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ARTICLE INFO ABSTRACT

Article history: The Dengfeng and Taihua Complexes are well-exposed Neoarchean to Paleoproterozoic units in the south-
Received 17 April 2013 ern segment of the Trans-North China Orogen (TNCO). Zircon U-Pb dating shows that the Dengfeng
Received in revised form 23 May 2013 Complex records two episodes (2568 + 11 Ma and 2306 + 6 Ma) of tonalite-trondhjemite-granodiorite
:\CIZTIZEC; iil?:[lzyzzjg:é 2013 (TTG) magmatism. All of the TTG rocks are characterized by high SiO, (66.7-75.4wt%), Na,O

(3.20-5.06 wt%) and relatively low MgO (0.40-1.78 wt%). The Late Neoarchean TTG gneisses have very
low contents of HREE (Yby=0.69-2.75) and Y (1.73-7.07 ppm), with moderate [La/Yb]y (24.1-53.8)

_l[(.'lg.JéwordS: and high Sr/Y (65.1-291.3) ratios. The Early Paleoproterozoic TTG gneisses have low contents of HREE
Subduction (Yby=2.93-6.37) and Y (6.7-11.0 ppm), with moderate [La/Yb]y (10.1-27.0) and Sr/Y (10.6-52.1) ratios.
Early Paleoproterozoic Both suites show pronounced negative Nb-Ta, P and Ti anomalies but positive Sr and Pb anomalies. The
Late Archean Late Neoarchean TTG gneisses all have similar bulk-rock Nd and zircon Hf model ages with mainly posi-
Columbia supercontinent tive enq(t), and are interpreted as resulting from the melting of dominantly juvenile thickened lower crust
North China Craton with residual garnet and amphibole. The Early Paleoproterozoic TTG gneisses have extremely variable

end(t) (—6.23 to +4.23) and heterogeneous zircon ey¢(t) (—3.3 to +3.1), which are also best interpreted
as resulting from the partial melting of thickened lower crust with residual amphibole and garnet. The
Taihua Complex in the Xiaoqinling area records three episodes of Early Paleoproterozoic TTG magma-
tism (2.48 Ga at Caotan, 2.31 Ga at Houjiacun and 2.16 Ga at Bayuan), younger than the Taihua Complex
in the Lushan area (2.85-2.72 Ga). All rocks have relatively low contents of HREE (Yby =1.03-8.32) and Y
(2.84-24 ppm), with moderate [La/Yb]x (8.7-88.4) and Sr/Y (19.8-125.8) ratios, and show negative Ta-Nb
and Ti anomalies and positive Sr and Pb anomalies. The Caotan gneisses at 2.48 Ga and the Houjiacun TTG
gneisses at 2.31 Ga have low Mg* (0.14-0.45), low Cr (<42 ppm) and Ni contents (1-21 ppm), with vari-
able but overall positive eng(t) and eyg(t) values, and were derived from the partial melting of thickened
lower crust with residual garnet and amphibole. The younger Bayuan TTG gneisses at 2.16 Ga have low
Si0; (57.11-64.89 wt%), high MgO (2.64-4.62 wt%), Cr (100-247 ppm) and Ni (32-80 ppm), with negative
whole rock enqg(t) and zircon eyg(t) values, resulted from the partial melting of delaminated lower crust
that interacted with peridotitic mantle.

The geochronology of the Dengfeng Complex (in the Dengfeng area) and the Taihua Complex (in the
Lushan, Xiong’er and Xiaoqinling areas) reveals at least four magmatic episodes in the southern seg-
ment of the TNCO from the Late Mesoarchean to Early Paleoproterozoic (2.85-2.72 Ga, 2.57-2.48 Ga,
2.34-2.30Ga and 2.20-2.07 Ga). The rocks of the two early episodes are dominantly of juvenile composi-
tions with mostly positive whole rock enq(t) and zircon ey¢(t) values, suggesting two episodes of crustal
growth formed in a subduction tectonic setting. The magmatic rocks of the third episode consist of both
the juvenile and pre-existing crustal materials with variable whole rock enq(t) and zircon ey¢(t) values,
which were generated in a subduction zone during the initial assembly of the NCC within the Columbia
supercontinent cycle. The final episode of magmatism lacks juvenile materials with whole rock enq(t) and
zircon eyg(t) values being consistently negative. These may have resulted from the orogenic collapse. The
episodic continental growth recorded in the southern segment of the TNCO was caused by subduction
and consequent orogeny, consistent with global supercontinent cycles within the Late Archean and Early
Paleoproterozoic.
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1. Introduction

The North China Craton (NCC; Fig. 1a) is the oldest cratonic block
in China (~3.8Ga; Liu et al., 1992), with widespread Archean to
Paleoproterozoic rocks (Fig. 1a) forming during several tectonic
cycles (e.g., Zhao et al., 2005, 2012; Lu et al., 2008; Zhai et al.,
2010; Zhao and Zhai, 2013). It is commonly recognized that the
NCC resulted from amalgamation of several microblocks, but the
timing and processes involved are still a subject of debate (e.g.,
Kusky and Li, 2003; Zhai et al., 2000, 2005, 2010; Zhao, 2001;
Zhao et al., 2005, 2012; Zhao and Zhai, 2013), with several com-
peting models proposed. Zhai et al. (2000, 2005, 2010) proposed
that the NCC can be divided into several microblocks connected
by greenstone belts and granites and were amalgamated at the
end of the Neoarchean (~2.5Ga). Zhao (2001) initially proposed
that the NCC formed by amalgamation of the Eastern and Western
Blocks along the Trans-North China Orogen (TNCO; Fig. 1a)at ~1.85.
Later, Zhao et al. (2005) proposed that the Western Block formed by
amalgamation of the Yinshan and Orodos Blocks along the Khon-
dalite Belt at ~1.95 Ga (Zhao et al., 200343, 2010; Zhao, 2009; Zhou
et al., 2010), whereas the Eastern Block experienced a Paleopro-
terozoic rifting event forming the Jiao-Liao-Ji Belt at ~1.90 Ga (Li
et al., 2004, 2006a,b; Luo et al., 2004; Zhou et al., 2008; Tam et al.,
2011). However, Kusky and Li (2003) argued that the Eastern and
Western Blocks amalgamated along a Central Orogenic Belt (COB)
at ~2.5Ga and the 1.9-1.8 Ga tectonothermal event was related
to the collision along the northern margin of the NCC. To resolve
these controversies, it is vital to determine the ages and petrogen-
esis of rocks in the TNCO that are considered to have resulted from
the tectonic process that was operative at some time close to the
Archean/Proterozoic transition.

Based on the geochronology and petrology of the metamor-
phic complexes (Fig. 1a) in the northern and central segments
of the TNCO, Zhao et al. (2008a,b) proposed that the TNCO may
represent a long-lived magmatic arc (>650 Ma). However, it still
remains unknown whether or not the southern segment of the
TNCO (Fig. 1a) also underwent such a long-lived subduction, though
available data indicate that the Taihua and Dengfeng Complexes
experienced a series of magmatic events from the Late Archean to
Early Paleoproterozoic (Wan et al., 2006; Diwu et al., 2007, 2011;
Liu et al., 2009, 2012a,b; Huang et al., 2010, 2012).

There are many published chronological and geochemical inves-
tigations on the Taihua Complex in the Xiong’er (Diwu et al., 2007;
Huang et al., 2012) and Lushan (Wan et al., 2006; Liu et al., 2009;
Xu et al., 2009; Huang et al., 2010) areas, but very few reliable
geochronological and geochemical studies have been done on the
Taihua Complex in the Xiaoqinling area (Fig. 1b) even though it
is the largest outcrop of Precambrian basement in the southern
segment of the TNCO. On the basis of Sm-Nd isochrons, depleted
mantle Nd model ages, Ar-Ar dating, and single-grain zircon evap-
oration Pb-Pb ages, it has been suggested that the Taihua Complex
in the Xiaoqinling area was comparable with other areas (BGMR,
1982; Qi, 1992; Zhou et al., 1998). However, in situ zircon U-Pb
dates for the Taihua Complex in the Lushan and Xiong'er areas
showed different crystallization ages (Diwu et al., 2007; Liu et al.,
2009; Huang et al., 2010, 2012), and it is important to examine
whether or not rocks in the Xiaoqinling area can be correlated with
either of these areas.

Numerous chronological and geochemical investigations on the
Dengfeng Complex have been carried out at Datasi, Huishansi, Luji-
agou and Shipaihe (e.g., Li et al., 1987; Kroner et al., 1988; Wang
et al., 2004; Wan et al.,, 2009; Diwu et al., 2011; Zhang et al,,
2013), but no integrated dataset (i.e., major and trace elements,
isotopes and geochronology) is available for rocks across the whole
area. Thus, little is known about their petrogenesis and information
that is relevant to crustal accretion and development of the NCC.

Additionally, from the range of ages in the complex in different
areas, it is unclear whether or not the southern segment of the
TNCO shares a common crustal evolution.

In this study, we present integrated whole-rock geochemistry
and Nd isotopes, and in situ zircon U-Pb ages and Hf isotopic
data for TTG gneisses from the Taihua Complex in the Xiaoqin-
ling area and for the Dengfeng Complex in the vicinity of Dengfeng
City in order to determine the crystallization ages and investi-
gate their petrogenetic processes. In combination with previous
studies on the Taihua and Dengfeng Complexes, we outline the
overall crustal evolution of the southern segment of the TNCO from
the Late Archean to Early Paleoproterozoic, thus straddling the
Archean/Proterozoic boundary and the period when crustal blocks
were undergoing amalgamation.

2. Geological background

As mentioned above, the North China Craton can be divided into
the Eastern and Western Blocks separated by the Paleoproterozoic
Trans-North China Orogen (TNCO; Fig. 1a) (Zhao et al., 2000, 2001,
2002a), which was also referred to as “the Central Orogenic Belt”
(e.g., Kusky and Li, 2003; Polat et al., 2005, 2006; Kusky, 2011). The
Western Block can be subdivided into the Ordos Block in the south
and the Yinshan Block in the north (Fig. 1a), which are considered to
have amalgamated along the east-west-trending Khondalite Belt at
~1.95Ga (e.g., Zhao et al., 2005; Xia et al., 2006a,b, 2008; Yin et al.,
2009, 2011; Lietal.,,2011; Wangetal.,2011). The Eastern Block can
be further subdivided into the Longgang and Langrim Blocks sepa-
rated by the Paleoproterozoic Jiao-Liao-]Ji Belt (Fig. 1a; Li and Zhao,
2007; Luoetal., 2004; Tametal.,2011). The Late Archean basement
of the Eastern and Western Blocks is dominated by Neoarchean TTG
gneiss domes surrounded by minor supracrustal rocks that under-
went greenschist to granulite facies metamorphism at ~2.5Ga
(Zhao et al., 2005). The Archean rocks of the southern NCC include
the Dengfeng and Taihua “Groups” (now referred to as the Dengfeng
Complex and the Taihua Complex, respectively; Zhang et al., 1985).
The Taihua Complex is exposed eastward from the Xiaoqinling to
the Xiaoshan, Xiong’er, Lushan and Wuyang areas in the southern
most segment of the TNCO (Fig. 1a).

The Taihua Complex in the Xiaoqginling area was tradition-
ally regarded as a meta-volcanic sedimentary sequence, and was
further subdivided into the Lower and Upper Taihua “Groups”
according to rock types (Qi, 1992; Guan, 1996; Ding, 1996), sim-
ilar to those in the Lushan and Xiong’er areas (Huang et al., 2010,
2012). The Upper Taihua “Group” consists of quartzite, metapelitic
gneiss and schist, marble and iron formation, whereas the Lower
Taihua “Group” consists of meta-basic volcanic rocks (amphibolite)
and intermediate to felsic gneisses (biotite-plagioclase gneiss and
plagioclase-amphibole gneiss), with minor granulites (Qi, 1992;
Ding, 1996). There is evidence of widespread migmatization in
the Lower Taihua “Group”, and the amphibolite occurs as elon-
gated enclaves in the gneisses, elongated parallel to the gneissic
banding. The Taihua Complex in the Xiaoqginling area is uncon-
formably covered by the Tietonggou Formation at Bayuan (Fig. 1b),
which consists dominantly of Paleoproterozoic metamorphosed
clastic rocks. Mesozoic granites intrude the Taihua Complex in this
area and are abundant throughout the eastern and western parts
(Fig. 1b).

