6-8TIN
SIF L¥0T 101 6 T Y9LE0 9C 9¢'9 ¢80 €9C1°0 - 9-d1'S LTy $9°0 €8 43! 1 8-8TIN
SIF (4304 01 LE6 T 06LE0 ¢c SS9 880 csero 9T0 V-dL'l €01 el Sly L€ 1 L-8TIN
8CTF §90T 101 932 4 9€8¢°0 6'C SL9 91 9LTT'0 71°0 S-d1°6 VLL (N0 6¢C 1454 1 9-8TIN
91F 90T €01 €6 T L08E0 9C SS9 €60 8¥C1°0 610 P-HEl 0er LSO €L Iel 1 S-8TIN
€IF 70T 01 866 T C18¢°0 94 €99 L0 1921°0 S0°0 S-HT'¢ 9°L9 6t°0 66 90¢ 1 P-8CTIN
T6F €L81 001 LLE £C 86€€°0 T Ies 150 9r11°0 cro S-d8°L 4! ¥0°0 61 S0s W £€-8CTIN
VIF 90T 01 056 T 188¢°0 ¢c w9 6L°0 SLTI0 €00 S-de¢'C 999 S0 901 00¢ 1 T-8TIN
TTF 1181 01 968" T c0€e0 LT ¥0°S l LOTT0 8CT0 7-H8°1 9°¢¢ S0°0 9 STl W [-8TIN
Qued M0 OF Ogez %0F Neee  %F  xQdoge "oz Gdog;  #9dgpz  Ogee UL N 2IMX9L 1ods

#Adoge/+9d, 0, % 110 «Qdggz «Qdzgz WAdg: % Qdy;  wdd L. wdd wdd

9 ATAV],

(ss1ud 2ujuvad nodvulduocr) §gW a1duws wof VP JWIMHS 94411



290  G. Zhao and others—Shrimp U-Pb zircon geochronology of the Huai’an Complex:

2400
0.44 L

Igneous Zircon
Weighted Mean 206Pp/238 Age

0.40 2036116 Ma
(n =10; 95% conf., MSWD = 2.2)

-
0
g 036+
—
= I SAMPLE M28
QS (Dongjiagou granitic gneiss)
(3]
0.32 +
r Metamorphic Zircon
0.28 Weighted Mean 206Pb/238U Age
' 1839+46 Ma
i (n = 4; 95% conf., MSWD = 7.5)
0.24 1400 } } . f :
2 4 6 8 10

207P b /235U

Fig. 11. Concordia plot of SHRIMP U-Pb zircon analytical results for the Dongjiagou granitic gneiss
(sample M28). Errors as in figure 7.

Emplacement of high-grade TTG gneisses and their relationship to low-grade granite-
greenstone associations.—One of the key issues in the late Archean to Paleoproterozoic
accretion and evolution of the TNCO is the temporal relationship between the
high-grade TTG gneisses and low-grade granite-greenstone associations. The high-
grade gneisses make up over 60 percent of the total exposure of the TNCO and are
mainly exposed in the Fuping, Hengshan, Huai’an, Xuanhua and Taihua Complexes,
whereas the low-grade granite-greenstone associations are dominant in the Wutai,
Zhongtiao, Zanhuang, Dengfeng and Northern Hebei Complexes (fig. 1). It has long
been considered that the high-grade gneisses constitute an older continental basement
to the low-grade granite-greenstone associations (Bai, 1986; Ma and others, 1987; Li
and others, 1990; Tian, 1991; Bai and others, 1992; Wang and others, 1996; Bai and
Dai, 1998; Polat and others, 2005). This model was mainly based on conventional
multigrain U-Pb zircon and whole-rock Sm-Nd isochron ages, which suggested that
the TTG gneisses in the TNCO were emplaced in the period between 2800 and 2560
Ma (Liu and others, 1985; Bai, 1986; Wu and others, 1989; Tian, 1991). However,
recent SHRIMP U-Pb zircon data convincingly demonstrate that both granitoids and
volcanics in the low-grade granite-greenstone terranes formed at the same time, or
slightly earlier, as emplacement of the precursors to the high-grade TTG gneisses. For
example, the granitoids and greenstone-type volcanics in the low-grade Wutai and
Zhongtiao complexes crystallized at 2560 to 2520 Ma and 2530 to 2515 Ma, respec-
tively, whereas the protoliths of the high-grade Hengshan, Fuping and Xuanhua
gneisses were emplaced in the period 2520 to 2480 Ma (see table 10, also for related
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Fig. 12. Concordia plot of SHRIMP U-Pb zircon analytical results for the Huai’an charnockite (sample
M22). Errors as in figure 7.

