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1. Introduction

ABSTRACT

The Taihua Complex in the Xiong'er area along the southern segment of the Trans-North China Orogen
(TNCO) consists of gray gneisses with minor amphibolites. Zircon U-Pb dating of the gray gneisses reveals
at least two episodes of Early Paleoproterozoic magmatism (2.30-2.32 Ga and 2.07-2.19 Ga), each with dis-
tinct geochemical features. The Tieluping TTG gneisses of the early suite have very low HREE (Yby=0.58
—4.75) and Y contents (2.05-13.2 ppm) with moderate to high [La/Yb]y (14.3-192.6) and Sr/Y ratios
(38.5-220.1), pronounced negative Ta-Nb and Ti anomalies but positive Sr and Pb anomalies. The protoliths
of these gneisses were most likely derived from partial melting of thickened lower crust with residual garnet
and amphibole, and underwent garnet 4+ amphibole fractionation, plagioclase accumulation and/or fraction-
ation. The Tieluping TTG gneisses have variable zircon Hf model ages (TSy.nr= 2.48 — 3.06 Ga) and whole-
rock eng(t) values (—4.89-4.98), and the youngest whole-rock depleted mantle Nd model age
(Tpm=2.32 Ga) is close to the crystallization age of the TTG (2318 &8 Ma). The protolith of the gneisses
formed from a combination of pre-existing continental crust and juvenile materials, implying an Andean-
type continental margin arc environment. It is suggested that crustal thickening was the result of accretion-
ary orogenesis accompanied by basaltic underplating. The Ganshugou potassium-rich gneisses of the later
suite have low Na,0 and high K,0, and show fractionated LREE and nearly flat HREE patterns, with strong
negative Ta-Nb and Ti anomalies. They are characterized by negative enq(t) values (—5.01 to —2.33) and
heterogeneous zircon eyg(t) values (—10.65-2.10) with decoupling of zircon Hf model ages (TSy.nr= 2.64
—3.23 Ga) and whole-rock Nd model ages (Tpy = 2.55 —2.81 Ga). The protolith of the Ganshugou gneisses
was a potassium-rich igneous rock, which was likely the result of partial melting of pre-existing crustal ma-
terials at shallow depth, compatible with a post-collisional setting. There is therefore a tectonic transforma-
tion from an accretionary orogenesis to an extensional regime as a consequence of post-collisional uplift in
the southern segment of the TNCO in the Early Paleoproterozoic.

© 2012 Elsevier B.V. All rights reserved.

activities in the Trans-North China Orogen (TNCO) (Fig. 1a) during
this period (e.g., Zhao et al., 2008). The TNCO may contain one of

The global episodic peaks of crustal formation (2.7 Ga, 1.9 Ga and
1.2 Ga; Condie, 2000; Kemp et al., 2006) suggest there may have
been a widespread reduction in magmatic activity on Earth in the pe-
riod between 2.45 and 2.20 Ga, which might be a globally significant
period of cessation or slowdown of plate tectonics (Condie et al.,
2009). However, the North China Craton (NCC) is unusual in this re-
gard for it contains abundant evidence for magmatic and tectonic
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the longest-lived magmatic arcs (>650 Ma; Zhao et al., 2008).

The Taihua “group” is a traditional term for the Late Archean to
Early Paleoproterozoic metamorphic complex exposed along the
southern segment of the TNCO (Fig. 1a). Although the Taihua Com-
plex is commonly considered to be the most important Early Precam-
brian unit in the southern part of the TNCO, Early Paleoproterozoic
magmatism appears to be rare. The question is whether this can be
attributed to insufficient geochronological studies or whether it is
real. In the Lushan area, the Taihua Complex reveals the Neoarchean
crustal transition from ocean crust formation to subducting-slab
melting, and intracrustal reworking (Huang et al,, 2010). In the Xiong'er
area, the Taihua Complex is generally comparable to that at Lushan, and
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Fig. 1. (a) Tectonic framework of the North China Craton (NCC) showing the Eastern Block, Western Block, Trans-North China Orogen and exposed Archean to Paleoproterozoic
basement (after Zhao et al., 2005); the Taihua “group” (TH) and the Dengfeng “group” (DF) metamorphic complexes are distributed at the southern margin of the NCC. The Taihua

“group” includes: (i) Xiaoqinling; (ii) Xiaoshan; (iii) Xiong'er Mountain; (iv) Lushan; and (v) Wuyang. Abbreviations of other metamorphic complexes: Zhongtiaoshan (

1),

Wautaishan (WT), Fupin (FP), Western Shandong (WS), Eastern Hebei (EH); (b) geological map of the Xiong'er Mountains region, illustrating the distribution of the Taihua Complex,
the Xiong'er group and sample locations; Modified from the Luoning geological map at 1:200,000 scale (BGMR (Bureau of Geology and Mineral Resources), 1965).

is also considered to have formed during the Late Neoarchean and un-
dergone metamorphism in the Paleoproterozoic, mostly based on
Sm-Nd isochron and depleted mantle Nd model ages or single-grain
zircon evaporation Pb-Pb results (Guan, 1996; Ni et al,, 2003; Zhang
and Li, 1998). However, zircon U-Pb dating by LA-ICPMS reveals that
the Muce TTG gneiss (Yiyang area) in the eastern part of the Taihua

Complex in the Xiong'er area has crystallization ages of 2.32-2.34 Ga
(Diwu et al., 2007). Thus it may be different from the Taihua Complex
in the Lushan area, since the latter mostly formed during the Late
Mesoarchean to Early Neoarchean (Huang et al, 2010; Liu et al,
2009), indicating the geotectonic setting in southern TNCO might
have changed in the Early Paleoproterozoic. In this study, we present
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whole rock geochemical and Nd isotopes, and in-situ zircon U-Pb age
and Hf isotope data for the gray gneisses from the Taihua Complex in
the Xiong'er area in order to: (1) document the emplacement ages of
these rocks, (2) investigate their magma sources and petrogenetic pro-
cesses, and (3) evaluate the Early Paleoproterozoic tectonic evolution of
the southern TNCO.

2. Geological background and samples

The North China Craton (NCC; Fig. 1a) is the oldest known cratonic
block in China (~3.8 Ga; Liu et al., 1992), with widespread Archean to
Paleoproterozoic rocks (Fig. 1a; Zhao et al., 2003). It can be divided
into the Eastern and Western Blocks separated by the TNCO
(Fig. 1a) on the basis of lithological, structural, metamorphic and geo-
chronological differences (Zhao et al., 2000, 2001). The Western Block
can be subdivided into the Ordos Block in the south and the Yinshan
Block in the north, which are considered to have amalgamated along
the east-west-trending Khondalite Belt at ~1.95 Ga (e.g., Xia et al.,
2006; Yin et al., 2009, 2011; Zhao et al., 2005). The late Archean base-
ment of the Eastern and Western blocks is dominated by Neoarchean
TTG gneiss domes surrounded by minor supracrustal rocks that

Blo1ite

underwent greenschist to granulite facies metamorphism at ~2.5 Ga
(Zhao et al., 2005). The TNCO represents the collision zone between
the two blocks, formed at ~1.85 Ga (e.g., Guo et al., 2005; Liu et al.,
2006; Xiao et al., 2011; Zhao et al., 2002). The Archean rocks exposed
in the southern segment of TNCO are represented by the Dengfeng
and Taihua “groups” (also referred as the Dengfeng Complex and
the Taihua Complex, respectively; Zhang et al., 1985).