The Dengfeng Complex is unconformably overlain by the Late
Paleoproterozoic Songshan Group in the northeast and by the Early
Mesoproterozoic Wufushan Group in the north (Fig. 1c). The Song-
shan Group is composed of low-grade metamorphic quartzite and
schist with a strong fabric, whereas the Wufushan Group consists
mainly of unmetamorphosed limestone, shale, siltstone, sandstone
and conglomerate (Ma et al., 1975). The Dengfeng “Group” was
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Fig. 1. (a) Tectonic framework of the North China Craton (NCC) showing the subdivision into Eastern Block, Western Block, Trans-North China Orogen (TNCO) and exposed
Archean to Paleoproterozoic basement (after Zhao et al., 2005, 2012); the Taihua (TH) and the Dengfeng (DF) metamorphic complexes are located in the southern segment of
the TNCO. The Taihua Complex includes: (i) Xiaoqinling; (ii) Xiaoshan; (iii) Xiong’er Mountain; (iv) Lushan; and (v) Wuyang. Abbreviations of other metamorphic complexes:
Zhongtiaoshan (ZT), Wutaishan (WT), Fuping (FP), Liiliang (LL), Western Shandong (WS) and Eastern Hebei (EH); (b) geological map of the Xiaoqinling region, illustrating
the distribution of the Taihua Complex and sample locations; modified after the Luonan and Weinan geological maps at 1:200,000 scale (BGMR, 1968); (c) geological map

of the Dengfeng region, illustrating the distribution of the Dengfeng “Group” and sample locations; modified after the Linru and Xuchang geological maps of 1:200,000 scale
(BGMR, 1965).
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traditionally considered to represent a meta-volcano-sedimentary
sequence exhibiting the essential features of a granite-greenstone
terrane, with a volcano-sedimentary sequence intruded by early
Na-rich granitoids and later K-rich granitic plutons (Zhang et al.,
1985; Guo, 1988). The Na-rich granitic rocks are TTG that consti-
tute the dominant component of the complex (~70% of the exposed
rocks; Zhang et al., 1985; Guo, 1988). The later K-rich granitic rocks
are less abundant and intruded the Na-rich granitic rocks (Guo,
1988). The Dengfeng Complex in the Shipaihe area also contains
metadiorite that intruded into the lower part of the sequence, with
both unconformably covered by the Songshan Group (Fig. 1c).

3. Samples and petrography

Samples of intermediate to felsic gneisses from the Taihua Com-
plex in the Xiaoqinling area were collected from Houjiacun, Caotan
and Bayuan (Fig. 1b). The gneisses are characterized by granoblas-
tic textures, and have typical gneissic layering defined by variations
in mineral proportions. According to the mineral assemblages, the
gneisses can be classified as quartz diorite-tonalite gneiss (5-30%
biotite, 5-40% amphibole, 30-65% plagioclase, 5-20% quartz), gran-
ite gneiss (5-15% biotite, 0-10% amphibole, 30-60% plagioclase,
5-30% K-feldspar and 20-30% quartz), and K-feldspar-rich granite
gneiss (<5% biotite, <5% amphibole, 15-20% plagioclase, 40-45% K-
feldspar and 30-35% quartz). Titanite, magnetite and apatite are
common accessory minerals (<1%) in all gneisses. Sixteen fresh
samples were selected for geochemical study. The samples from
Bayuan are all tonalite gneiss, whereas the samples from Caotan
are dominantly tonalite gneiss, with examples of granite gneiss and
K-feldspar-rich granite gneiss, and the samples from Houjiacun are
mainly tonalite gneiss, with some granite gneiss.

The gneiss samples from the Dengfeng Complex were col-
lected from Datasi, Huishansi and Sanhuangzhai in the vicinity of
Dengfeng City (Fig. 1c). The TTG gneisses from Huishansi and Datasi
consist of plagioclase (45-65%), quartz (15-30%), biotite (10-25%),
amphibole (<5%) and K-feldspar (<5%), and have a granoblastic tex-
ture with gneissosity defined by mineral variations. The tonalite
and granite gneisses from Sanhuangzhai are layered and contain
recrystallised quartz ribbons. The mineral assemblage is plagio-
clase (30-70%), quartz (20-40%), K-feldspar (5-40%), amphibole
(<5%) and biotite (<5%). Titanite, magnetite, zircon and apatite are
common accessory minerals (<1%) in all samples.

4. Analytical methods

Geochemical and Nd isotopic analyses were carried out at the
Guangzhou Institute of Geochemistry, Chinese Academy of Sci-
ences (GIG-CAS). Major element oxides were analyzed using a
Rigaku RIX 2000 X-ray fluorescence spectrometer (XRF), and ana-
lytical uncertainties are mostly between 1% and 5% (Li et al.,
20064a,b).

Trace elements were obtained by inductively coupled plasma
mass spectrometry (ICP-MS), and detailed procedures are
described by Li et al. (2006a,b). The USGS and Chinese National
standards AGV-2, GSR-1, GSR-2, MRG-1, BCR-1, W-2 and G-2 were
chosen for calibrating element concentrations of the analyzed sam-
ples. Analytical precision of REE and other incompatible elements
is typically 1-5%.

Nd isotopic analyses were performed on a Micromass Isoprobe
multi-collector ICP-MS (MC-ICP-MS), using analytical procedures
described by Li et al. (2006a,b). REE were separated using cation
exchange columns, and Nd fractions were further separated by
HDEHP-coated Kef columns. The aqueous sample solution was
taken up in 2% HNO;3 and introduced into the MC-ICP-MS using
a Meinhard glass nebulizer with an uptake rate of 0.1 ml/min. The

inlet system was cleaned for 5min between analyses using high
purity 5% HNOj3 followed by a blank solution of 2% HNO3. Mea-
sured 143Nd/144Nd ratios were normalized to 146Nd/144Nd = 0.7219.
The reported *3Nd/!#4Nd ratios were adjusted to the Shin Etsu
JNdi-1 standard of 0.512115. A long-term average '43Nd/144Nd of
0.512119+13 (20; n=22) for the Shin Etsu JNdi-1 standard was
obtained during the period of this study.

Zircons were separated using conventional heavy liquid and
magnetic techniques and purified by hand-picking under a binoc-
ular microscope. They were mounted together with a standard
zircon (TEMORA) in epoxy resin. The mount was polished to expose
the grain centers and then gold coated. The internal structure of
the zircons was examined using cathodoluminescence (CL) prior
to U-Pb isotopic analysis in order to identify suitable analytical
sites. Zircon U-Pb analyses of samples DF05-9 (Huishansi), THHO5-
97 (Caotan) and THB05-103 (Bayuan) were performed using the
Sensitive High-Resolution Ion Microprobe (SHRIMP II) at the Bei-
jing SHRIMP Center (The Institute of Geology, Chinese Academy of
Geological Sciences, Beijing); analytical procedures are similar to
those described by Williams (1998). The intensity of the primary
2-0 ion beam was 4-6nA. Primary beam size was ~30 pum, and
each analytical site was rastered for 2-3 min prior to analysis. Five
scans through the mass stations were made for each analysis. The
standard TEMORA zircon (296Pb/207Pb age of 417 Ma) was used for
correction of inter-element fractionation and U, Th and Pb concen-
trations were determined relative to the standard Sri Lankan gem
zircon SL13, which has a U concentration of 238 ppm and an age of
572 Ma. The Squid (ver. 1.02; Ludwig, 2001) and Isoplot (ver. 3.23)
programs (Ludwig, 2003) were used for raw data reduction and age
calculation, and common lead was corrected using the measured
204ph, Uncertainties reported in Supplemental Table 1 are all +10,
whereas the weighted mean ages quoted in the text (207Pb/206Pb
ages) are at the 95% confidence level.

Zircon U-Pb analyses of samples DF08-7 (Sanhuangzhai),
THHO08-62 (Caotan), and THQO08-76 and THQO08-82 (Houjiacun)
were performed on the CAMECA ims-1280 ion microprobe at the
Institute of Geology and Geophysics, Chinese Academy of Sciences
(IGG-CAS) in Beijing, China. Analytical procedures are similar to
those described by Li et al. (2009). U-Th-Pb isotopic ratios and
absolute abundances were determined relative to the standard
zircon 91500 (Wiedenbeck et al., 1995). Measured Pb isotopic com-
positions were corrected for common Pb using the measured 204Pb.
Data reduction was carried out using Isoplot (ver. 3.23) (Ludwig,
2003) and uncertainties on individual analyses in Supplemental
Table 2 are reported at the 10 level.

In situ zircon Hf isotopic analyses were carried out on the dated
spots using a Neptune MC-ICPMS, equipped with a 193 nm laser,
at the IGG-CAS. Spot sizes of 40 wm with a laser repetition rate
of 8 Hz were used, with a signal intensity of ~5V at '80Hf mass
with an energy density of 15]/cm?2. The detailed analytical tech-
nique and data correction procedures are described in Wu et al.
(2006). The mean By, (172Yb/173Yb) value obtained from zircon
was applied for the interference correction of 176Yb and 176Lu
on '76Hf (Wu et al., 2006; Xie et al., 2008). 176Yb/172Yb=0.5886
and 176Lu/173Lu=0.02655 were used for the elemental frac-
tionation correction (Chu et al.,, 2002). Due to the extremely
low 176Lu/177Hf in zircon (normally <0.002 in the studied sam-
ples), the isobaric interference of 176Lu on '76Hf is negligible
(lizuka and Hirata, 2005). No relationship between 176Yb/177Hf
and '76Hf/177Hf ratios was observed in the studied samples,
indicating that the correction of 176Yb interference on 176Hf is
precise for obtaining accurate '76Hf/'77Hf values. During anal-
ysis of the samples, the zircon standard 91500 applied for the
instrumental mass fractionation gave 76Hf/177Hf =0.282292 + 14
(20), which is identical within error to the 176Hf/177Hf ratio of
0.282284 + 22 reported by Griffin et al. (2006). The uncertainties of
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calibrated isotope ratios include those from the sample, standards,
and reference values, which are given at +2¢ in Supplemental
Table 3.

5. Results
5.1. Insitu zircon U-Pb geochronology

5.1.1. Dengfeng Complex: Huishansi granodioritic gneiss

Zircons from granodioritic gneiss sample DF05-9 (Huishansi) are
all euhedral prismatic grains and CL images show well-developed
oscillatory zoning (Fig. 2a), indicating a magmatic origin. The zir-
cons contain moderate to high Th and U contents (108-560 ppm
and 274-1486 ppm, respectively; Supplemental Table 1) with Th/U
ratios of 0.29-0.62 (Supplemental Table 1). The data are strongly
discordant but define an upper intercept age of 2568 +11Ma
(MSWD =3.1; Fig. 2b), which is within error of Huishansi trond-
hjemite gneiss result (2553 +8Ma) of Wan et al. (2009). Both
results are taken to define the crystallization age of the gneiss
protolith, slightly older than that of the Datasi tonalite gneiss
(2531 +9Ma; Wan et al., 2009).

5.1.2. Dengfeng Complex: Sanhuangzhai tonalite gneiss

Zircons from tonalite gneiss sample DF08-7 (Sanhuangzhai) are
mostly euhedral and elongate to stubby. CL images of most zir-
cons show oscillatory zoning in the cores, but some rims are darker
and free of zoning (Fig. 2c). All analyses have high Th/U ratios of
0.36-1.54 with moderate to high Th and U contents (100-803 ppm
and 120-1301 ppm, respectively; Supplemental Table 2). The U-Pb
results show a tight grouping of concordant to near concord-
ant apparent 207Pb/206ph ages, with a weighted mean value of
2306 + 6 Ma (Fig. 2d), which is interpreted as the crystallization age
of the Sanhuangzhai tonalite gneiss. The analyses of Spots 7.1, 9.1
and 11.1 on the rim or transitional area to the core (Fig. 2d) have
younger apparent 207Pb/206ph ages (2185 +7 Ma to 2260+ 8 Ma;
Supplemental Table 2), indicating recrystallization during a later
metamorphic event.