references). Similarly, SHRIMP zircon ages presented in this study for the Huai’an
TTG gneisses do not support the model that the high-grade gneiss complexes
constitute a basement to the low-grade granite-greenstone terranes. These data show
that the first major igneous phase in the Huai’an complex was the emplacement of
tonalites at 2515 = 20 Ma, followed by trondhjemites at 2499 = 19 Ma and ranodiorites
at 2440 * 26 Ma. Therefore, TTG magmatism in the TNCO occurred over a protracted
interval from the late Archean (~2520 Ma) to early Paleoproterozoic (~2440 Ma).
This supports our earlier suggestion that the high-grade TTG gneiss complexes and
low-grade granite-greenstone terranes constitute a single late Archean to Paleoprotero-
zoic magmatic arc system where the low-grade granite-greenstone associations (for
example, Wutai and Zhongtiao complexes) represent upper crustal, calc-alkaline
volcano-plutonic assemblages, whereas the high-grade TTG gneisses represent the
lower crustal components forming the root of the arc (Zhao and others, 2007, and
references therein).

Paleoproterozoic pre-tectonic granitoid magmatism.—In the older Chinese literature,
much of the lithologies in the TNCO was considered to have formed during late
Archean time. However, recent SHRIMP zircon ages reveal the widespread existence
of deformed and metamorphosed Paleoproterozoic granitoids. For example, the
Luliang complex (see fig. 1) does not contain Archean rocks but consists exclusively of
Paleoproterozoic granitoids and volcano-sedimentary rocks metamorphosed from
greenschist- to amphibolite-facies, of which the granitoid gneisses yielded SHRIMP
zircon ages ranging from 2375 = 10 Ma to 2173 = 7 Ma (Zhao and others, 2008). In the
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Fig. 13. Concordia plots of SHRIMP U-Pb zircon analytical results for the Dapinggou garnet-bearing
S-type granite (sample M24). Errors as in figure 7.

Watai complex, Paleoproterozoic granitoids are represented by the Dawaliang pluton
and the pink phase of the Wangjiahui granite, of which the former yielded a SHRIMP
zircon age of 2176 £ 12 Ma, whereas three samples of the latter were dated at 2117 =
17 Ma, 2116 = 16 Ma and 2084 = 20 Ma, respectively (Wilde and others, 2005). In the
Fuping Complex, Paleoproterozoic magmatism is represented by the Nanying granit-
oid gneisses, of which three samples yielded SHRIMP zircon ages of 2109 * 5 Ma,
2097 * 6 Ma, and 2097 * 46 Ma (Zhao and others, 2002; Guan and others, 2002). In
addition, Kroner and others (2005a, 2005b) recognized three phases of Paleoprotero-
zoic gneissic granitoids in the Hengshan Complex that were emplaced at 2360 to 2330
Ma, ~2250 Ma and ~2110 Ma, respectively.

Above we report a SHRIMP zircon age of 2036 £ 16 Ma for the Dongjiagou gneiss
from the Huai’an complex. This is nearly identical to the age of the Nanying gneisses
in the Fuping Complex and the younger phase of granitoid gneisses in the Liiliang
complex. These Paleoproterozoic gneisses contain the same deformational fabrics as
the high-grade TTG gneisses and thus unambiguously demonstrate that the main
deformational event in the TNCO is not Archean but Paleoproterozoic in age (see for
example, Kroner and others, 2005a, 2005b). Geochemically, most Paleoprotrozoic
granitoids in the TNCO have geochemical affinities to modern magmatic arcs (Geng
and others, 2000; Zhao and others, 2002; Guan and others, 2002; Liu and others,
2005), similar to the TTG gneisses in the high-grade gneiss complexes. This suggests
that most rocks in the TNCO represent elements of a long-lived magmatic arc, with the
earliest arc-related plutonic event at 2560 to 2520 Ma, marked by the emplacement of