The Taihua “group” in the Xiong'er area was traditionally consid-
ered a meta-volcano-sedimentary sequence (Zhang and Li, 1998;
Guan, 1996; Ni et al.,, 2003), divided into the Caogou, Shiban'gou
and Duan'gou “Formations” from the bottom upwards (Zhang and
Li, 1998). The Caogou “Formation” consists of dominant meta-felsic
magmatic rocks (biotite-plagioclase gneiss) and subordinate meta-
mafic magmatic rocks (amphibolite). The Shiban'gou “Formation”,
the most widespread sequence of the Taihua “group” in the Xiong'er
area, consists dominantly of meta-mafic to intermediate magmatic
rocks (amphibole-bearing gneiss and amphibolite) and subordinate
meta-felsic magmatic rocks (biotite-plagioclase gneiss or granulite).
The Duan'gou “Formation” consists dominantly of biotite + garnet
gneiss or granulite, and is a suite of meta-felsic volcanic and sedimen-
tary rocks. The Cao'gou “Formation” is covered by the Shiban'gou

Fig. 2. Field photographs: (a) outcrop of elongated amphibolite enclaves parallel to the banded gray gneiss fabric (Tieluping); (b) banded gray gneiss consisting of parallel light and
dark colored gneissose layers (Ganshugou), “cut through” by a light-colored vein at left bottom; (c) the light-colored veins (granite containing predominantly quartz and alkali
feldspar, with some biotite) are parallel to the gneissose banding; the lowest part is an elongated amphibolite enclave (Ganshugou); (d) light-colored veins “cut through” the
gneissose banding and amphibolite enclaves (Ganshugou). The width of (a) is about 4 m; the length of knife in (b) is 5.8 cm and that of the hammer in (c) and (d) is 30 cm.
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Fig. 3. Cathodoluminescence (CL) images of zircons from (a) tonalite gneiss sample THX05-41 and (b) granite gneiss sample THX05-45 from Ganshugou; (c¢) granodiorite gneiss
sample THX08-57 and (d) diorite gneiss sample THX08-54 from Tieluping. The circles indicate SHRIMP or CAMECA dating sites (30 um diameter) and laser ablation in-situ zircon
Hf isotopic analytical sites (40-50 um diameter); the scale bar is 100 pm.
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“Formation”, and the Duan'gou “Formation” unconformably covers
the latter (Zhang and Li, 1998). The gneisses of the Taihua Complex
in the Xiong'er area are banded (Fig. 2a), consisting of parallel light
and dark colored gneissose layers (Fig. 2b). There is widespread “mig-
matization” and the light-colored veins (granite containing predomi-
nant quartz and alkali feldspar with a little mica) are either parallel to
the gneissose banding (Fig. 2c¢) or “cut through” it (Fig. 2b, d). The
amphibolites always occur as enclaves in the gneisses (Fig. 2a, c).
The Taihua “group” in the Xiong'er area is unconformably or tectoni-
cally overlain by the widespread Xiong'er “group” (Fig. 1b) that con-
sists of Late Paleoproterozoic to Early Mesoproterozoic volcanic rocks
erupted between 1.78 and 1.45 Ga (He et al., 2009; Wang et al., 2010;
Zhao et al., 2009). Cretaceous granite intrudes the Taihua Complex in
the Xiong'er area and separates it in eastern and western parts
(Fig. 1b).

The studied samples were collected from the so-called Shiban'gou
“Formation” in the Tieluping and Ganshugou areas of the western
part of the complex (Fig. 1b), which is composed dominantly of
gneisses with minor amphibolites. Amphibolites consist of amphibole
(70-90%), with subordinate plagioclase (5-30%) and biotite (<10%),
and show granoblastic textures. The gneisses are also characterized
by granoblastic textures, and have typical gneissic layering (Fig. 2)
defined by variations in mineral proportions. According to the miner-
al assemblages, the gneisses can be classified as diorite gneiss (5-20%
biotite, 10-30% amphibole, ~55% plagioclase, <5% K-feldspar and
quartz), tonalite/trondhjemite gneiss (5-20% biotite, 3-20% amphi-
bole, 60-70% plagioclase, 10-30% quartz), granodiorite gneiss (<5%
biotite, <5% amphibole, 40-70% plagioclase, 10-30% K-feldspar and
10-25% quartz), monzonite gneiss (~10% biotite, ~10% amphibole,
~35% plagioclase, ~45% K-feldspar and <5% quartz) and K-feldspar
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granite gneiss (<5% biotite, <5% amphibole, ~10% plagioclase, 40-
50% K-feldspar and 30-50% quartz). The gneisses in the Ganshugou
area include tonalite gneiss, monzonite gneiss and K-feldspar granite
gneiss, with minor diorite gneiss. In contrast, the gneisses in the Tie-
luping area are mainly tonalite and granodiorite gneisses, with minor
diorite gneiss. Titanite, magnetite and apatite are common accessory
minerals (<1%) in both the amphibolites and gneisses. The gneisses
at Muce in the east (Fig. 1b), studied by Diwu et al. (2007), are mostly
trondhjemite gneiss consisting of 10-15% biotite, 1-5% amphibole,
50-55% plagioclase and 25-30% quartz.

3. Analytical methods

Geochemical and Nd isotopic analyses were carried out at the
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences
(GIG-CAS). Major element oxides were analyzed using a Rigaku RIX
2000 X-ray fluorescence spectrometer (XRF), and analytical uncer-
tainties are mostly between 1% and 5% (Li et al., 2006). Trace ele-
ments were obtained by inductively coupled plasma-mass
spectrometry (ICP-MS), and detailed procedures are described by Li
et al. (2006). Precision of REE and other incompatible element ana-
lyses is estimated to be better than 5% from the international USGS
reference sample BIR-1 and the laboratory standard (ROA-1). In-run
analytical precision for Nd is better than 2.5% RSD (relative standard
deviation). The Sm/Nd ratios measured by ICP-MS are within 2% un-
certainty, and calculation of eyq4(t) values for the samples in the pre-
sent study results in uncertainties of less than 0.25 epsilon units. Nd
isotopic analyses were performed on a Micromass Isoprobe multi-
collector ICP-MS, using analytical procedures described by Li et al.
(2006). REE were separated using cation exchange columns, and Nd
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Fig. 4. Concordia diagrams for zircon SHRIMP/CAMECA 1280 U-Pb geochronology of the gray gneisses from the Xiong'er-Taihua Complex. (a) Tonalite gneiss sample THX05-41 and
(b) granite gneiss sample THX05-45 from Ganshugou; (c) granodiorite gneiss sample THX08-57 and (d) diorite gneiss sample THX08-54 from Tieluping.
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Fig. 5. € y¢(t) values and Hf model ages for zircons from gray gneisses of the Taihua Complex at Xiong'er. (a, b, ¢, d) histograms of €y (t) and single-stage depleted mantle zircon Hf
model ages; t =2.07 Ga (THX05-41), 2.19 Ga (THX05-45) and 2.32 Ga (THX08-54 and THX08-57); (e) diagram of Hf isotope evolution; t, are apparent 2°’Pb/2%Pb ages by U-Pb
dating (Supplemental Tables 1, 2); the evolution of depleted mantle (DM) is drawn by using present-day '7®Hf/!””Hf = 0.28325 and '7°Lu/"”’Hf = 0.0384 (Griffin et al., 2000). Data
sources: the Muce gneiss at the eastern Xiong'er (Diwu et al., 2007), the Taihua Complex at Lushan (Huang et al., 2010).