5.1.3. Taihua Complex: Bayuan tonalite gneiss

Zircons from tonalite gneiss sample THB05-103 (Bayuan) are
mostly stubby and CL images show well-developed oscillatory
zoning (Fig.3a). Thirteen zircons were analyzed and they have mod-
erate to high Th and U contents (219-533 ppm and 401-1050 ppm,
respectively) with high Th/U ratios of 0.45-1.08 (Supplemental
Table 1). Two analyses on cores (Spots 1.1 and 5.1; Fig. 3a) give
older apparent 297Pb/206pb ages (2324 +27Ma and 2278 +6 Ma,
respectively). However nine U-Pb results are concentrated on con-
cordia and define a weighted mean 297 Pb/206Pb age 0f 2164 + 16 Ma
(MSWD =1.8; Fig. 3b). This is interpreted as the crystallization age
of the Bayuan tonalite gneiss.

5.1.4. Taihua Complex: Caotan gneisses

Tonalite gneiss sample THH05-97 and granite gneiss sample
THHO08-62 were selected for zircon U-Pb dating by SHRIMP and
CAMECA, respectively. The zircons are mostly euhedral prismatic
grains (Fig. 3c and e). CL images of zircons from samples THH05-97
and THHO08-62 show well-developed oscillatory zoning in the core
with rims generally free of zoning (Fig. 3c and e). Some zircons
from sample THHO08-62 show a patchy structure with very weak
oscillatory zoning or turbid structures indicative of recrystallization
(Fig. 3e).

Fifteen zircons from tonalite gneiss sample THH05-97 were ana-
lyzed on the oscillatory zoned cores, and three were also analyzed
on the rims (Supplemental Table 1). The zircons contain variable
Th and U contents (84-1289 ppm and 11-2374 ppm, respectively)
with variable Th/U ratios of 0.09-1.90 (Supplemental Table 1).

Three analyses on the rims have low Th/U ratios of 0.09-0.14,
whereas most of the core analyses have high Th/U ratios (>0.31,
except for Spots 4.1 and 9.1; Supplemental Table 1). All analyses
contain low common lead with f,96 <0.27% (Supplemental Table 1).
The apparent 297Pb/206Pb ages of the zircon cores are concentrated
between either 2547-2555 Ma or 2470-2502 Ma, corresponding to
weighted mean 207Pb/2%Pb ages of 2552 +4 Ma and 2477 + 8 Ma,
respectively (Fig. 3d; Supplemental Table 1). The younger weighted
mean 207Pb/206ph age (2477 +8Ma) is interpreted as the crys-
tallization age of the Caotan tonalite gneiss, whereas the older
weighted mean 207 Pb/206Pb age (2552 + 4 Ma) is interpreted as age
of the inherited zircons. Spot 8.2 on the rim gives the youngest
apparent 207Pb/206ph age of 1912 +12 Ma, similar to its apparent
206ph 238 age of 1891 + 19 Ma, which is taken to approximate the
time of metamorphism.

Twenty-one zircons from granite gneiss sample THH08-62 were
analyzed on the cores, whereas eight analyses (Spots 3, 5, 6, 7,
9, 16, 19 and 21) were made on sites without zoning and all
have low Th/U ratios (mostly<0.12, except for Spot 21; Sup-
plemental Table 2). These latter are metamorphic domains with
young apparent 207Pb/206ph ages ranging from 1759+2Ma to
1936 £+9Ma, and define an upper intercept age of 1918 + 17 Ma
(Fig. 3f) that is identical within error to the metamorphic age
of 1912 +12 Ma obtained from tonalite gneiss sample THH05-97
(Fig. 3d). Eight analyses on sites with oscillatory zoning (Spots
1, 2, 10, 11, 12, 13, 14, and 17) have older apparent 207Pb/206pp
ages ranging from 2429 + 6 Ma to 2505 + 5 Ma (Supplemental Table
2), with a weighted mean age of 2477 +28 Ma (Fig. 3f), inter-
preted as the crystallization age of the Caotan granite gneiss. This
is identical to the age of the Caotan tonalite gneiss (2477 +£8 Ma;
Fig. 3d).

5.1.5. Taihua Complex: Houjiacun gneisses

Tonalite gneiss sample THQO08-76 and granite gneiss sample
THQO8-82 were selected for zircon U-Pb dating by CAMECA ims-
1280.

The zircons from sample THQ08-76 are mostly euhedral with
either oscillatory or sector zoning (Fig. 3g). Twenty-seven analyses
have variable Th and U contents (56-1428 ppm and 94-1421 ppm,
respectively) with high Th/U ratios of 0.41-1.01 (Supplemental
Table 2). Except for Spot 13, the U-Pb results form a coherent clus-
ter and yield a concordia age of 2311 +1Ma (MSWD=1.1) and
a weighted mean 297Pb/206Pb age of 2311+3Ma (MSWD=1.2;
Fig. 3h), which is interpreted as the crystallization age of the Hou-
jiacun tonalite gneiss.

The zircons from sample THQO8-82 are mainly subhedral with
oscillatory zoned cores and structureless rims, although a few
grains have an oscillatory zoned mantle with both core and rim
free of zoning (Fig. 3i). Eight analyses on the cores with oscilla-
tory zoning (Spots 2, 4, 6,7, 8,9, 10 and 11) have high Th/U ratios
of 0.52-0.90 with moderate Th and U contents (145-568 ppm and
206-639 ppm, respectively; Supplemental Table 2). They have sim-
ilar apparent 207Pb/206pPp ages from 2297 +7Ma to 2315+ 6Ma
(Supplemental Table 2), corresponding to a weighted mean age
of 2307 +5Ma (MSWD=1.2) (Fig. 3j), which is interpreted as
the crystallization age of the Houjiacun granite gneiss. This is
within error of the crystallization age of the Houjiacun tonalite
gneiss (231141 Ma; Fig. 3h). The analyses on the structureless
cores (Spots 12 and 14; Fig. 3i) have high Th/U ratios (0.58 and
0.99; respectively). The analyses on the rims (Spots 13 and 15;
Fig. 3i) have lower Th/U ratios (0.03 and 0.28; respectively). Site
13 is entirely within a structureless rim domain and the apparent
207pp206ph age of 1862 + 6 Ma is taken as the minimum estimate
of the time of metamorphism.
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Fig. 2. CL images of zircons and concordia diagrams of zircon SIMS U-Pb geochronology of the Dengfeng Complex. (a and b) Granodioritic gneiss sample DF05-9 from
Huishansi; (c and d) tonalitic gneiss sample DF08-7 from Sanhuangzhai. The dotted circles indicate U-Pb dating sites (30 wm diameter) and corresponding laser ablation
sites for in situ zircon Hf isotopic analyses (40-50 pm diameter); the scale bar is 100 pm.

5.2. LA-MC-ICPMS zircon Lu-Hf isotope data

Most of zircons selected for Lu-Hf analyses were previously
dated by SHRIMP or CAMECA ims-1280 on the same sites (Sup-
plemental Table 3). The initial Hf isotope ratios were calculated
both at the mean crystallization age (t) and 2°7Pb/2%5Pb age (t/6)
determined for that site (Supplemental Table 3). The single-stage
Hf model ages (Tpp_pf) refer to extraction from a depleted mantle
(Supplemental Table 3; Fig. 4), whereas the “crustal” model ages
(Tom-us©) are calculated by assuming the parental magma was pro-
duced from average continental crust (176Lu/177Hf = 0.015) that was
originally derived from the depleted mantle (Griffin et al., 2004).

5.2.1. The Dengfeng Complex

Zircons from granodiorite gneiss sample DF05-9 have simi-
lar 176Hf/177Hf ratios (0.281213-0.281328) and variable eys(t6)
values (—2.4 to +4.5) that are mostly positive (Fig. 4a; Supplemen-
tal Table 3). The single-stage Hf model ages (Tpy.pf) range from
2666 Ma to 2832 Ma, whereas the two-stage “crustal” model ages
(Tom-us©) are older and range from 2723 Ma to 2984 Ma (Supple-
mental Table 3).

Zircons from tonalite gneiss sample DF08-7 have 76Hf/177Hf
ratios of 0.281251-0.281437 with variable ey¢(t7/6) values (-3.3 to
+3.1) (Fig. 4a), single-stage Hf model ages of 2537-2791 Ma and
two-stage “crustal” model ages of 2675-3077 Ma (Supplemental
Table 3).

Zircon éeyg(t7;) values of both DF05-9 and DF08-7, calculated
using their 207Pb/206Ph ages, plot below the depleted mantle evolu-
tion curve (Griffin et al., 2000) (Fig. 4a), with zircon ey¢(t76) values
of granodiorite gneiss sample DF08-7 generally more negative than
those of tonalite gneiss sample DF05-9 (Supplemental Table 3;
Fig. 4a). Furthermore, two-stage “crustal” model ages (Tpp.uC) for
zircons from sample DF08-7 vary over a wider range than those
from sample DF05-9 (Supplemental Table 3). The “crustal” model
ages would be 2.72-2.98 Ga (DF05-9) and 2.68-3.08 Ga (DFO08-
7), respectively, using the average continental crustal 176Lu/177Hf
value (0.015) (Supplemental Table 3).

5.2.2. The Taihua Complex in the Xiaoqinling area

5.2.2.1. The Bayuan gneiss. Zircons from tonalite gneiss sample
THB05-103 have '76Hf/177Hf ratios of 0.281228-0.281400 with
negative eyg(t7)) values of —6.0 to —2.2 (Supplemental Table 3;
Fig. 4b). Single-stage Hf model ages (2607-2819 Ma; Supplemental
Table 3) and “crustal” model ages (2861-3217 Ma; Supplemen-
tal Table 3) are all much older than the crystallization age of
2168 £ 13 Ma.

5.2.2.2. The Caotan gneisses. Zircons from tonalite gneiss sam-
ple THH05-97 have variable &y(t7s) values (=9.3 to +3.4) that
are mostly positive (Fig. 4b; Supplemental Table 3), correspond-
ing to single-stage Hf model ages of 2576-2832 Ma and “crustal”
model ages of 2636-3043 Ma (Supplemental Table 3). Zircons from
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Fig. 3. CL images of zircons and concordia diagrams of zircon SIMS U-Pb geochronology of the Taihua Complex in the Xiaoqinling area. (a and b) Tonalite gneiss sample
THBO05-103 from Bayuan; (c and d) tonalite gneiss sample THH05-97 from Caotan; (e and f) granite gneiss sample THH08-62 from Caotan; (g and h) tonalite gneiss sample
THQO8-76 from Houjiacun; (i and j) granite gneiss sample THQO08-82 from Houjiacun. The dotted circles indicate dating sites (30 wm diameter) and corresponding laser
ablation sites for in situ zircon Hf isotopic analyses (40-50 pm diameter); the scale bar is 100 pm.
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Fig. 4. Hf isotope evolution diagram and frequency distribution of single-stage
primitive mantle Hf model ages for zircons from TTG gneisses of the Dengfeng Com-
plex (a) and the Taihua Complex in the Xiaoqginling area (b). Zircon data for the TTG
gneisses from the Taihua Complex in the Lushan area (Huang et al., 2010) are shown
for comparison. Data plotted based on individual apparent 2°7Pb/206Pb ages (t76);
line bar shows the range of data based on the crystallization age (t) of rock; the evolu-
tion of depleted mantle (DM) is drawn by using a present-day '76Hf/'7”Hf =0.28325
and 76Lu/"77Hf=0.0384 (Griffin et al., 2000).

granite gneiss sample THH08-62 have variable, but mostly posi-
tive, eys(t7/6) values (—11.1 to +6.6) (Fig. 4b; Supplemental Table 3),
and both Tpp_yr (2533-2730Ma) and Ty (2564-2879 Ma) are
younger than those from sample THH05-97 (Supplemental Table
3). The youngest zircon Tpy.yr (2533 23 Ma; Supplemental Table
3) of the Caotan gneisses is slightly older than its crystallization age
of 2477 £ 8 Ma.