Constraints on late Archean to Paleoproterozoic magmatic and metamorphic events

TABLE 9

295

Summary of SHRIMP zircon ages for major lithologies of the Huai’an Complex

Samples Rock type Magmatic crystallization age Metamorphic age Ages of

Number inherited or
xenocrystic
zircons

M21 Tonalitic gneiss ~ 2515+20 Ma (MSWD = 5.5) 1847£17 Ma
(Huai’an TTG (a weighted *"Pb/”"Pb age for 7 (MSWD = 3.8)
gneisses) analyses on magmatic zircons) (a weighted

27pb/* %P age for 7
analyses on
metamorphic zircons)

MI19 Trondhjemitic 2499+19 Ma (MSWD = 7.7) 1842+10 Ma
gneiss (Huai’an  (a weighted *’Pb/**°Pb age for 7 (MSWD = 0.83)

TTG gneisses) analyses on magmatic zircons) (a weighted
27pb/2%Pb age from
2 analyses on
metamorphic zircons)

M23 Granodoritic 2440426 Ma (MSWD =2.7) 1847 £ 11 Ma 2581410 Ma
gneiss (Huai’an  (a weighted *’Pb/**°Pb age for 7 (MSWD = 0.97)

TTG gneisses) analyses on magmatic zircons) (a weighted
27pb/2%Pb age from
7 analyses on
metamorphic zircons)

M17 Manjinggou 1964+60 Ma (?) 1848 + 19 Ma 2032+86 Ma
mafic high- (MSWD = 0.13) 2040439 Ma
pressure (a weighted 2201+68 Ma
granulite 27pb/2Pb age from

6 analyses on
metamorphic zircons)

M28 Dongjiagou 2036+16 Ma (MSWD =2.2) 1839 + 46 Ma
granitic gneiss (a weighted **’Pb/*"Pb age for (MSWD =17.5)

10 analyses on magmatic (a weighted

zircons) 27pb/2%Pb age from
4 analyses on
metamorphic zircons)

M22 Huai’an 1849+9.8 Ma (MSWD = 5.3) 1849+10 Ma 205347 Ma
charnockite (a weighted *’Pb/**°Pb age for

16 analyses on magmatic
zircons)
1847+15 Ma (MSWD=0.86)
(Upper intercept age for 18
analyses)
M24 Dapinggou 1850+17 Ma (MSWD = 1.3) 1850417 Ma

garnet-bearing
S-type granite

(a weighted *"Pb/*"Pb age for 8
analyses on magmatic zircons)

granitoids into older granitic basement at a continental margin, represented by the
western margin of the Eastern Block of the North China Craton. These were later
tectonically interleaved with the low-grade granite-greenstone terrane that records arc
volcanism at 2530 to 2515 Ma. This upper crustal volcanism overlapped with the lower
crustal emplacement of the TTG suite precursors in the high-grade gneiss complexes



296  G. Zhao and others—Shrimp U-Pb zircon geochronology of the Huai’an Complex:

TaBLE 10

Summary of SHRIMP U-Pb zircon ages for low-grade granites and greenstones and
high-grade TTG gneisses in the Trans-North China Orogen

Sample Description

Age (Ma)

Sources

Granitoids in low-grade granite-greenstone terranes (2560-2520 Ma)

Ekou Granite

95-PC-34 Deformed granitoid
95-19 Deformed granitoid
Chechang-Beitai Granite

WC7 Foliated tonalite
95-PC-6B Foliated tonalite

WCo6 Deformed granodiorite
WCs Deformed granodiorite
Lanzhishan Granite

95-PC-94 Deformed granitoid
95-PC-96 Deformed granitoid
Shifo Pluton

95-PC-98 Deformed monzogranite
Guangmishi Granite

95-PC-76 Deformed granitoid

Wangjiahui Granite (Grey Phase)
95-PC-62 Deformed granodiorite
95-PC-63 Deformed granodiorite
Longquanguan augen gneisses