fractions were further separated by HDEHP-coated Kef columns. Mea-
sured *>Nd/'**Nd ratios were normalized to '“éNd/!**Nd =0.7219.
The reported '*>Nd/'*Nd ratios were adjusted to the Shin Etsu
JNdi-1 standard '3Nd/"**Nd =0.512115.

Zircons were separated using conventional heavy liquid and mag-
netic techniques and purified by hand-picking under a binocular mi-
croscope. They were mounted together with the standard zircon
(TEMORA) in epoxy resin. The mount was polished to exposure the
grain centers and then gold-coated. The internal structure of the zir-
cons was examined using cathodoluminescence (CL) images prior to
U-Pb isotopic analyses. Zircon U-Pb analyses of two samples from
Ganshugou (THX05-41 and THX05-45) were performed using a Sen-
sitive High-Resolution Ion Microprobe (SHRIMP II) at the Beijing

SHRIMP Center (the Institute of Geology, Chinese Academy of Geolog-
ical Sciences, Beijing); analytical procedures are similar to those de-
scribed by Williams (1998). The TEMORA zircon (age 417 Ma) was
used for correction of inter-element fractionation and U, Th and Pb
concentrations were determined based on the standard Sri Lankan
gem zircon SL13, which has a U concentration of 238 ppm and an
age of 572 Ma. The Squid (ver. 1.04) 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 2°*Pb. Uncer-
tainties reported in Supplemental Table 1 are all 4 10. The weighted
mean ages quoted in the text (2°7Pb/2°®Pb ages) are at the 95% confi-
dence level. Zircon U-Pb analyses of two samples from Tieluping
(THX08-54 and THX08-57) were performed on the CAMECA IMS
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Table 1

Major (wt.%) and trace element (ppm) data of the Taihua Complex in the Xiong'er area.
Sample THX05-40 THX05-41 THX05-43 THX05-44 THX05-45 THX05-46 THX08-28 THX08-29 THX08-35 THX05-42
Rocks Tonalite Tonalite Diorite Kfs. granite Kfs. granite Monzonite Diorite Tonalite Monzonite Amp.

gneiss gneiss gneiss gneiss gneiss gneiss gneiss gneiss gneiss

Location Ganshugou Ganshugou Ganshugou Ganshugou Ganshugou Ganshugou Ganshugou Ganshugou Ganshugou Ganshugou
SiO, 62.97 55.51 61.56 69.64 74.68 64.69 54.07 57.35 65.58 50.21
TiO, 0.48 1.06 1.00 038 0.22 0.68 1.50 1.38 0.49 4.40
Al,O3 16.98 16.56 15.69 14.41 12.38 15.14 16.15 15.49 15.61 13.22
Fe,04 5.65 8.46 7.61 441 2.87 6.50 8.66 7.72 3.76 13.78
MnO 0.11 0.13 0.10 0.04 0.03 0.07 0.15 0.11 0.05 0.19
MgO 1.83 3.89 1.53 0.28 0.10 1.25 3.44 3.29 1.37 5.55
Ca0 437 4.46 3.71 1.65 113 332 5.50 543 2.42 8.06
Na,O 3.29 3.66 3.56 2.60 2.59 2.50 4.09 3.63 3.61 2.40
K,0 2.64 3.80 4.06 5.76 5.05 421 3.80 3.36 5.54 1.46
P,0s 0.15 0.46 0.48 0.07 0.03 0.21 0.60 0.79 0.14 0.17
LOI 1.20 1.58 033 0.49 0.21 0.83 1.84 1.34 1.24 0.52
Total 99.69 99.57 99.65 99.73 99.30 99.40 99.79 99.88 99.81 99.96
Mg* 0.43 0.52 0.32 0.13 0.08 0.31 0.48 0.50 0.46 0.48
Sc 9.27 14.6 10.0 6.37 245 12.2 134 12.7 6.17 23.0
Ti 3150 6323 6150 2342 1303 4200 8947 8113 2680 26245
\Y 73.5 113 44.0 10.2 6.81 35.2 120 109 43.8 227
Cr 5 104 3 1 5 6 40 44 28 272
Co 13.1 20.7 11.1 337 225 9.13 31.5 38.7 28.2 42.8
Ni 5 43 4 1 1 4 27 30 14 66
Cu 223 289 20.1 12.6 11.0 17.5 83.9 574 434 67.3
Zn 80 107 116 42 35 82 106 99 56 145
Ga 19.6 23.8 22.6 22.3 16.5 18.8 22.3 22.8 20.0 19.1
Ge 133 147 1.69 1.65 1.28 135 1.34 1.25 1.24 1.72
Rb 67 114 161 122 149 108 106 91 161 36
Sr 551 508 547 199 121 366 726 986 561 364
Y 19.8 254 30.1 51.3 19.0 182 19.0 221 15.0 20.2
Zr 185 442 524 442 248 235 190 191 307 135
Nb 9.19 232 26.7 174 9.59 9.14 17.2 18.8 13.1 23.8
Ba 1373 1195 1592 1528 1064 1518 1677 1944 1433 283
Hf 4.25 103 11.84 11.6 6.98 5.82 432 4.77 8.13 3.35
Ta 0.45 1.46 1.34 0.52 0.29 0.28 1.18 1.24 0.88 1.84
Pb 15.5 203 27.5 28.2 234 20.5 17.8 194 34.0 6.83
Th 3.02 209 14.7 38.8 9.70 5.25 8.75 153 56.9 0.84
U 0.20 343 3.79 2.28 1.03 0.58 2.24 2.61 6.52 0.48
La 24.8 64.4 104 136 32.8 46.9 64.7 88.6 60.9 14.9
Ce 51.6 128 205 285 65.1 94.7 131 173 113 371
Pr 6.61 15.6 26.1 31.8 7.88 114 15.1 19.0 11.8 5.64
Nd 25.7 54.5 90.4 106 28.4 40.5 57.1 68.5 39.0 23.6
Sm 4.95 8.98 13.8 173 5.30 7.15 8.39 9.77 543 5.82
Eu 148 1.68 2.79 234 134 1.63 2.09 2.08 131 1.73
Gd 4,54 6.54 10.1 12.8 4,57 5.91 6.60 7.91 426 5.09
Tb 0.66 0.88 1.14 1.88 0.71 0.75 0.80 0.92 0.50 0.78
Dy 3.69 4.64 5.93 9.90 3.72 3.79 3.92 438 2.65 3.99
Ho 0.75 0.91 1.09 2.03 0.76 0.68 0.73 0.81 0.53 0.76
Er 2.05 2.51 2.85 5.70 1.98 1.80 1.87 2.15 1.49 1.97
Tm 0.30 0.39 0.42 0.83 0.27 0.24 0.26 031 0.23 0.29
Yb 1.83 2.44 2.72 5.59 1.86 1.38 1.69 2.00 1.57 2.03
Lu 0.28 0.38 0.40 0.84 0.25 0.18 0.26 031 0.25 0.30
Eu/Eu* 0.97 0.80 0.83 0.68 0.90 0.86 0.91 0.84 0.90 0.98
(La/Yb)n 9.2 17.8 25.7 16.4 11.9 23.1 259 30.0 26.3 5.0
Sr/Y 279 20.0 18.2 3.9 6.4 20.1 383 44,6 37.5 18.1
Dy/Yb 2.01 1.90 2.18 1.77 2.00 2.75 2.32 219 1.69 1.97
Rb/Sr 0.12 0.22 0.29 0.61 1.23 0.30 0.15 0.09 0.29 0.10