5.2.2.3. The Houjiacun gneisses. The 176Hf/177Hf ratios of zircons
from tonalite gneiss sample THQO8-76 vary over a relatively nar-
row range of 0.281302-0.281395, corresponding to &¢(t7/) values
of —2.3 to +1.6 that are mostly negative (Supplemental Table 3;
Fig.4b). The single-stage Hf model ages (Tpy-yf) and “crustal” model
ages (Tpm-ur®) all vary in narrow ranges of 2592-2758 Ma and
2757-2995 Ma, respectively (Supplemental Table 3), and are much
older than the crystallization age of 2311 + 1 Ma. The zircons from
granite gneiss sample THQO08-82 have variable 176Hf/177Hf ratios
of 0.281250-0.281374, corresponding to variable ey(t76) values

(—8.5 to +0.5) that are mostly negative (Fig. 4b), with old single-
stage Hf model ages and “crustal” model ages of 2585-2886 Ma and
2752-3185 Ma, respectively (Supplemental Table 3). The youngest
Tom-ur and Tpm-prC© model ages of granite gneiss sample THQOS-
82 (2585 +22Ma and 2752422 Ma, respectively; Supplemental
Table 3) are similar to those of tonalite gneiss sample THQ08-76
(2592 4+ 21 Maand 2757 4+ 21 Ma, respectively; Supplemental Table
3).

Zircon eyg(t7/6) values of the Taihua gneisses in the Xiaoqinling
area calculated using the apparent 207Pb/296Pb ages are all lower
than the evolution curve of the depleted mantle (Griffin et al., 2000)
(Fig. 4b). Zircons from the Bayuan sample (THB05-103) have a sim-
ilar Lu-Hf isotope protolith to those of the Taihua Complex in the
Lushan area (Liu et al., 2009; Huang et al., 2010) using the crustal
176 Lu/177Hf value of 0.015 (Fig. 4b). However, the zircons from the
Houjiacun (THQO08-76 and THQ08-82) and Caotan samples (THHO5-
97 and THHO8-62) show overall more positive ey¢(t) values and
younger “crustal” model ages than those of the Taihua Complex in
the Lushan area, indicating an overall younger protolith (Fig. 4b).

5.3. Major and trace elements

The gneisses from Huishansi, Datasi and Sanhuangzhai in the
Dengfeng Complex have high SiO, and Na,O, but relatively low
MgO, Fe;03, TiO; and CaO (Table 1). The Bayuan gneisses of the
Taihua Complex in the Xiaoqinling area have low SiO, and Na,O,
and high CaO, MgO, Fe,03, Cr and Ni with Mg# of 0.44-0.56
(Table 1). The Caotan and Houjiacun gneisses of the Taihua Com-
plex in the Xiaoqinling area contain variable SiO,, Ca0, Na,0, K0,
MgO and Fe,03, and low TiO,, Cr and Ni with low Mg# 0f 0.14-0.45
(Table 1). The Houjiacun gneisses show overall lower SiO,, but
higher MgO and CaO and TiO, than the Caotan gneisses (Fig. 5a-c).
The gneiss samples of the Dengfeng and Taihua Complexes show
a general trend of decreasing MgO, CaO and TiO, with increasing
SiO, (Fig. 5a-c).

In the Ab-Or-An diagram (Barker and Arth, 1976), the samples
from the Dengfeng Complex range from tonalite, trondhjemite, and
granodiorite to granite, although most plot in the fields of tonalite
and trondhjemite (Fig. 6). The Caotan gneisses plot in the fields of
tonalite, granodiorite and trondhjemite, except for two high-SiO,
samples (THH05-96 and THHO08-62) plotting in the field of granite
(Fig. 6). The Houjiacun and Bayuan gneisses plot in the fields of
tonalite and granodiorite, and have a higher proportion of An than
the Caotan gneisses (Fig. 6).

All Dengfeng gneisses have LREE-enriched and HREE-depleted
patterns (Fig. 7a). The Huishansi and Datasi gneisses have low
HREE (Yby=0.69-2.75) and Y (1.73-7.07 ppm), with moderate
[La/Yb]n (24.1-53.8) and high Sr/Y (65.1-291.3) (Table 1). Datasi
gneisses have weak negative or weak positive Eu anomalies
(Eu/Eu*=0.95-1.13; Table 1; Fig. 7a), but sample DF05-1 shows a
distinctively positive Eu anomaly (Eu/Eu*=1.39; Table 1; Fig. 7a).
The Sanhuangzhai gneisses have higher HREE (Yby=2.93-6.37)
and Y (6.7-11.0 ppm), with moderate [La/Yb]y (10.1-27.0), Sr/Y
(10.6-52.1) and weak negative Eu anomalies (0.72-0.99; Table 1;
Fig. 7a). On the primitive mantle-normalized spidergrams, all
Dengfeng gneisses are characterized by pronounced negative Nb,
Ta and Ti anomalies and positive Sr and Pb anomalies (Fig. 7b).

The gneisses from Houjiacun and Bayuan in the Taihua
Complex have fractionated REE patterns ([La/Yb]y=7.2-30.6;
Table 1; Fig. 7c) with weak negative or positive Eu anomalies
(Eu/Eu*=0.84-1.15; Table 1; Fig. 7c), and show negative Ta, Nb
and Ti anomalies (Fig. 7d). Samples from Bayuan also have posi-
tive Pb and Sr anomalies (Fig. 7d), and contain lower HREE than
those from Houjiacun (Fig. 7c). The gneisses from Caotan all have
very low HREE contents (Yby =1.03-2.63) and Y (2.84-7.40 ppm)
and weak negative or positive Eu anomalies (Eu/Eu*=0.85-1.15;
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Table 1

Major (wt%) and trace element (ppm) data for gneisses in the Dengfeng and Taihua Complexes.
Sample DF05-1 DF05-4 DF05-8 DF05-9 DF08-1 DF08-6 DF08-7 DF08-8 DF08-9
Location DTS DTS HSS HSS HSS SHZ SHZ SHZ SHZ
Sio, 66.67 66.74 69.03 68.70 69.74 69.95 68.13 75.31 68.02
TiO, 0.31 0.38 0.31 0.29 0.30 0.29 033 0.09 0.33
Al 03 17.61 15.89 17.50 16.38 16.31 15.75 16.07 14.45 16.00
Fe, 05 2.88 4.31 229 2.83 233 224 2.96 0.78 2.95
MnO 0.03 0.05 0.03 0.03 0.03 0.04 0.04 0.02 0.04
MgO 1.30 1.78 0.70 1.19 1.08 1.29 1.33 0.40 1.34
Ca0 3.43 3.83 1.02 2.01 2.74 2.16 342 1.83 3.56
Na,O 4.28 3.51 5.06 3.20 4.36 4.73 438 5.06 4.26
K,0 2.04 2.22 2.41 2.96 2.05 2.08 1.93 1.59 1.80
P,05 0.12 0.12 0.07 0.08 0.09 0.08 0.10 0.03 0.09
LOI 0.70 1.04 141 1.56 1.26 1.47 1.46 0.67 141
Total 99.36 99.86 99.84 99.21 100.30 100.06 100.14 100.25 99.80
Mg# 0.47 0.45 0.38 0.45 0.48 0.53 0.47 0.51 0.47
Sc 1.66 4.51 0.91 2.53 347 5.59 6.42 2.89 6.27
Ti 1942 2312 1928 1751 1608 1442 1699 507 1720
\ 28 43 21 28 30 30 34 10 34
Cr 6 32 1 8 8 2 4 2 4
Co 7 11 3 5 47 49 31 38 37
Ni 9 17 1 4 9 8 10 3 11
Cu 5.70 6.97 20.5 5.32 1.55 1.96 16.6 283 18.7
Zn 43.8 45.7 13.8 29.1 41 30.2 44.0 13.9 484
Ga 17.0 16.4 17.9 18.1 17.9 16.6 16.7 14.5 17.2
Ge 0.64 0.97 0.57 0.82 0.75 1.02 0.94 0.84 0.93
Rb 62 68 59 92 59 94 72 40 69
Sr 504 460 489 379 504 294 358 228 356
Y 1.73 7.07 3.78 2.76 3.30 11.0 6.87 6.69 8.46
Ba 846 1130 906 890 643 714 799 756 688
Zr 130 146 191 119 126 125 150 66.7 148
Hf 3.01 3.75 4.28 2.76 3.13 3.70 3.86 2.64 3.83
Nb 3.00 5.15 2.97 3.04 3.16 5.03 4.59 431 4.57
Ta 0.18 043 0.34 0.29 0.40 0.94 0.57 0.94 0.52
Pb 9.07 11.2 4.73 5.52 8.89 10.7 10.7 11.8 10.7
Th 1.02 7.88 4.76 4.89 5.58 8.23 8.04 5.57 7.55
U 0.51 1.43 0.63 0.81 0.66 1.78 1.46 1.61 1.31
La 9.13 24.2 26.2 19.6 20.3 237 30.1 11.2 29.1
Ce 15.4 44.9 53.1 32.8 322 399 49.8 19.9 49.6
Pr 1.62 5.01 5.74 3.83 3.42 3.84 4.76 2.08 4.86
Nd 5.19 17.0 19.2 12.6 114 12.6 15.5 7.28 16.0
Sm 0.81 2.71 2.62 1.90 1.57 2.00 2.25 1.42 2.49
Eu 0.49 0.76 0.74 0.67 0.52 0.61 0.71 0.38 0.68
Gd 0.71 233 1.62 1.14 1.17 2.04 213 1.42 2.30
Tb 0.076 0.27 0.17 0.14 0.14 0.32 0.27 0.23 0.33
Dy 0.37 1.35 0.72 0.54 0.67 1.97 1.45 1.35 1.75
Ho 0.068 0.26 0.13 0.11 0.13 0.43 0.28 0.28 0.35
Er 0.18 0.66 0.36 0.26 0.32 1.30 0.78 0.78 1.01
Tm 0.026 0.10 0.055 0.036 0.046 0.22 0.12 0.11 0.16
Yb 0.17 0.68 0.33 0.25 0.30 1.58 0.75 0.73 1.19
Lu 0.025 0.11 0.053 0.038 0.048 0.26 0.12 0.11 0.19
Eu/Eu* 1.39 0.95 1.01 1.13 1.06 0.96 0.99 0.89 0.92
[La/Yb]n 36.3 241 53.8 53.2 45.8 10.1 27.0 10.4 16.5
Sr/Y 2913 65.1 129.5 137.0 152.8 26.6 52.1 34.0 42.0
Dy/Yb 2.18 1.99 2.18 2.16 2.23 1.25 1.93 1.85 1.47
Rb/Sr 0.12 0.15 0.12 0.24 0.12 0.32 0.20 0.18 0.19
Sample DF08-13 THHO05-96 THHO05-97 THHO05-98 THHO08-62 THHO08-67 THHO08-69 THQO08-74 THQO8-76
Location SHZ CT CT CT CT CT CT HJC HJC
Sio, 75.35 73.57 67.44 61.35 73.01 68.47 68.24 58.46 61.70
TiO, 0.11 0.15 0.44 0.54 0.22 0.41 0.32 0.63 0.60
Al 03 13.32 13.99 15.21 17.56 14.31 15.53 13.71 16.81 17.28
Fe, 05 0.96 1.58 4.59 545 1.57 3.26 5.30 7.62 5.74
MnO 0.02 0.02 0.05 0.08 0.02 0.03 0.05 0.11 0.07
MgO 0.50 0.13 1.16 2.01 0.47 1.15 1.99 3.08 1.97
Ca0o 0.56 0.83 3.31 4.82 1.77 2.89 2.03 5.57 4.92
Na,0 3.80 3.19 4.69 4.63 3.21 4.60 4.86 3.89 3.46
K,0 4.22 5.96 2.57 2.47 4.72 2.84 2.42 243 2.06
P,05 0.03 0.02 0.10 0.13 0.05 0.11 0.07 0.19 0.16
LOI 0.83 0.29 033 0.58 0.54 0.61 0.52 1.24 1.57
Total 99.68 99.75 99.90 99.62 99.90 99.90 99.51 100.02 99.53
Mg# 0.51 0.14 0.33 0.42 0.37 0.41 0.43 0.45 0.40
Sc 2.44 0.72 533 7.76 2.01 4.89 4.70 16.4 17.0
Ti 595 854 2848 3247 1221 2092 1685 3387 3265
\ 11 9 39 59 20 28 33 120 54
Cr 2 18 26 2 15 10 12 15
Co 18 2 8 13 37 25 32 29 28
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Sample DF08-13 THH05-96 THHO5-97 THH05-98 THHO8-62 THH08-67 THHO8-69 THQO8-74 THQO8-76
Location SHZ cT cT cT cT cT cT HJC HJC