WLI12 Sheared porphyritic granitoid
WNI11 Sheared tonaltic granitoid
WL9 Sheared porphyritic granitoid
Sushui pluton

7T4020-1 Foliated trondhjemite

2566+13
2555+6

2552+11
255145
2546+6
2538+6

255348
2537+10

2531+4

253145

252049
251712

2543+7
2541+14
2540+18

2553+14

2530-2515 Ma greenstones in low-grade granite-greenstone terranes

95PC-114 Meta-andesite, Zhuangwang “Formation”
96PC-119 Meta-andesite, Zhuangwang “Formation”
95-PC-115 Meta-andesite, Baizhiyan “Formation”
WTI13 Meta-rhyolite, Hongmenyan “Formation”
WT17 Meta-rhyodacite Hongmenyan “Formation”
WT9 Meta-dacite, Hongmenyan “Formation”
WTI12 Meta-rhyodacite, Hongmenyan “Formation”

95-PC-55¢ Meta-rhyolite, Gaofan “Subgroup” (Xiazhuang)

2529+10
2513+8
2524+10
253348
252448
2523+9
2516+10
2528+6

2520-2440 Ma TTG gneisses in high-grade gneiss complexes

Hengshan TTG gneisses

980814 Dioritic gneiss

990803 Dioritic gneiss with melt patches
990859 Dioritic gneiss

HG1 Tonalitic gneiss

HGS5 Trondhjemitic gneiss

HG6 Trondhjemitic gneiss

HG7 Trondhjemitic gneiss

247943
2475+2
2506+5
2520+15
2520+10
2526+12
2507+4

Wilde and others (1997)
Wilde and others (1997)

Wilde and others (1997)
Wilde and others (1997)
Wilde and others (1997)
Wilde and others (1997)

Wilde and others (1997)
Wilde and others (1997)

Wilde and others (2005)
Wilde and others (2005)

Wilde and others (2005)
Wilde and others (2005)

Wilde and others (2005)
Wilde and others (2005)
Wilde and others (2005)

Tian and others (2005)

Wilde and others (2004b)
Wilde and others (2004b)
Wilde and others (2004b)
Wilde and others (2004b)
Wilde and others (2004b)
Wilde and others (2004b)
Wilde and others (2004b)
Wilde and others (2004b)

Kroner and others (2005b)
Kroner and others (2005b)
Kroner and others (2005b)
Kroner and others (2005b)
Kroner and others (2005b)
Kroner and others (2005b)
Kroner and others (2005b)
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TasrLE 10

(continued)
990847 Trondhjemitic gneiss 252448  Kroner and others (2005b)
980809 Foliated pegmatitic red gneiss 250143 Kroner and others (2005b)
990873 Foliated gneiss from migmatite 2499+6  Kroner and others (2005b)
990821 Finely layered biotite gneiss 2526+4.7 Kroéner and others (2005b)
Yixingzhai TTG gneisses
96PC153 Homogeneous tonalitic gneiss 251315  Wilde (2002)
96PC154 Quartz dioritic gneiss, a roadcut 2499+4  Wilde (2002)
Fuping TTG gneisses
FGl1 Layered tonalitic gneiss, a roadcut 2523414  Zhao and others (2002)
FP50 Foliated, hornblende tonalitic gneiss 2520420 Guan and others (2002)
FP54 Trondhjemitic gneiss 2513+12  Guan and others (2002)
FP217 Trondhjemitic gneiss 249949.5 Zhao and others (2002)
FP216 Granodioritic gneiss 2486 +8 Zhao and others (2002)
FP08 Granodioritic gneiss 2475+8  Guan and others (2002)
FP236 Mylonitized monzongranitic gneiss 2510+£22  Zhao and others (2002)
FP224 Mylonitized pegmatitic dike 250711  Zhao and others (2002)
Xuanhua TTG gneisses
79116 Granodioritic gneiss 2515¢7  Liu and Geng (1997)
Huai’an TTG gneisses
M21 Tonalitic gneiss 2515420 This study
M19 Trondhjemitic gneiss 2499+19  This study
M23 Granodioritic gneiss 2440426 This study