Abbreviations: K-feldspar (Kfs.); amphibolite (Amp.).

1280 ion microprobe at the Institute of Geology and Geophysics, Chi-
nese Academy of Sciences (IGG-CAS) in Beijing, China. Analytical pro-
cedures 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 compositions were corrected for common Pb using the mea-
sured 24Pb. Uncertainties on individual analyses in Supplemental
Table 2 are reported at the 10 level; data reduction was carried out
using Isoplot (ver. 3.23) (Ludwig, 2003).

In-situ zircon Hf isotopic analyses were carried out on the dated
sites using a Neptune MC-ICPMS, equipped with a 193 nm laser,
at IGG-CAS. Spot sizes of 40 um with a laser repetition rate of 8 Hz
at 100 mJ were used. The detailed analytical technique and data
correction procedures are described in Wu et al. (2006). During
analysis of the unknown samples, the zircon standard (91500)
gave '7SHf/V77Hf = 0.282292 4+ 14 (20) and '7°Lu/'"’Hf = 0.00029,
similar to the '7®Hf/!77Hf ratios of 0.282284+4 22 reported by
Griffin et al. (2006).
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STHX08-39 THX05-49 THX05-53 THX05-55 THXO08-51 THX08-54 THXO08-55 THX08-57 THXO08-59 THX08-60
Amp. Toanlite Tonalite Tonalite Grano-diorite Diorite Tonalite Grano-diorite Grano-diorite Grano-diorite
gneiss gneiss gneiss gneiss gneiss gneiss gneiss gneiss gneiss
Ganshugou Tieluping Tieluping Tieluping Tieluping Tieluping Tieluping Tieluping Tieluping Tieluping
50.11 67.63 68.28 67.74 71.67 54.61 62.20 69.65 72.32 69.12
3.73 0.39 0.40 0.30 0.36 0.79 0.59 031 0.35 0.32
14.45 16.10 15.40 16.99 15.16 16.95 16.56 15.58 13.76 15.43
12.91 4.08 3.78 2.98 1.67 8.80 5.77 2.68 1.97 3.14
0.16 0.04 0.04 0.03 0.01 0.13 0.07 0.04 0.02 0.04
448 1.44 1.70 0.93 0.66 432 1.88 111 0.60 1.38
7.97 3.53 2.78 3.26 2.58 6.76 4.86 3.08 1.30 3.31
3.18 3.48 3.26 445 442 4.06 413 3.93 2.63 3.90
1.29 2.35 3.71 224 221 1.98 2.11 3.12 5.93 2.66
0.38 0.11 0.09 0.10 0.06 0.38 0.14 0.09 0.08 0.12
0.93 0.82 0.32 0.77 0.78 1.30 2.03 0.78 0.82 0.94
99.58 99.97 99.77 99.79 99.58 100.08 100.35 100.36 99.78 10034
0.45 0.45 0.51 0.42 0.48 0.53 0.43 0.49 0.42 0.51
243 5.38 450 3.64 2.05 14.4 473 5.13 3.82 6.56
22149 2437 2343 1733 1934 4140 2454 1631 1889 1711
192 54.7 46.4 34.1 259 829 445 304 15.5 442
123 26 21 6 4 38 10 13 4 19
4738 10.2 8.41 5.98 206 320 20.1 24.0 244 30.8
37 17 17 8 3 12 10 10 3 11
417 20.0 20.8 212 2.46 18.7 19.0 3.55 1.39 18.5
151 51 48 48 39 92 46 35 27 40
2238 19.2 17.5 20.1 216 20.7 215 17.6 16.4 18.6
1.67 1.02 0.95 0.83 0.62 1.26 0.88 0.96 0.86 0.91
25 86 102 63 34 53 59 67 112 70
471 398 469 512 451 777 446 494 339 416
26.4 5.40 7.55 10.2 2.05 13.2 6.20 9.96 8.82 10.7
202 131 135 141 142 112 105 135 287 97.3
27.9 9.04 4.96 7.81 2.09 5.48 450 5.74 5.73 7.30
262 868 1716 1076 777 967 447 1128 2547 927
5.07 3.59 3.62 3.45 3.72 2.70 2.49 3.48 7.31 2.71
2.25 0.21 0.44 0.38 0.14 0.37 0.19 031 0.14 0.37
10.5 219 284 32.0 19.8 10.5 11.5 143 254 20.1
143 10.5 114 436 6.36 3.07 495 7.32 282 8.85
0.75 1.13 0.59 0.53 0.23 0.81 0.38 0.41 1.53 0.66
262 31.7 404 239 347 25.0 235 249 163 209
65.8 59.0 725 40.6 629 53.5 4838 479 328 419
8.84 6.56 8.46 4.70 6.58 6.56 5.39 5.19 29.5 461
374 216 27.9 16.0 234 26.6 194 18.7 929 16.8
8.28 3.38 429 2.70 3.20 4.80 3.19 3.12 10.9 2.95
2.21 0.80 1.07 111 0.93 1.42 0.65 0.81 121 0.69
7.30 2.57 3.04 2.37 1.97 3.87 2.56 2.57 7.37 2.77
1.06 0.29 0.35 0.31 0.15 0.51 0.29 0.34 0.59 0.38
5.47 1.27 1.58 1.75 0.51 2.60 132 1.84 2.20 2.00
1.02 0.22 0.29 0.38 0.067 0.49 0.23 0.35 0.32 0.39
2.56 0.48 0.75 1.09 0.17 1.30 0.56 0.95 0.77 1.03
0.36 0.063 0.097 0.16 0.021 0.18 0.071 0.14 0.086 0.13
2.39 0.37 0.64 0.98 0.14 1.18 0.43 0.88 0.57 0.86
0.37 0.052 0.092 0.14 0.021 0.17 0.064 0.14 0.095 0.12
0.92 0.89 0.93 1.14 1.03 0.99 0.82 0.92 0.62 0.85
7.4 58.7 429 16.5 164.1 14.3 36.8 19.1 192.6 16.5
17.9 73.7 62.0 50.0 220.1 58.7 719 496 385 38.8
2.29 3.48 2.47 1.79 3.54 2.21 3.05 2.08 3.83 2.33
0.05 0.22 0.22 0.12 0.07 0.07 0.13 0.14 0.33 0.17
4. Results The zircons from samples THX05-41, THX05-45 and THX08-57 are
mostly euhedral prismatic or long-prismatic grains with sharp ter-
4.1. Zircon U-Pb geochronology and Hf isotopes minations (Fig. 3a, b, ¢). As shown by CL images, these zircons
have well developed oscillatory zoning, but some also have struc-
4.1.1. In-situ zircon U-Pb dating tureless rims (Fig. 3a, b, c). The zircons of diorite sample THX08-
Two samples from Ganshugou (tonalite gneiss THX05-41 and 54 from Tieluping are all subhedral and slightly rounded; CL images
granite gneiss THX05-45) and two samples from Tieluping (granodi- show that some zircons retain oscillatory zoning in the centers, whereas