Ni 3 1 13 21 3 11 11 6 7
Cu 165 437 15.1 9.55 478 2.83 1.80 2.33 2.61
Zn 14.0 10.7 417 62.4 21.8 253 32.7 65.8 61.9
Ga 12.1 17.0 185 19.7 17.9 185 14.1 176 193
Ge 0.99 0.71 1.15 1.03 0.95 0.83 0.89 120 112
Rb 101 182 98 120 185 95 88 112 61

Sr 96.0 377 372 833 174 540 425 489 441

Y 9.06 3.68 7.40 6.62 2.84 6.83 7.23 153 24.0
Ba 1073 989 648 732 685 973 669 727 930

Zr 109 91.2 163 96.1 187 107 107 93.6 197
Hf 3.23 2.70 3.76 230 539 255 2.46 2.10 4.49
Nb 438 6.89 6.38 483 6.07 6.42 438 526 9.92
Ta 0.36 0.26 021 0.37 037 0.36 0.29 0.36 0.65
Pb 20.4 60.2 83.7 83.7 121 16.6 438 521 9.88
Th 28.0 15.6 5.16 7.07 186 117 473 3.98 7.32
U 2.95 1.82 0.28 1.16 1.10 0.36 0.49 0.54 0.98
La 346 20.5 27.9 234 324 64.0 27.5 245 438
Ce 544 373 471 421 62.8 110 49.9 50.4 88.7
Pr 485 3.96 553 435 6.11 11.0 5.09 581 10.1
Nd 15.4 12.8 18.0 15.0 19.7 343 17.4 222 39.0
Sm 2.50 2,03 3.04 245 2.83 411 2.59 3.81 6.83
Eu 0.44 0.68 0.92 0.96 0.64 0.90 0.73 1.07 142
Gd 2.67 143 243 1.90 223 3.29 2.16 335 5.90
Tb 036 0.15 0.29 0.24 0.20 032 0.26 0.49 0.81
Dy 1.94 0.77 137 121 0.72 138 129 2.67 428
Ho 0.36 0.13 0.26 0.24 0.11 0.24 0.26 0.56 0.84
Er 0.98 0.36 0.67 0.59 0.26 0.62 0.67 151 222
Tm 0.14 0.054 0.095 0.089 0.036 0.079 0.097 0.22 0.32
Yb 0.93 0.34 0.56 0.58 0.26 0.49 0.65 147 2.06
Lu 0.15 0.055 0.081 0.090 0.046 0.074 0.10 0.22 0.30
Eu/Eu* 0.72 1.07 1.00 1.15 0.87 0.85 0.96 0.95 0.82
[La/Yb]y 25.0 404 33.7 27.2 85.9 88.4 28.4 112 143
SrfY 106 102.4 50.4 125.8 61.2 79.1 58.8 320 183
Dy/Yb 2.09 2.26 2.46 2.07 2.82 2.81 1.97 1.81 2.08
Rb/Sr 1.05 0.48 0.26 0.14 1.06 0.18 0.21 023 0.14
Sample THQOS-77 THQOS-82 THQO8-83 THQO8-84 THB05-103 THB05-106 THB05-107
Location HJC HJC HJC HJC BY BY BY

Si0, 60.93 68.89 57.68 58.32 64.33 58.63 57.11
TiO, 0.82 0.52 0.66 0.70 0.42 0.58 0.64
AL 05 16.80 14.45 17.23 17.37 15.12 17.22 18.06
Fe, 03 6.25 453 7.86 7.87 6.67 734 7.60
MnO 0.08 0.06 0.12 0.13 0.09 0.10 0.10
MgO 2.58 1.02 2.97 2.67 2.64 462 3.94
Ca0 3.73 2.72 6.25 6.56 464 5.59 6.17
Na,0 3.88 321 423 450 2.13 2.94 2.96
K20 3.77 3.87 1.72 137 2.75 1.98 2.25
P,0s 0.24 0.12 0.16 0.19 0.09 0.18 0.19
LOI 0.69 0.26 0.73 0.68 0.79 0.63 0.90
Total 99.76 99.65 99.63 100.37 99.66 99.80 99.92
Mg 0.45 031 0.43 0.40 0.44 0.56 0.51
Sc 138 109 216 20.7 14.1 11.1 154
Ti 4388 2845 3671 3931 2493 3497 3901

v 60 28 99 88 75 82 81

cr 21 10 42 26 100 247 122

Co 23 31 25 38 17 20 24

Ni 7 5 12 11 32 80 58

Cu 9.00 6.47 3.58 4,59 236 108 33.1
Zn 783 60.6 89.1 75.2 524 73.0 69.2
Ga 19.4 17.0 19.8 18.9 172 204 213
Ge 1.08 1.12 134 120 147 1.44 133
Rb 133 96 70 34 113 128 93

Sr 407 323 391 510 325 638 555

Y 15.7 163 196 16.1 106 9.71 10.0
Ba 977 1763 392 484 591 676 879

Zr 205 268 167 119 140 115 154

Hf 484 6.63 3.86 2.73 3.49 2.64 3.39
Nb 8.69 8.71 8.09 7.17 733 7.30 8.05
Ta 0.60 0.45 0.54 0.63 0.64 0.49 0.54
Pb 1.9 16.1 6.04 7.55 16.0 15.9 20.5
Th 8.86 10.9 4389 6.17 108 1.11 159
U 1.07 0.71 0.60 0.56 0.95 1.14 1.15
La 4438 496 25.1 26.5 37.0 15.4 15.8
Ce 86.8 96.8 57.4 55.7 67.8 33.1 33.2
Pr 9.29 106 7.12 6.52 7.28 450 420
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Table 1 (continued )

Sample THQO8-77 THQO8-82 THQO8-83 THQO8-84 THBO5-103 THB05-106 THB05-107
Location HJC HJC HJC HJC BY BY BY
Nd 33.1 38.1 285 259 23.0 186 16.7
Sm 4.96 6.19 5.19 461 3.47 3.82 3.17
Eu 1.36 1.36 1.33 1.45 0.87 1.40 1.28
Gd 420 533 445 3.93 2.71 3.07 2.60
Tb 0.53 0.68 0.63 0.53 0.36 0.40 0.37
Dy 2.78 3.39 3.49 2.83 1.89 1.93 1.86
Ho 0.57 0.60 0.72 0.56 0.37 0.35 0.37
Er 1.55 1.47 1.94 1.51 1.04 0.94 0.97
Tm 0.22 0.18 0.29 0.21 0.17 0.14 0.14
Yb 1.48 1.09 1.96 1.43 1.07 0.85 1.01
Lu 0.24 0.16 0.30 0.22 0.17 0.13 0.14
Eu/Eu* 0.94 0.84 0.91 1.01 0.91 1.10 1.15
[La/Yb]x 205 306 8.7 12.5 234 12.2 10.6
Sr/Y 26.0 19.8 19.9 31.7 30.7 65.7 55.3
Dy/Yb 1.88 3.10 1.78 1.98 1.78 227 1.84
Rb/Sr 0.33 0.30 0.18 0.07 0.35 0.20 0.17

Sample locations: (1) Datasi (DTS), Huishansi (HSS) and Sanhuangzhai (SHZ) in the Dengfeng Complex; (2) Caotan (CT), Houjiacun (HJC) and Bayuan (BY) in the Taihua

Complex.

Table 1; Fig. 7c¢), with moderate to high [La/Yb]y (27.2-88.4) and
Sr/Y (50.4-125.8) (Table 1). The Caotan samples are characterized
by pronounced negative Nb, Ta and Ti anomalies and positive Srand
Pb anomalies, except for one high-SiO, sample (THH08-62) having
no Sr and Pb anomalies (Fig. 7d).

All gneiss samples from the Dengfeng Complex plotin the field of
adakite and high Al-TTG on the [La/Yb]y versus Yby and Sr/Y versus
Y diagrams (Fig. 8). They are typical TTGs, with high SiO,, high Na, 0
and low ferromagnesian contents (Table 1; Fig. 5) (Martin et al.,
2005). Overall, the Sanhuangzhai TTG gneisses have lower [La/Yb]n
and Sr/Y ratios but higher Yby and Y than the Datasi and Huishansi
TTG gneisses (Fig. 8). The Caotan and Bayuan gneiss samples all
plot in the fields of adakite and high AI-TTG, and the Houjiacun
gneisses mostly plot in the overlap fields of TTG and island arc mag-
matic rocks because of relatively high heavy REE and Y contents.
The Caotan gneisses are typical TTGs with high SiO, and Na,O0, and
low ferromagnesian contents (Table 1) (Martin et al., 2005). The
Bayuan tonalite gneisses show similarities with the Archean sanuk-
itoid suite, with low SiO; (57.11-64.33 wt%; Table 1) and high MgO,
Sr, Ba, Cr and Ni contents (Table 1), and high Mg* values (up to 0.56;
Table 1). However, the Bayuan tonalite gneisses are not sanukitoids
that are restricted to the Late Archean and always have higher MgO
(>6 wt%) and Mg* (>0.60) with lower SiO, (<60 wt%) (Martin et al.,
2005).

5.4. Whole rock Nd isotopes

The Huishansi and Datasi TTG gneisses in the Dengfeng Com-
plex all have positive eng(t) values (+0.23 to +1.63), whereas the
Sanhuangzhai TTG gneisses have variable eyq(t) of —6.23 to +4.23
(Table 2; Fig. 9). The Huishansi and Datasi TTG gneisses have sim-
ilar single-stage depleted mantle model ages (Tpy =2.73-2.83 Ga;
Table 2) and two-stage model ages (Tpyz =2.79-2.91 Ga; Table 2),
whereas the Sanhuangzhai TTG gneisses show variable Tpy and
Tpmz model ages in the range of 2.35-3.20 Ga (Table 2).

The Bayuan TTG gneisses have negative eng(t) (—3.85 to —2.33)
with Nd model ages (Tpy=2.74-2.82Ga; Tpmz =2.78-2.90Ga;
Table 2) much older than the crystallization age of 2.17Ga.
The Caotan TTG gneisses have overall positive enq(t) values of
—0.07 to +2.85 (Table 2) with Nd model ages (Tpy =2.60-2.78 Ga;
Tomz =2.62-2.86 Ga; Table 2) slightly older than the crystallization
age of 2.48 Ga. The Houjiacun TTG gneisses have variable enq(t)
of —1.32 to +2.22 (Table 2; Fig. 9) with young Nd model ages
(Tom =2.51-2.75 Ga; Tppz = 2.53-2.82 Ga; Table 2). Overall, the Tai-
hua TTG gneisses in the Xiaoqinling area have younger Nd model

ages (Tpm = 2.51-2.82 Ga; Table 2) than the Taihua Complex in the
Lushan area (Tpy =2.84-3.11 Ga; Huang et al., 2010).