at 2520 to 2440 Ma. Sporadic phases of Paleoproterozoic granitoid magmatism
occurred in the period 2360 to 2000 Ma. Such long-lived magmatic arcs have also been
documented in other Precambrian orogenic belts, including the 1.8 to 1.3 Ga
magmatic arcs in southeastern Laurentia (Rivers and Corrigan, 2000; Kalstrom and
others, 2001), southern Baltica (Bingen and others, 2002), central Australia (Giles and
others, 2002), and western Amazonia (Geraldes and others, 2001). A present-day
example of a long-lived magmatic arc is the Andes, where the Pacific plate has been
subducting under the west coast of South America for ~500 million years (Dalziel,
1997). These examples demonstrate that a long-lived continental-margin arc is not
unique to the TNCO.

Timing of the collision between the Fastern and Western Blocks.—As mentioned earlier,
controversy remains about the timing of this collision. Some workers propose that the
collision occurred at ~2.5 Ga (Li and others, 2000; Kusky and Li, 2003; Kusky and
others, 2007; Li and Kusky, 2007), whereas others believe that the final amalgamation
of the two blocks was completed by ~1.85 Ga (Zhao and others, 1998, 1999¢, 2001a,
2005; Zhao, 2001; Wilde and others, 2002; Guo and others, 2005; Kroner and others,
2005a, 2006; Liu and others, 2006). So far, advocates of the ~2.5 Ga collision model for
the TNCO have not provided convincing isotopic data indicating that the orogen
underwent high-grade metamorphism and intense ductile deformation at ~2.5 Ga. In
contrast, numerous metamorphic ages obtained from nearly all metamorphic com-
plexes in the TNCO support the ~1.85 Ga collision model (table 11). Metamorphic
zircons from both the late Archean and Paleoproterozoic gneisses yield similar
concordant 2*’Ph/2°°Ph ages in the range 1880 to 1820 Ma (table 11), which are 700
Ma to 150 Ma younger than their corresponding magmatic zircon cores. Metamorphic
zircons in the 2515 to 2540 Ma Huai’an gneisses yielded metamorphic zircon ages of
1847 = 17 Ma (tonalitic gneiss), 1842 = 10 Ma (trondhjemitic gneiss) and 1847 = 11
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TasrE 11
Summary of metamorphic ages from the Trans-North China Orogen (1880-1800 Ma)