orite gneiss THX08-57 and diorite gneiss THX08-54) were selected other zircons have no obvious oscillatory zoning or are structureless
for zircon U-Pb dating by SHRIMP and CAMECA 1280, respectively. (Fig. 3d).
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Fig. 6. SiO,, variation diagrams of representative major element oxides for the Taihua gneisses and amphibolites at the western Xiong'er compared with the Muce gneisses at the

eastern Xiong'er from Diwu et al. (2007).

4.1.1.1. Sample THX05-41 (tonalite gneiss). Fourteen zircons from sam-
ple THX05-41 were analyzed in cores with distinct oscillatory zoning.
The zircons contain moderate Th and U contents (104-337 ppm and
62-300 ppm, respectively) with high Th/U ratios of 0.62-1.05

(Supplemental Table 1). Most analyses have low common lead with
f205<0.41% except for one giving f,os of 0.75% (Supplemental Table 1).
Thirteen U-Pb results are concentrated on concordia and yield a
weighted mean 2°7Pb/?°°Pb age of 2065+23Ma (MSWD=1.8)
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(Fig. 4a), which is interpreted as the best estimate of the magmatic age
of the tonalite gneiss protolith. One analysis (Spot 12.1) on a core
(Fig. 3a) gives an older apparent 2°’Pb/?°Pb age of 2234 + 16 Ma (Sup-
plemental Table 1; Fig. 4a).

4.1.1.2. Sample THX05-45 (K-feldspar granite gneiss). The analyzed
spots on oscillatory zoned cores all have high Th/U ratios of 0.42-0.76
with moderate Th and U contents (136-619 ppm and 72-292 ppm, re-
spectively; Supplemental Table 1). These data-points yield a weighted
mean 2%7Pb/?°°Pb age of 2188 + 26 Ma (MSWD = 1.2) (Fig. 4b), which
is interpreted as the magmatic crystallization age of the K-feldspar
granite gneiss protolith. Spot 5.1 on a structureless zircon core
(Fig. 3b) gives a younger apparent 2°’Pb/2%Pb age of 2013436 Ma
(Supplemental Table 1; Fig. 4b), which may record metamorphic re-
crystallization, since it has a low Th/U ratio of 0.05 (Supplemental
Table 1).

4.1.1.3. Sample THX08-57 (granodiorite gneiss). Fifteen analyses were
made on oscillatory zoned cores of 15 zircon grains. They contain
low to moderate U and Th contents (54-284 ppm and 33-222 ppm,
respectively) with high Th/U ratios of 0.53-1.00 (Supplemental Table
2). Except for Spot 5 with the lowest Th/U ratio of 0.53, the others define
a single population that gives a weighted mean 2°7Pb/2°°Pb age of
2318 £ 8 Ma (MSWD =2.0) (Fig. 4c), interpreted to be the crystalli-
zation age of the gneissic protolith.

4.1.1.4. Sample THX08-54 (diorite gneiss). Most zircons in this sample
lack oscillatory zoning, are structureless or have banded zones. Eleven
analyses (Spots 1,2,3,7,8,9,10, 11, 12, 14, 15 and 17) show relative-
ly low Th/U ratios (lower than 0.10 except for spots 1 and 12). Seven
of them define a population that gives a weighted mean 2°”Pb/2°Pb
age of 2169 46 Ma (MSWD = 1.9) (Fig. 4d), which can be interpreted
to reflect the metamorphic age of gneisses in the Tieluping area. The
other analyses (Spots 4, 5, 6, 13, 16 and 18) made on cores with
banded zones have high Th/U ratios (0.45-0.95) and give variable
apparent 2°7Pb/2%Pb age from 2286 4 7 Ma to 3352 4 14 Ma (Supple-
mental Table 2; Fig. 4d). Except for spots 4 and 13, the remaining four
analyses give a weighted mean 2°/Pb/2°Pb age of 230523 Ma
(MSWD =5.2) similar to the crystallization age of Sample THX05-57
(2318 + 8 Ma) within error.

4.1.2. LA-MC-ICPMS Lu-Hf isotopes

Most zircons analyzed for Lu-Hf were previously dated by SHRIMP
or CAMECA 1280 on the same sites (Supplemental Table 3). The initial
Hf isotope ratios were calculated at the crystallization age (t) and
207ph206ph age (t,) determined for that site, respectively (Supplemen-
tal Table 3), and the single-stage Hf model ages (Tp.pf) are referenced
to depleted mantle (Supplemental Table 3; Fig. 5), whereas the “crustal”
model ages (TSy.uf) were calculated by assuming the parental magma
was produced from average continental crust ('7°Lu/!’’Hf=0.015)
that originally was derived from the depleted mantle (Griffin et al,
2004).

4.1.2.1. Sample THX05-41. The zircons have '7°Hf/!”’Hf ratios ranging
from 0.281188 to 0.281349, with negative eye(t) (—10.7 to —5.9) at
2.08 Ga. The single-stage Hf model ages range from 2678 to 2858 Ma
and the “crustal” model ages range from 3039 to 3330 Ma.