6. Discussion
6.1. Petrogenesis

The high Sr/Y and La/Yb characteristic of the adakitic TTGs could
result from melting of a high Sr/Y source (Moyen, 2009), but there
is no evidence of any pre-existing high Sr/Y and La/Yb sources in
the Dengfeng and Xiaoqinling areas. TTGs might represent partial
melts of hydrous mafic rocks at pressures high enough to stabilize
garnet + amphibole, thus producing tonalitic melts with a charac-
teristic signature of high La/Yb and Sr/Y ratios (e.g., Drummond and
Defant, 1990; Smithies, 2000; Martin et al., 2005; Condie, 2005).
Subducting ocean crust under eclogite facies conditions (Defant
and Drummond, 1990; Kay et al., 1993; Martin, 1999; Martin et al.,
2005), thickened lower crust (Smithies, 2000; Condie, 2005) or
delaminated lower crust (Zegers and van Keken, 2001; Bédard,
2006) would be the potential source for TTGs. Partial melts of the
subducting ocean crust and delaminated lower crust would inter-
act with peridotitic mantle during ascent, resulting in high MgO,
Cr and Ni contents (e.g., Rapp et al., 1999; Smithies, 2000; Martin
etal., 2005; Wang et al., 2006), which would be one of the principal
characteristics distinguishing them from partial melts of thickened
lower crust.

6.1.1. Petrogenesis of the Dengfeng TTG gneisses

All the Neoarchean Dengfeng TTG gneisses have relatively con-
stant and low Dy/Yb ratios, which are distinctly different from
the Lushan TTG (Huang et al., 2010). Amphibole has a high Kp for
HREEs, but even higher for middle REEs (e.g., Dy). Unlike amphibole,
garnet has a progressive increasing Kp for REEs with increasing
atomic number. Thus partial melting with a dominant residual
phase of garnet will effectively raise the Dy/Yb ratios in the melt
while a residual phase rich in amphibole will induce lower Dy/Yb
ratios. Relatively invariable Dy/Yb of the Neoarchean Dengfeng TTG
gneisses indicates that the high Sr/Y and La/Yb ratios could be
attributed to fractionation of amphibole and garnet at relatively
high pressures and partial melting with residual amphibole and
garnet (e.g., PM-2 and FC-2 in Fig. 10). Even though high in SiO,, the
Paleoproterozoic Sanhuangzhai TTG gneisses have relatively high
Y and HREE contents but low Sr/Y, La/Yb and Dy/Yb ratios, suggest-
ing a low degree of partial melting, with the residue dominated by
amphibole (e.g., PM-1 in Fig. 10). Additionally, variable Dy/Yb ratios
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Fig. 5. Diagrams of (a) MgO, (b) Ca0, (c) TiO,, (d) K,0, (e) K;0/Na;O, (f) Ni and (g) Cr versus SiO; for the TTG gneisses of the Dengfeng and Taihua Complexes. Fields of
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Table 2
Nd isotope compositions for gneisses in the Dengfeng and Taihua Complexes.
Samples 147G m [144Nd? 143Nd/1#4Nd (+20) ("3Nd/"Nd); ena(t)P Fomyna © Tpm (Ga)d Tomz (Ga)e
Bayuan (Taihua)
THB05-103 0.0913 0.510943 + 8 0.509643 -3.85 -0.54 2.74 2.90
THBO05-106 0.1241 0.511486 + 6 0.509721 -2.33 -0.37 2.82 2.78
Caotan (Taihua)
THHO05-97 0.1020 0.511105 + 7 0.509437 0.30 -0.48 2.78 2.83
THHO05-98 0.0989 0511184 + 6 0.509567 2.85 -0.50 2.60 2.62
THHO08-62 0.0868 0.510838 + 12 0.509418 -0.07 -0.56 2.77 2.86
Houjiacun (Taihua)
THQO08-74 0.1037 0511336 + 7 0.509757 222 -0.47 2.51 2.53
THQO08-76 0.1077 0511302 +9 0.509663 0.37 -0.45 2.65 2.68
THQO8-77 0.0907 0.511047 +£ 8 0.509666 0.44 -0.54 2.60 2.68
THQO8-82 0.0983 0.511072 + 8 0.509576 -1.32 —-0.50 2.73 2.82
THQO8-83 0.1103 0511333 £ 7 0.509654 0.20 -0.44 2.67 2.70
Datasi-Huishansi (Dengfeng)
DFO05-1 0.0944 0.510943 + 8 0.509343 0.31 -0.52 2.81 2.87
DF05-4 0.0964 0.510995 =+ 8 0.509387 0.62 -0.51 2.79 2.84
DF05-8 0.0827 0.510790 =+ 7 0.509390 1.63 -0.58 2.73 2.79
DF05-9 0.0913 0.510865 + 8 0.509318 0.23 -0.54 2.83 291
Sanhuangzhai (Dengfeng)
DF08-7 0.0876 0.510667 =+ 7 0.509339 -6.23 -0.55 2.99 3.20
DFO08-8 0.1181 0.511130 + 7 0.509340 -6.21 -0.40 3.20 3.20
DF08-9 0.0941 0.511160 + 7 0.509734 1.52 -0.52 2.53 2.58
DF08-13 0.0978 0511354 + 7 0.509872 4.23 -0.50 2.35 2.37

@ Calculated by using whole-rock Sm and Nd contents listed in Table 1.

b ena(0)=[(**3Nd/"4Nd)s/(**3Nd/"4Nd)cyur — 1] x 10,000; t=2.17 Ga (Bayuan), 2.31Ga (Houjiacun), 2.48 Ga (Caotan); 2.57 Ga (Huishansi and Datasi), 2.31Ga (San-

huangzhai).
€ fomna = [(*47Sm/"#4Nd)s /(47 Sm/"*4Nd )cur ] - 1 (Shirey and Hanson, 1986).

4 Tpm =In{[(**3Nd/'#*Nd)s — (***Nd/'**Nd)pm]/[("*>Sm/'44Nd)s — (*47Sm/#*Nd)pm]}/A (DePaolo, 1981).
¢ Tomz =Tom1 — (Tom1 — E)((fec —f5)/(fec —fom)) (Keto and Jacobsen, 1987); where S=sample, fc, fs and fom are fsmna Values of the average continental crust, the sample
and the depleted mantle, respectively. In the calculation, ("3Nd/'**Nd)cyug = 0.512638, (147Sm/"**Nd)cyur =0.1967, ("*3Nd/'**Nd)pym =0.51315, (147Sm/'**Nd)pm =0.2136,

fec=—0.4, fom =0.08592.

of the Sanhuangzhai TTG gneisses can be attributed to fractionation
of amphibole and garnet (e.g., FC-1 in Fig. 10).

Amphibole fractionation is commonly accompanied by plagio-
clase removal in natural systems, and the relatively low Eu/Eu*
in the Paleoproterozoic Sanhuangzhai TTG gneisses indicates frac-
tional crystallization of plagioclase. The net effect of amphibole
and plagioclase fractionation is to increase La/Yb, and decrease
Dy/Yb, accompanied by either a moderate increase or decrease in

An

Dengfeng Complex /\ Literature data
[] sanhuangzhai

(O Huishansi/Datasi + Lujiagou
Taihua Complex

A Bayuan Ganshugou

[ Houjiacun m Tieluping/Muce
@ Caotan ¢ Lushan
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Granite [
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DRYS-1

\ \ N \
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Fig. 6. Ab-Or-An classification diagram (Barker and Arth, 1976) for the TTG gneisses
of the Dengfeng and Taihua Complexes. Large symbols - data from Table 1; small
symbols - data from the literature (Huang et al., 2010, 2012; Diwu et al., 2011).

Sr/Y (Moyen, 2009), which might be a reasonable explanation why
the Sanhuangzhai TTG gneisses have low and variable Dy/Yb ratios
with moderate Sr/Y and La/Yb ratios. However, some Neoarchean
Dengfeng TTG gneisses have high Sr/Y ratios, which are incompati-
ble with low La/Yb ratios. Such TTG gneisses, with correspondingly
high positive Eu anomalies (Table 1), are most likely the result of
plagioclase accumulation (Fig. 10). In general, the Sr/Y and La/Yb
ratios are similar to modern adakites, while the Neoarchean TTGs
are less correlated (Moyen, 2009). As mentioned above, plagio-
clase fractionation or accumulation would change the Sr/Y ratios
but have less effect on the La/Yb ratios, which might be one rea-
son for the decoupling between Sr/Y and La/Yb in the Archean
TTGs.

As most zircon eyg(t76) values for the Neoarchean TTG gneisses
in the Dengfeng Complex plot distinctly below the depleted man-
tle line (Fig. 4a), pre-existing crustal material was involved in their
genesis. The inherited zircons (2.60-2.95Ga) in the Neoarchean
TTG gneisses and felsic metavolcanics (Kroner et al., 1988; Wan
et al., 2009) from the Dengfeng Complex indicate the presence of
an earlier continental crust. Such early crust would be an appro-
priate source for the Neoarchean Dengfeng TTGs. On the other
hand, because the Neoarchean TTG gneisses have positive enq(t)
values (Table 2) and mainly positive zircon ey¢(t7/6) values (Sup-
plemental Table 3; Fig. 4a), juvenile components are also present
in their source. The Paleoproterozoic Sanhuangzhai TTG gneisses
have relatively old zircon Hf “crustal” model ages of 2.68-3.08 Ga
and two-stage Nd model ages (oldest Tpyz =3.20 Ma). Some nega-
tive whole-rock enq(t) and mainly negative zircon ey(t7/¢) values
in the Sanhuangzhai TTG gneisses indicate that the source included
pre-existing crustal materials, whereas the positive whole-rock
end(t) and variable zircon eyg(t7/6) values of some samples require
the participation of juvenile materials. Therefore, petrogenesis of
the Dengfeng TTG gneisses requires the participation of both juve-
nile components and pre-existing crustal material, indicating Late
Neoarchean to Early Paleoproterozoic crustal growth in the south-
ern North China Craton.
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Fig. 7. Chondrite-normalized REE patterns and primitive mantle-normalized trace element spidergrams for TTG gneisses from (a and b) the Dengfeng Complex and (c and
d) the Taihua Complex in the Xiaoqinling area. Chondrite and PM normalization factors are from Taylor and McLennan (1985) and Sun and McDonough (1989), respectively;

the Lujiagou TTG gneisses are from Diwu et al. (2011).

The highly fractionated REE patterns and depletion in heavy
REEs of the Dengfeng TTG (Fig. 7a) require generation of melts at
depths where residual garnet and/or amphibole are stable (Fig. 10).
Although many tectonic models have been proposed to satisfy this
requirement, most early Archean and many late Archean TTG suites
more likely represent partial melts of basaltic lower crust rather
than subducted/subducting ocean crust (Smithies and Champion,
2000; Smithies, 2000; Condie, 2005). The Dengfeng TTG gneisses
all have high SiO,, low MgO (Mg*), Cr and Ni (Fig. 5), indicating
that thickened lower crust might be a more suitable source than
the subducting ocean crust or delaminated eclogite, because the
latter would induce high MgO (Mg#), Cr and Ni in the melts (e.g.,
Rapp et al., 1999; Smithies, 2000; Martin et al., 2005; Wang et al.,
2006).High Rb/Srratios (>0.1; Table 1) of the Dengfeng TTG gneisses
are also compatible with melts derived from thickened mafic crust
(Huang et al., 2009), in contrast to the generally low Rb/Sr ratios
(<0.05) in adakites derived from slab melts (Huang et al., 2009).
As deduced from the Nd and Hf isotopic systems, petrogenesis of
the Dengfeng TTG gneisses requires the participation of both juve-
nile components and pre-existing crustal material. Thus the partial
melting of thickened lower crust is the favored mechanism for gen-
erating the Dengfeng TTG.