Sample Description Age (Ma) Methods  Source
Fuping Complex
FG1 Zircons from a tonalitic gneiss 1802443 SHRIMP (1)
FP217 Zircons from a trondhjemitic gneiss 1875443 SHRIMP (1)
FP216 Zircons from granodioritic gneiss 1825+12 SHRIMP (1)
FP188-2 Zircons from a Nanying gneiss 1826+12 SHRIMP (1)
FP204 Zircons from a Nanying gneiss 185049.6 SHRIMP (1)
FP30 Two zircon rims from a gneissic granite 1825+18 SHRIMP (2)
FPO8 Zircons from a granodioritic gneiss 1817+26 SHRIMP 2)
Zanhuang Complex
99JX-91 Biotite from a mylonitic gneiss 1826+0.8 Ar/Ar 3)
Wutai Complex
unknown Garnet amphibolite (Jingangku Formation) 185149 Sm-Nd 4
S2010-2-1 Monazites from a kyanite schist 1822+14 EPMA (5)
S2010-2-1 Menonazites from a kyanite schist 1833+8 EPMA 5
SZ10 Meta-monazites from a kyanite schist 1847+62 EPMA %)
Hengshan Complex
990803 One euhedral zircon from a dioritic gneiss 188148 SHRIMP (6)
MO068 Zircons from HP granulite 185043 SHRIMP (7)
HG2 Zircons from HP granulite 1867423 SHRIMP 7)
Ch990839 Coarse-grained pegmatitic melt 185145 SHRIMP (7)
HG1 Zircons from a granitic gneiss 1872+17 SHRIMP (7)
Ch980871 Zircons from a retro-eclogite 1881+0.4 EVAP 7
Ch990853 Zircons from a retrograded eclogite 1859.7+0.5 EVAP (7)
Ch990886 Zircons from a mafic granulite 1850.9+0.4 EVAP (7)
Ch990848 Zircons from HP granulite 1885.6+0.4 EVAP (7)
Taihua Complex
TW0006/1 Graphite-garnet-sillimanite gneiss 1844+66 SHRIMP (8)
TWIJ358/1 Garnet-bearing gneissic granite 1871+14 SHRIMP ®)
Huai’an Complex
MQ91-8 Garnet-whole rock for HP granulite 1813423 Sm-Nd 9)
M35 Zircons from HP granulites 181712 SHRIMP 9)
MIJ36 Zircons from HP granulites 181712 SHRIMP 9)
M21 Zircons from a tonalitic gneiss 1847+17 SHRIMP (10)
M19 Zircons from a trondhjemitic gneiss 184249.8 SHRIMP (10)
M23 Zircons from a granodioritic gneiss 184711 SHRIMP (10)
M17 Zircons from a HP mafic granulite 1848+19 SHRIMP (10)
M28 Zircons from a granitic gneiss 1839+46 SHRIMP (10)
M22 Igneous zircons from anatectic charnockite 184949.8 SHRIMP (10)
M24 Meta-zircons from a S-type granite 1850+17 SHRIMP (10)
Xuanhua Complex
XW99-8 Garnet-whole rock for HP granulite 1842+38 Sm-Nd (11)
WM99-7 Garnet-whole rock for HP granulite 1856426 Sm-Nd (11)
XW22 Zircons from HP granulites 1803+9 SHRIMP 9)
Zircons from the same sample 1872+16 SHRIMP )
XW23 Zircons from HP granulites 1819+16 SHRIMP 9)
Chengde Complex
By98020 Zircons from a HP granulite 1817£17 SGD (12)

SHRIMP = Sensitive high-resolution ion microprobe; EVAP = Single grain evaporation; SGD = Single
grain dissolution; EPMA = Electron Probe Microanalysis; Ar/Ar = mineral Ay /%Ar; Metazircon =
metamorphic zircons.

(1) = Zhao and others (2002); (2) = Guan and others (2002); (3) = Wang and others (2003); (4) =
Wang and others (2001); (5) = Liu and others (2006); (6) = Kroner and others (2005a); (7) = Kroner and
others (2005b); (8) = Wan and others (2006); (9) = Guo and others (2005); (10) = This study; (11) = Guo
and Zhai (2001); (12) = Mao and others (1999).

Ma (granodioritic gneiss). Similarly, the 2036 = 16 Ma Dongjiagou granitic yielded a
metamorphic zircon age of 1839 * 46 Ma, similar to that obtained from the 2520 to
2475 Ma Fuping gneisses and the 2050 to 2000 Ma Nanying gneisses in the Fuping



Constraints on late Archean to Paleoproterozoic magmatic and metamorphic events 299

Complex (Zhao and others, 2002; Guan and others, 2002). We also obtained a
metamorphic zircon age of 1848 = 19 Ma for the Manjinggou high-pressure mafic
granulite, similar to metamorphic zircons in the Hengshan high-pressure mafic
granulites (table 11; Kroner and others, 2005a, 2005b, 2006). Finally, igneous zircons
from the anatectic Huai’an charnockite and Dapinggou garnet-bearing Kf-granite
yielded ages of 1849 = 10 Ma and 1850 = 17 Ma, respectively. All these data
demonstrate that the Huai’an Complex, like other metamorphic complexes in the
TNCO, underwent regional metamorphism at ~1850 Ma. Therefore, the major
tectono-thermal event related to collision of the Eastern and Western Blocks to finally
consolidate the basement of the North China Craton occurred at ~1.85 Ga.
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