4.1.2.2. Sample THX05-45. The zircon '7®Hf/!'7”Hf ratios range from
0.281205 to 0.281473, with variable eys(t) values (—5.9-2.1) at
2.19 Ga. Except for Spot 05 corresponding to the SHRIMP U-Pb dating
Spot 5.1 on a structureless zircon, the single-stage Hf model ages
range from 2674 to 2843 Ma and the “crustal” model ages from
2948 to 3231 Ma (Supplemental Table 3). They are overall similar to
those of sample THX05-41.

4.1.2.3. Sample THX08-57. The zircons have fairly uniform '7®Hf/'7’Hf
ratios of 0.281259-0.281355, corresponding to ey¢(t) values of —2.8-
0.3 (mean value —0.86 £ 0.41) at 2.32 Ga. The single-stage Hf model
ages range from 2646 to 2763 Ma (mean value 2695 + 18 Ma) and the
“crustal” model ages from 2843 to 3031 Ma (mean value 2915 + 25 Ma)
(Supplemental Table 3).

4.1.2.4. Sample THX08-54. Except for the oldest inherited zircon, the
zircon '7®Hf/77Hf ratios mostly vary from 0.281257 to 0.281519, cor-
responding to variable ey¢(t) values of —3.21-6.22 at 2.32 Ga. The
single-stage Hf model ages range from 2420 to 2790 Ma and the
“crustal” model ages from 2480 to 3058 Ma (Supplemental Table 3);
the oldest inherited zircon (Spot 13c) has the lowest 76Hf/'77Hf
(0.280684 + 41) with ey (t) value of —23.91 at 2.32 Ga, and the oldest
single-stage Hf model age (3575455 Ma) and “crustal” model age
(3707 £ 55 Ma) (Supplemental Table 3).

Despite the variable zircon ey (t) values, samples THX05-41,
THX05-45 and THXO08-57 have very similar zircon single-stage Hf
model ages forming peaks between 2.69 Ga and 2.75 Ga (Fig. 53, b, ¢).
The single-stage Hf model ages of several zircons from sample THX08-
54 are in range of 2.69-2.75 Ga, but most zircons define a younger
peak at 2.62 Ga (Fig. 5d). Zircon &y¢ (t,) values of the Taihua gneisses
in the Xiong'er area calculated using the 2°’Pb/2°°Pb ages are all lower
than the depleted mantle value (Griffin et al.,, 2000) (Fig. 5e). The zir-
cons from the samples from Ganshugou (THX05-41 and THX05-45) de-
fine a similar Lu-Hf isotope reservoir to those from the Taihua Complex
at Lushan (Huang et al.,, 2010) by using the crustal 1”5Lu/'”’Hf value of
0.015 (Fig. 5e). However, the zircons from the samples from Tieluping
(THX08-57 and THX08-54) show higher ey (tp) values and younger
“crustal” model ages than those from Ganshugou, and would be derived
from a younger reservoir than the Taihua Complex at Lushan (Fig. 5e).
As a comparison, the zircons from the Muce TTG gneisses of the Taihua
Complex at the eastern Xiong'er (Fig. 1b) (~2.3 Ga; Diwu et al., 2007)
show variable reservoirs (Fig. 5e).

4.2. Major and trace elements

Two amphibolite samples from Ganshugou (THX05-42 and
THX08-39) contain low SiO, (50.1-50.2 wt.%), high MgO (4.48-

An

’ Tieluping gneiss
[ Ganshugou gneiss
X Muce gneiss (Diwu et al., 2007)

} (this study)

Trondhjemite

Granite
AV4 \ N AV

Ab Or

Fig. 7. Normative feldspar composition for the Taihua gneisses at Xiong'er in the An-
Ab-Or classification diagram (Barker and Arth, 1976).
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5.55 wt.%), Fe,03 (12.9-13.8 wt.%), TiO, (3.73-4.40 wt.%) and CaO
(7.97-8.06 wt.%) (Table 1). Eighteen gneiss samples (including
seven tonalite, three diorite, four granodiorite, two K-feldspar granite
and two monzonite gneisses) from Ganshugou and Tieluping contain
variable SiO, (54.1-74.7 wt.%), MgO (0.10-4.3), Fe,O; (1.67-
8.80 wt.%) and CaO (1.13-6.76 wt.%). The Tieluping gneisses have
higher Na,O, Al,03 and CaO but lower K;0, Fe,03, MnO and TiO,
than the Ganshugou gneisses for the same amount of SiO, (Fig. 6).
In the triangular diagram of normative feldspar composition, the Tie-
luping gneisses, along with the Muce gneisses at the eastern Xiong'er,
plot in the fields of trondhjemite, tonalite and granodiorite except
for the most felsic sample (THX08-59); the Ganshugou gneisses
plot in the fields of granodiorite, quartz monzonite and granite
(Fig. 7).

The amphibolites have slightly fractionated REE patterns ([La/
Yb]y=4.95—7.39) with weak to negligible negative Eu anomalies
(Fig. 8a). On the primitive mantle-normalized multi-element spider-
gram, the amphibolites show weak positive Ta and Ti anomalies
(Fig. 8b). The gneisses from Ganshugou have fractionated LREE and
nearly flat HREE patterns ([La/Yb]y=29.15—30.0; [Dy/Yb]y=1.31
—1.43) with weak to moderate negative Eu anomalies (Eu/
Eu*=0.68 —0.97) (Fig. 8a), and show negative Ta-Nb and Ti anoma-
lies (Fig. 8b). Two K-feldspar granitic gneiss samples (THX05-44 and
THX05-45) are characterized by very low Sr concentrations and high
Nb/Ta ratios (Fig. 8b). Sample THX05-44 has elevated HREE concen-
trations with negative Eu and Sr anomalies (Fig. 8a, b).

The gneisses from Tieluping show LREE-enriched and HREE-
depleted patterns (Fig. 8c). They all have very low HREE (Yby=0.58
—4.75) and Y (2.05-13.2 ppm) with moderate to high [La/Yb]y (14.3-
192.6) and Sr/Y (38.5-220.1). Furthermore, they show variable Eu
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anomalies (Eu/Eu*=0.62 — 1.14; Table 1). Sample THX08-59 has very
high LREEs with a strong negative Eu anomaly because of the high pro-
portion of K-feldspar (~30%) in the sample. Except for sample THX08-
59, the gneisses from Tieluping are characterized by pronounced nega-
tive Nb-Ta and Ti anomalies but positive Sr and Pb anomalies (Fig. 8d).
In comparison, the gneisses from Muce at the eastern Xiong'er (Diwu et
al.,, 2007) have relatively higher HREE than the Tieluping gneisses, and
show typical U-type REE patterns with low MREE (Fig. 8c).