6.1.2. Petrogenesis of the TTG gneisses of the Taihua Complex in
the Xiaoqinling area

The Xiaoqinling TTG gneisses at Caotan, Houjiacun and Bayuan
all show depletion in heavy REE and Y, with high Sr/Y and La/Yb

ratios (Fig. 7; Table 1), indicating the partial melting process was
at pressures high enough to stabilize garnet + amphibole. Sr/Y and
La/Yb in the melt could increase significantly as a result of fraction-
ation of amphibole and/or garnet at such pressures (Macpherson
etal., 2006), but this would also lead to positive correlation between
the Sr/Y and La/Yb ratios (Huang et al., 2012). Given the lack of
Sr/Y correlation with La/Yb for the Houjiacun and Bayuan TTG
gneisses (Table 1), it suggests that the high Sr/Y and La/Yb in
these rocks are not due to amphibole and/or garnet fractionation,
but can be attributed to partial melting, leaving residual amphi-
bole and/or garnet in the source (Fig. 10). The overall low Dy/Yb
ratios (Dy/Yb<2.5, except for a few granite gneiss samples from
the Houjiacun and Bayuan TTG gneisses; Table 1), indicate that
both amphibole and garnet were residual during partial melting
(e.g., PM-2 in Fig. 10). The Caotan TTG gneisses have variable Sr/Y
and La/Yb ratios, which is attributed not only to amphibole and/or
garnet fractionation, but also to plagioclase accumulation or frac-
tionation (Fig. 10).

The Caotan TTG gneisses have low Mg# and Cr and Ni contents
(Table 1), which is different from typical subducted oceanic crust-
derived adakites or partial melts of delaminated lower crust, but
similar to those derived from thickened lower crust (Fig. 5). Abun-
dant inherited zircons in tonalite sample THH05-97 (Fig. 3c and
d) also indicate that the Caotan TTGs result from partial melting of
pre-existing crustal materials. Thus the partial melting of thickened
lower crust is the favored mechanism for generating the Caotan
TTG.
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MgO (Mg#), Ni and Cr of most Houjiacun samples are similar
to the Caotan TTG samples and in the range of lower crust-derived
adakitic rocks or experimental melts of natural hydrous basalts at
1-4GPa (Fig. 5a, f and g), indicating that the Houjiacun samples
would also be derived from partial melting of the thickened lower
crust, which is compatible with the mostly negative zircon eyg(t7/6)
values (Fig. 4b) and old Tppy¢€ (2.75-3.19 Ga; Supplemental Table
3).

The Bayuan TTG gneisses have high MgO (Mg#), Ni and Cr (Fig. 5),
which is consistent with partial melting of subducted oceanic
crust or delaminated lower crust. Given that all samples show
negative whole rock eng(t) (—3.85 to —2.33) and zircon eyg(t7)6)
values (—7.81 to —1.99), corresponding to much older whole rock
Nd model ages (2.74-2.82Ga) and zircon “crustal” model ages
(2.86-3.22 Ga) than their crystallization age (2168 +13 Ma), the
partial melting of delaminated lower crust is the preferred mech-
anism. Additionally, the high Rb/Sr ratios (0.17-0.35; Table 1) also
suggest a large contribution of the lower crust in their genera-
tion (Huang et al., 2009). The lower crust might form at ~2.3 Ga
according to the ages of inherited zircons (Fig. 3b).

351
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6.2. Orogeny in the Late Neoarchean and Early Paleoproterozoic

There are widespread Late Neoarchean TTG gneisses in the
Dengfeng Complex. Wan et al. (2009) obtained a weighted mean
207pp206pph age of 2531+9Ma from the Datasi tonalite gneiss,
which is slightly younger than the single-zircon evaporation
207pp206ph age of 2557 + 9 Ma obtained by Lao and Wang (1999).
Thus the Datasi TTG rocks might have formed contemporaneous
with, or shortly after, emplacement of the Huishansi TTG rocks
(2568 & 11 Ma; Fig. 2b). LA-ICPMS U-Pb dating of zircons from the
Lujiagou TTG gneisses north of Junzhao (Fig. 1c) gave the crystal-
lization ages of trondhjemite as 2510420 to 2521421 Ma and of
the tonalite as 2544 + 10 to 2587 55 Ma (Diwu et al., 2011). The
geochemical characteristics of the Lujiagou TTG gneisses are similar
to those of the Huishansi and Datasi TTG gneisses (Figs. 5-8). Thus
high SiO,, low MgO (Mg#), Cr and Ni (Fig. 5) of the Late Neoarchean
TTG gneisses in the Dengfeng Complex indicate the partial melting
of thickened lower crust.

The Caotan TTG gneisses (2.48 Ga) of the Taihua Complex in the
Xiaoqinling area are also characterized by low MgO (Mg#), Cr and
Ni (Fig. 5), suggesting thickened crust in the area at the beginning
of the Early Paleoproterozoic.

The Sanhuangzhai TTG (2306 + 6 Ma; Fig. 2d) is the only iden-
tified Early Paleoproterozoic felsic intrusion in the Dengfeng
Complex, similar to the Houjiacun TTG (2.31 Ga; Fig. 3h and j) in
the Xiaoginling area and the Tieluping/Muce TTGs in the Xiong’er
area (2.30-2.32 Ga; Huang et al., 2012) of the Taihua Complex. To
explain the low MgO, Cr and Ni of these rocks (Fig. 5), thickened
lower crust is also proposed as the source.

Therefore, the Dengfeng and Taihua TTGs at 2.30-2.57 Ga are all
partial melts of thickened lower crust, which might have formed
through orogeny (e.g., Burg and Ford, 1997), repeated underplating
(e.g., Furlong and Fountain, 1986; Haschke et al., 2002), intra-
oceanic plate stacking (De Wit, 1998), and/or oceanic plateau
accretion (e.g., De Wit et al., 1992; Desrochers et al., 1993; Condie,
1997). The last two processes would produce dominantly juve-
nile crust, which contradicts the abundant inherited zircons and
negative whole rock eng(t) and zircon ey¢(t) values recorded by
the Dengfeng and Xiaoqinling TTGs. The thickening of crust by
repeated underplating would be a long-term process and result
in evolutionary changes in geochemical and isotopic characteris-
tics (Haschke et al., 2002), which is different from the uniform
age of inherited zircons in the Xiaoqinling TTGs (Fig. 3). The most
effective thickening process would be tectonic shortening due to
convergence between two plates (Giese etal., 1999).In the southern
NCC, the Late Neoarchean and Early Paleoproterozoic accretionary
orogeny probably occurred through slab-subduction. Therefore, the
Dengfeng and Taihua TTGs at 2.30-2.57 Ga indicate that at least two
episodic orogeny processes (2.48-2.57 and 2.31 Ga) were operative
in the southern segment of the TNCO during the Late Neoarchean
and Early Paleoproterozoic.

6.3. Orogenic collapse at the end of the Early Paleoproterozoic

The Bayuan TTGs have high MgO (Mg#), Ni and Cr, and would be
derived from partial melting of delaminated lower crust. Delami-
nation is a process where by a dense segment of the lower crust
and lithospheric mantle sink into the convecting asthenosphere as
a result of their negative buoyancy (Rudnick and Fountain, 1995).
For delamination to occur, the lower crust must undergo large den-
sity increases, which is always due to “eclogitic” phase transitions
(Kay and Kay, 1993; Lustrino, 2005). The lower crust might have
been thickened enough for partial melting to occur, with a restite
of eclogite or garnet-clinopyroxenite (Kay and Kay, 1993), and par-
tial melts of TTG and adakitic affinity (Lustrino, 2005). Extensive
TTGs generated at ~2.48 Ga (Caotan area) or at ~2.31 Ga (Houjiacun

area) suggest that the lower crust beneath the orogenic belt in the
Xiaoqinling area had been overall “eclogitic” character in the Early
Paleoproterozoic, which would be responsible for delamination or
detachment of the lower crust at the end of the Early Paleopro-
terozoic (such as the Bayuan TTG at ~2.16 Ga). During sinking, the
lower crust is likely to undergo partial melting, producing liquids of
TTG or adakitic affinity (e.g., Zegers and van Keken, 2001; Xu et al.,
2002; Lustrino, 2005).

The highly dense eclogites inducing lithospheric delamination
are always formed in orogenic settings (e.g., Lustrino, 2005). Thus
the Bayuan TTG formed by partial melting of delaminated lower
crust might record orogenic collapse in the Xiaoqinling area. Oro-
genic collapse at the end of the Early Paleoproterozoic is likely to
be an important stage in the continental evolution of the southern
segment of the TNCO. For example, the later episode of magma-
tism (2.19-2.07 Ga) in the Xiong’er area of the Taihua Complex is
potassium-rich, suggesting an extensional regime as a consequence
of post-collisional uplift at the end of the Early Paleoproterozoic
(Huang et al., 2012).

6.4. Episodic crustal accretion in the southern NCC

It has been suggested that the Taihua Complex in the Xiaoqinling
area is comparable with the Taihua Complex in other areas, based
on Sm-Nd data and depleted mantle Nd model ages, Ar-Ar dating
and single-grain zircon evaporation Pb-Pb ages (BGMR, 1982; Qi,
1992; Zhou et al., 1998). The zircon U-Pb data acquired here for the
TTG gneisses of the Taihua Complex in the Xiaoqinling area reveal
three episodes of crystallization (~2.48 Ga, ~2.31 Gaand ~2.16 Ga),
distinctly different from the Taihua Complex in the Lushan area that
mostly formed in the Late Mesoarchean and Early Neoarchean (Liu
et al,, 2009; Huang et al., 2010). The Early Paleoproterozoic TTGs
from Houjiacun (2.31 Ga) and Bayuan (2.16 Ga) might be compa-
rable with events in the Xiong’er area of the Taihua Complex that
consists of potassium-rich igneous rock at 2.07-2.19 Ga and TTGs
at 2.30-2.32 Ga (Huang et al., 2012), but the Taihua Complex in the
Xiaoqinling area is characterized by magmatism at the end of the
Late Neoarchean and the beginning of the Early Paleoproterozoic,
with a crystallization age of 2477 + 8 Ma and an inherited zircon age
of 2552 + 4 Ma for the tonalite sample from Caotan. Therefore, the
Taihua Complex in different areas likely records distinct magmatic
activities.

The Dengfeng Complex also records magmatic activity of the
Late Neoarchean (2.57-2.49 Ga; Wan et al., 2009; Diwu et al., 2011;
Zhang et al., 2013; this study) and in the Early Paleoproterozoic
(~2.31Ga; Fig. 2d), with TTGs of the Dengfeng Complex gener-
ated through partial melting of thickened lower crust. The TTGs
in the Xiaoqinling area formed at ~2.55 to 2.48 Ga at Caotan and
~2.31 Ga at Houjiacun by a similar formation mechanism. So there
are some comparable features between the Dengfeng Complex and
the Taihua Complex in the Xiaoqinling area.