All the gneiss samples from Tieluping plot in the field of adakite
and high AI-TTG on the [La/Yb]y versus Yby and Sr/Y versus Y dia-
grams (Fig. 9). Except for the diorite sample (THX08-54), the gneisses
from Tieluping resemble TTGs with high SiO,, high Na,O and low ferro-
magnesian elements (Fig. 6) (Martin et al., 2005). All gneiss samples
from Muce (Diwu et al,, 2007) and some gneiss samples from Ganshu-
gou also plot in the TTG-adakite field on the [La/Yb]y versus Yby dia-
gram (Fig. 9a). On the Sr/Y versus Y diagram, the gneisses from both
the Muce and Ganshugou areas plot away from this field because of
higher Y (Fig. 9b). The gneisses from Ganshugou do not belong to TTG
because of their low Na,O and high K,O (Fig. 6g, h). In contrast, the
gneisses from Muce resemble high-Al TTG with features of high Al,Os,
Na,O (Fig. 6e, g) and Sr (Fig. 8d) but low K,0 (Fig. 6h).

4.3. Whole rock Nd isotopes

The gneisses from Ganshugou all have negative gnq(t) (—5.01 to
—2.33), and single-stage Nd model ages (Tpy) vary from 2.55 Ga to
2.81 Ga, which are much older than the crystallization ages of 2.07-
2.19 Ga. The amphibolite samples from both the Ganshugou and Tie-
luping areas have positive enq(t) values (Table 2) with similar Tpy
model ages of 2.92-2.94 Ga (Table 2), which are slightly older than
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Fig. 8. Chondrite-normalized REE patterns and primitive mantle-normalized trace element spidergrams for amphibolite and gneisses from the Taihua Complex at Xiong'er. (a) REE
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the crystallization age (2.68 Ga; Ni et al., 2003) but very close to the
Tpm model ages of the gneisses in the Taihua Complex at Lushan
(2.84-3.11 Ga; Huang et al, 2010). The gneisses from Tieluping
have variable enq(t) values (—4.89-4.98; Table 2) and Tpy model
ages (2.32-2.95 Ga; Table 2). The highest eng(t) value (4.98) lies on
the depleted mantle curve (Fig. 10a), and the youngest Tpy model
age (2.32 Ga) is similar to the crystallization age of the Tieluping
TTG (2318 +8 Ma). The most negative gnq(t) value in the Tieluping
gneisses corresponds to the oldest Tpy model age (2.95 Ga), similar
to the amphibolites (Table 2). The Taihua Complex at Lushan was
originally derived from depleted mantle at 2.8-3.1 Ga (Huang et al.,
2010), and there is a Sm-Nd isotopic fractionation trend from mafic
to felsic rocks at about 3.0 Ga (Fig. 10b). The Taihua gneisses at Xiong'er
mostly depart from this trend except for some Tieluping samples.
Overall, the Taihua Complex at Xiong'er shows a mixing trend between
juvenile melts and old crustal materials (Fig. 10b), and was likely
originally derived from an overall younger reservoir than that at Lushan
(Fig. 10b).

5. Discussion
5.1. Petrogenesis of the Taihua TTG gneisses in the Xiong'er area

5.1.1. High Sr/Y and La/Yb

The high Sr/Y and La/Yb ratios are typical features of TTGs and
adakites (Martin et al., 2005) and are attributed either to melting of
a high Sr/Y source (Moyen, 2009), with different contributions of pla-
gioclase, amphibole or garnet during melting (e.g., Drummond and
Defant, 1990; Martin et al., 2005; Moyen, 2009) or fractional crystal-
lization (Huang et al., 2010; Macpherson et al., 2006). Since Early
Neoarchean TTGs occur in the Lushan area (Huang et al., 2010), melt-
ing of a high Sr/Y and La/Yb source is possible to explain the features
of the Paleoproterozoic Xiong'er TTGs. However, this mechanism is
unlikely to be sufficient for their genesis because of highly variable
Sr/Y, La/Yb, HREE and Y in the Tieluping TTG gneisses (Figs. 8 and

Table 2

Nd isotope compositions of the Taihua gneisses and amphibolites in the Xiong'er area.
Samples Rocks 147Sm/"44Nd 2 T43Nd/"4Nd (£ 20) ("3Nd/"**Nd); ena(t) ° fsm/na © Tpm(Ma) ¢ Tpmz(Ma) ©
Ganshugou
THX05-40 Tonalite gneiss 0.1167 051137747 0.509778 —3.25 —0.41 2775 2784
THX05-41 Tonalite gneiss 0.0996 0.511081+8 0.509717 —445 —0.49 2751 2880
THX08-29 Tonalite gneiss 0.0862 0.51100647 0.509825 —233 —0.56 2553 2711
THX05-44 Kfs granite gneiss 0.0990 051104547 0.509689 —5.01 —0.50 2785 2926
THX05-45 Kfs granite gneiss 0.1127 0.511277+7 0.509734 —4.12 —0.43 2813 2854
THX05-42 Amphibolite 0.1488 051189347 0.509262 2.00 —0.24 2941 2857
THX08-39 Amphibolite 0.1337 051163446 0.509269 2.14 —0.32 2877 2845
Tieluping
THX05-49 Tonalite gneiss 0.0946 0510912411 0.509465 —3.24 —0.52 2851 2981
THX05-53 Tonalite gneiss 0.0928 0.510800+ 6 0.509382 —4.89 —0.53 2947 3112
THX08-51 Granodiorite gneiss 0.0827 0.510830+8 0.509566 —1.28 —0.58 2687 2823
THX08-54 Diorite gneiss 0.1089 0511125411 0.509459 —3.36 —045 2932 2990
THX08-55 Tonalite gneiss 0.0994 0.511008+7 0.509488 —2.80 —0.49 2843 2945
THX08-57 Granodiorite gneiss 0.1009 0.511427 + 11 0.509885 498 —0.49 2321 2321
THX08-59 Granodiorite gneiss 0.0708 0.510872+9 0.509790 3.12 —0.64 2421 2470
Sh-4f Gneiss 0.1169 051131245 0.509525 —2.07 —0.41 2880 2886
Sh-6f Gneiss 0.1103 0511165+ 13 0.509478 —3.00 —0.44 2913 2961
Sh-9f Gneiss 0.0971 0.510991+8 0.509506 —245 —0.51 2810 2917
Sh-5f Amphibolite 0.1168 05112844+ 14 0.509218 1.14 —0.41 2922 2925

¢ Calculated by using whole-rock Sm and Nd contents.

b gna(t) =[(M*3Nd/"Nd)s/("*>*Nd/***Nd ) cpyur — 1] x 10000; t=2.32 Ga (Tieluping gneiss), 2.07 Ga (Ganshugou gneiss), 2.68 Ga (amphibolite; Ni et al., 2003).

€ fomma=[(*7Sm/"Nd)s/(**7Sm/**Nd)cuyr] — 1 (Shirey and Hanson, 1986).