Episodic magmatic activity (2.85-2.72Ga, 2.57-2.48Ga,
2.32-2.30Ga and 2.20-2.07 Ga; Fig. 11a and Table 3) is recorded
from the southern segment of the TNCO and extends from the Late
Archean to Early Paleoproterozoic, based on combined geochrono-
logical evidence from the Dengfeng Complex (the Dengfeng area)
and the Taihua Complex (including the Lushan, Xiong'er and
Xiaoqinling areas). The Taihua Complex in the Lushan area formed
in the Late Mesoarchean and Early Neoarchean (Liu et al., 2009;
Huang et al., 2010) and probably records the earliest episode of
magmatism in the southern segment of the TNCO. The second
episode is recorded mainly in the Dengfeng and Xiaoqinling areas
and is Late Neoarchean in age. It continued in the Xiaoqinling area
to the beginning of the Early Paleoproterozoic. Magmatism of the
third episode occurred in the Dengfeng, Xiong'er and Xiaoqinling
areas with a peak at 2310Ma (Fig. 11a). Magmatism of the last
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Table 3
Zircon U-Pb dating results of the Taihua and Dengfeng Complexes.
Sample Rocks Age (Ma) Methods References
The Taihua Complex in the Xiaoqinling area
THBO05-103 Tonalite gneiss 2164 + 16 SHRIMP, mean 207Pb/2%6Pb age This study
THHO05-97 Tonalite gneiss 2477 + 8 SHRIMP, mean 207 Pb/206Pb age This study
2552 + 4 SHRIMP, mean 207 Pb/2%6Pb age (inherited zircons) This study
1912 + 12 SHRIMP, apparent 27 Pb/2%5Pb age (metamorphic zircon) This study
THHO08-62 Granitic gneiss 2477 + 28 CAMECA, mean 207Pb/2%Pb age This study
1918 + 17 CAMECA, upper intercept age (metamorphic zircon) This study
THQO8-76 Tonalite gneiss 2311 +£3 CAMECA, mean 2°7Pb/?%6Pb age This study
THQO8-82 Granitic gneiss 2307 £ 5 CAMECA, mean 207Pb/2%Pb age This study
The Taihua Complex in the Xiong’er area
THX05-41 Tonalite gneiss 2065 + 23 SHRIMP, mean 2°7Pb/2%Pb age Huang et al. (2012)
THX05-45 Kfs granitic gneiss 2188 + 26 SHRIMP, mean 2°7Pb/2%Pb age Huang et al. (2012)
THX08-57 Granodioritic gneiss 2318 + 8 CAMECA, mean 207Pb/206Pb age Huang et al. (2012)
THX08-54 Dioritic gneiss 2305 + 23 CAMECA, mean 207Pb/206Pb age Huang et al. (2012)
MC-12 Gneiss 2336 £ 13 LA-ICPMS, upper intercept age Diwu et al. (2007)
MC-19 Gneiss 2316 + 16 LA-ICPMS, upper intercept age Diwu et al. (2007)
The Taihua Complex in the Lushan area
LS0417-1 Banded amphibolite 2838 + 35 SHRIMP, mean 2°7Pb/2%Pb age Liu et al. (2009)
2792 + 11 SHRIMP, mean 207 Pb/2%6Ph age (metamorphic zircons) Liu et al. (2009)
LS0417-3 Gneissic amphibolite 2845 + 23 SHRIMP, mean 207 Pb/206Pb age Liu et al. (2009)
2776 + 20 SHRIMP, mean 207 Pb/206Pb age (metamorphic zircons) Liu et al. (2009)
LS0417-2 Gneissic tonalite 2829 + 18 SHRIMP, mean 207Pb/2%6Pb age Liu et al. (2009)
2772 + 22 SHRIMP, mean 207 Pb/206Pb age (metamorphic zircons) Liu et al. (2009)
LS0417-4 Gneissic tonalite 2832 + 11 SHRIMP, mean 207Pb/206Pb age Liu et al. (2009)
2772 + 17 SHRIMP, mean 2°7Pb/2%Pb age (metamorphic zircons) Liu et al. (2009)
THLO5-2 Tonalite gneiss 2765 £ 13 SHRIMP, upper intercept age Huang et al. (2010)
THLO05-21 Tonalite gneiss 2723 £ 9 SHRIMP, upper intercept age Huang et al. (2010)
1917 + 37 SHRIMP, apparent 2°7Pb/?°6Pb age (metamorphic zircon) Huang et al. (2010)
TW]J358/1 Gneissic granite 2139 + 16 SHRIMP, concordian age Wan et al. (2006)
The Dengfeng Complex
DF08-7 Tonalite gneiss 2306 + 6 CAMECA, mean 207Pb/206Pb age This study
DF05-9 Granodiorite gneiss 2568 + 11 SHRIMP, upper intercept age This study
DF07-08 Trondhjemite gneiss 2521 £ 21 LA-ICPMS, upper intercept age Diwu et al. (2011)
DF07-10 Trondhjemite gneiss 2510 + 20 LA-ICPMS, upper intercept age Diwu et al. (2011)
DF07-15 Tonalite gneiss 2547 +£ 17 LA-ICPMS, mean 2°7Pb/2%Pb age Diwu et al. (2011)
DF07-24 Tonalite gneiss 2544 £ 10 LA-ICPMS, upper intercept age Diwu et al. (2011)
09DF-18 Amphibolite 2547 + 14 LA-ICPMS, upper intercept age Diwu et al. (2011)
09DF-19 Metadiorite 2529 + 14 LA-ICPMS, upper intercept age Diwu et al. (2011)
XS0416-12 Trondhjemite gneiss 2553 + 8 SHRIMP, mean 2°7Pb/2%Pb age Wan et al., 2009
XS0416-11 Potassium granite 2513 £33 SHRIMP, upper intercept age Wan et al. (2009)
XS0416-10 Tonalite gneiss 2531+ 9 SHRIMP, mean 207Pb/206Pb age Wan et al. (2009)
XS0416-6 Quartz schist 2508 + 16 SHRIMP, mean 207 Pb/296Pb age Wan et al. (2009)
XS0416-7 Quartz schist 2531 + 15 SHRIMP, mean 207 Pb/206Pb age Wan et al. (2009)
XS0416-8 Meta-quartz keratophyre 2522 + 12 SHRIMP, mean 207Pb/206Pb age Wan et al. (2009)
WZJ84015 Metadiorite 2493 +7 SHRIMP, mean 2°7Pb/2%Pb age Wang et al. (2004)
SPH1101 Diorite gneiss 2506 + 5 LA-ICPMS, mean 297 Pb/296Ph age Zhang et al. (2013)
SPH1102 Diorite gneiss 2516 + 18 LA-ICPMS, mean 297 Pb/296Ph age Zhang et al. (2013)
SPH1103 Diorite gneiss 2504 + 4 LA-ICPMS, mean 2°7Pb/2%Pb age Zhang et al. (2013)
SPH1104 Plagioclase amphibolite 2502 + 4 LA-ICPMS, mean 2°7Pb/2%6Pb age Zhang et al. (2013)
SPH1105 Plagioclase amphibolite 2504 + 5 LA-ICPMS, mean 297 Pb/296Ph age Zhang et al. (2013)
SC1103 Plagioclase amphibolite 2506 + 21 LA-ICPMS, mean 2°7Pb/2%Pb age Zhang et al. (2013)

episode at 2.19-2.07 Ga is rare and sporadic in the Lushan, Xiong’er
and Xiaoqinling areas. No magmatism has been observed so far
in the southern segment of the TNCO during the time-intervals of
2.72-2.57 Ga, 2.48-2.32 Ga and 2.30-2.20 Ga (Fig. 11a), indicating
periods of quiescence.

The magmatic rocks of the first two episodes consist domi-
nantly of juvenile compositions as shown by dominantly positive
whole rock enqg(t) and zircon ey¢(t) values (Figs. 11b and c), sug-
gesting two episodes of crustal growth from the Late Mesoarchean
to the beginning of the Early Paleoproterozoic in the southern seg-
ment of the TNCO, which are contemporaneous with the two main
crustal growth episodes recognized in the NCC (2.9-2.7 Ga and
2.55-2.50Ga; Zhai et al,, 2010). Juvenile continental crust is pro-
duced at subduction zones or by mantle plumes (Condie, 1998).
Late Mesoarchean to Early Neoarchean crustal growth in the south-
ern segment of the TNCO was mostly achieved through the partial
melting of subducted ocean crust (Huang et al., 2010), suggest-
ing early plate subduction in the southern segment of the TNCO.
The Late Neoarchean Dengfeng TTGs formed through subduction

processes, and the Shipaihe metadiorites at 2.49 are typical high-K
intermediate rocks and indicate subduction extending from the end
of the Neoarchean into the Paleoproterozoic (Diwuetal.,2011). The
Caotan TTGs in the Xiaoqinling area of the Taihua Complex formed
by the partial melting of thickened lower crust, probably also indi-
cating subduction processes. Therefore, crustal growth from the
Late Neoarchean to the beginning of the Early Paleoproterozoic was
related to subduction.

The third episode of magmatism at ~2.31 Ga consists of both
juvenile and pre-existing crustal materials, as shown by its large
variable whole rock eng(t) and zircon ey¢(t) values (Figs. 11b and
c). A large proportion of pre-existing crustal materials with nega-
tive whole rock eng(t) and zircon ey¢(t) values were derived from
the continental crust formed during the first episode of magma-
tism (Fig. 11b and c). Subduction might have restarted along the
southern margin of the North China Craton after a period of quies-
cence. This later event would not only add juvenile components, but
also trigger the partial melting of pre-existing lower crustal mate-
rials. It is commonly accepted that the assembly of the Columbia
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Fig. 11. Distribution of (a) zircon U-Pb ages, (b) whole rock enq(t) values and (c)
zircon ey¢(t) values for the Dengfeng and Taihua Complexes in the southern segment
of the TNCO. Zircon U-Pb ages are listed in Table 3. Whole rock Nd isotopes are from
Zhang and Li (1988), Wan et al. (2009), Huang et al. (2010, 2012), Zhou et al. (2009,
2011) and this paper. Zircon Hf isotopes are from Liu et al. (2009), Huang et al. (2010,
2012), Zhang et al. (2013) and this paper.

supercontinent was completed by global-scale collisional events
in the period 2.0-1.8 Ga (e.g., Zhao et al., 2002b, 2004, 2011). The
North China Craton, as a likely component of the Columbia super-
continent, was also probably involved in this event (Zhao et al.,
2003b, 2011). If our interpretation about subduction at ~2.31 Ga is
correct, it would record the initial subduction in the southern North
China Craton related to the assembly of the Columbia superconti-
nent.

The final episode of magmatism (2.2-2.0 Ga) was contempo-
rary with the breakup of the first proposed supercontinent that
aggregated in the Late Archean (Condie, 1998) or the assembly of
the Early Proterozoic supercontinent (i.e. Columbia/Nuna) (Condie,
1998). Magmatism reveals an absence of juvenile materials and is
characterized by negative whole rock enq(t) and zircon eyg(t) val-
ues (Fig. 11b and ¢). It was thus a period of crustal reworking, rather
than one of crustal addition.

In brief, there are three episodes of continental growth in the
southern segment of the TNCO at 2.85-2.72 Ga, 2.57-2.48 Ga and
2.34-2.30 Ga caused by crustal thickening through slab subduction
and accretionary orogeny, and one episode of crustal reworking
(2.2-2.0 Ga) due to orogenic collapse. This is consistent with a glob-
ally significant period of plate tectonics. Additionally, the Taihua
Complex in the Lushan and Xiaoqinling areas have metamorphic
ages of ~1.91Ga (Table 3), similar to the metamorphic recrys-
tallization age of the lower crust (1915 +27 Ma) defined by the
Nushan granulite xenoliths in the southern NCC (Huang et al.,
2004). This metamorphic age is earlier than that of the central
and northern segments of the TNCO recorded by the Liiliang, Fup-
ing, Wutai, Hengshan, Zanhuang, Xuanhua and Huai’an complexes
(mostly 1.88-1.80 Ga; Zhao and Zhai, 2013), which might suggest
an asynchronous amalgamation of the NCC along the TNCO in the
Paleoproterozoic.

7. Conclusions

The Taihua Complex in the Xiaoqinling area formed mainly in
the Early Paleoproterozoic, including three episodes of TTG mag-
matism (~2.48 Ga, ~2.31 Gaand ~2.16 Ga). Both the Caotan TTGs at
~2.48 Gaand the Houjiacun TTGs at ~2.31 Ga were derived from the
partial melting of thickened lower crust with residual garnet and
amphibole. The Bayuan TTGs at ~2.16 Ga were the result of par-
tial melting of delaminated lower crust that underwent interaction
with peridotite mantle.

The Dengfeng Complex contains dominantly Late Neoarchean
TTG gneisses (2.53-2.57 Ga) and lesser amounts of Early Paleopro-
terozoic TTG gneisses (2.31 Ga). Both the Late Neoarchean and Early
Paleoproterozoic TTG gneisses resulted from the partial melting of
thickened lower crust with residual garnet and amphibole.

There were at least four episodes of magmatic activ-
ity in the southern segment of the TNCO extending from
the Late Mesoarchean to Early Paleoproterozoic (2.85-2.72Ga,
2.57-2.48Ga, 2.34-2.30Ga and 2.20-2.07 Ga). The three earlier
episodes of magmatism recorded episodic continental growth
through plate subduction and consequent orogeny in the southern
segment of the TNCO, consistent with globally recognized periods
of plate accretion. The last episode of magmatism was attributed
to crustal reworking during orogenic collapse.
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