4 Tpm = In{[("*Nd/"*Nd)s — ("*Nd/"*Nd)pm]/[(>Sm/ #Nd )s — (*47Sm/'**Nd) pm]}/N (DePaolo, 1981).
€ Tomz=Tpm1 — (Toms — t)((fec — f5)/(fee — fom)) (Keto and Jacobsen, 1987); where S=sample, f, fs and fpy are fon,na values of the average continental crust, the sample and the
depleted mantle, respectively. In the calculation, (***Nd/***Nd)cpur = 0.512638, (147Sm/***Nd)cyur = 0.1967, (**3>Nd/***Nd)py = 0.51315, (147Sm/***Nd)pp;=0.2136, f..= — 0.4,

fon=0.08592.
f Data from Zhang and Li (1998)
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9). Additionally, high Mg# (0.42-0.53; Table 1) or very high Sr/Y ra-
tios (up to 220) are inconsistent with partial melting of a high Sr/Y
source (usually medium Sr/Y and low Mg#; Moyen, 2009). Thus var-
ious contributions of plagioclase, amphibole or garnet during melting
or fractional crystallization would likely be the main mechanism for
the high Sr/Y and La/Yb characteristics of the Tieluping TTG gneisses.
It is always difficult to distinguish whether garnet and amphibole
acted as residual phases during partial melting or as fractionating
phases because both processes can produce high Sr/Y and La/Yb ratios
in the TTG melts. As in the partial melting model of Drummond and
Defant (1990), relatively low degree partial melting (<30%) with an
amphibolite or eclogite restite would be required to explain the
high Sr/Y and La/Yb (Fig. 9). However, partial melting of less than
30% would not produce large variations in the Y and Yb contents
within a rock suite (Figs. 9 and 11a). Thus the great variation of Y
and Yb contents in the Tieluping TTG gneisses is inconsistent with a
partial melting model, and the fractional crystallization of garnet
and/or amphibole is more likely to have produced the high Sr/Y and
La/Yb ratios in these gneisses (Fig. 11a). Furthermore, amphibole
has a high Kp for HREEs, but even higher for medium REEs (e.g., Dy);
therefore, amphibole removal can result in decreasing Dy/Yb ratios.
The separation of garnet will not only effectively raise the Sr/Y and La/
Yb ratios, but also increase the Dy/Yb ratio in the melt (Davidson et
al., 2007; Huang et al.,, 2010; Macpherson et al., 2006). The variable
Dy/Yb ratios (1.79-3.83; Table 1) in the Tieluping TTG gneisses are pos-
itively correlated to Sr/Y and [La/Yb]y (Fig. 11b, c), thus corresponding
to garnet fractionation. High Dy/YDb ratios in some Tieluping samples in-
dicate that garnet fractionation could be an important mechanism for

the high Sr/Y and La/Yb in the Taihua TTG gneisses at Xiong'er. For the
samples with high SiO, (>65 wt.%), Al,O3; decreases with increasing
SiO, (Fig. 6e), compatible with the fractionation of Al-rich minerals
such as garnet.

The Tieluping TTG gneisses show variable major oxide contents,
including SiO,, MgO, Fe,03 and CaO (Fig. 6), thus the fractionation
of amphibole and/or clinopyroxene is also important, although am-
phibole fractionation is preferred for the following reason. The sepa-
ration of garnet would produce distinctive drops from medium to
heavy REEs on the REE patterns of the melts. The highly fractionated
samples (e.g., THX08-51 and THX08-59) have relatively flat HREE
patterns (Fig. 8c), suggesting the buffering effect of amphibole frac-
tionation, while clinopyroxene fractionation could not be responsible
for such an effect.

Both samples THX08-51 and THX08-59 are characterized by very
high [La/Yb]y ratios (Figs. 9a, 11c, d). Sample THX08-51 also has
high Sr/Y, but sample THX08-59 has a low Sr/Y ratio (Fig. 11d).
Both samples THX08-51 and THX08-59 are granodiorites with high
Si0; (>70 wt.%; Table 1), indicating that they were derived from
low-degree partial melting or underwent a high degree of fractional
crystallization of amphibole and/or garnet (Fig. 11c, d), which might
be responsible for their extraordinary high [La/Yb]y ratios. Removal
(or accumulation) of plagioclase would be effective in reducing (or
increasing) Sr, Sr/Y and Eu/Eu*, but would have less effect on La/Yb
and will not affect Dy/Yb in the melts (Huang et al., 2010). Thus sam-
ple THX08-59 was probably formed by removal of plagioclase
(Fig. 11d), compatible with its negative Eu and Sr anomalies
(Fig. 8). However, high Sr/Y and [La/Yb]y ratios in THX08-51 cannot
be attributed to plagioclase accumulation because of very weak posi-
tive Eu and Sr anomalies (Fig. 8), similar to the results of high degree
fractionation of garnet + amphibole (Fig. 11). On the contrary, sample
THXO05-55 has relatively low Dy/Yb and [La/Yb]y ratios (1.79 and 16.5,
respectively; Table 1), moderate Sr/Y (50.0; Table 1) but high Eu/Eu*
(1.14; Table 1) and Sr (512 ppm; Table 1), corresponding to slight accu-
mulation of plagioclase. Although the positive (or negative) correlations
between Sr/Y (and [La/Yb]n) and MgO or SiO, would be expected by the
fractionation model (Macpherson et al., 2006), this estimation is not
suitable for the Tieluping TTGs because of the buffering effect of plagio-
clase accumulation or fractionation in some samples.

By comparison, the Muce TTG gneisses show constant Sr/Y and
[La/Yb]y (Figs. 9, 11) relative to variable SiO, and MgO (Fig. 6),
which might favor the partial melting model, and the contribution
of garnet fractionation is apparently weak (Fig. 11). The relatively
low and constant Dy/Yb ratios of the Muce TTG gneisses also indicate
that garnet is really not significant in the genesis of the Muce TTG
gneisses. On the other hand, the variable major element contents (e.g.,
Si0,, MgO, Fe,05 and CaO; Fig. 6) but overall high Mg* values (46.8-
50.1; Diwu et al.,, 2007) of the Muce TTG gneisses are likely due to frac-
tional crystallization of amphibole. The Muce TTG gneisses all show de-
pleted and concave-upward REE patterns between middle and heavy
REEs (Fig. 8), corresponding to the effect of amphibole extraction, be-
cause amphibole has a high partition coefficient for these elements.

Some Tieluping and all Muce TTG gneisses have relatively low [La/
Yb]n, Sr/Y and Dy/Yb ratios but high Y and Yb contents, suggesting
amphibole was the dominant residual phase during partial melting
(Figs. 9, 11). Most post-Archean TTGs show a fractional crystallization
sequence extending from diorite to granite (Condie, 2005). The Taihua
TTG gneisses at Xiong'er also have wide compositional ranges consistent
with the extensive fractional crystallization of garnet + amphibole at
Tieluping, but dominantly amphibole at Muce.

5.1.2. Source characteristics and petrogenesis

Both the Tieluping and Muce TTG gneisses have high Mg*
(Fig. 12a), thus an overall mafic source is proposed. Additionally,
the Mg* values of most Tieluping and all Muce TTG gneisses are
even higher than the experimental melts of natural hydrous basalts
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at 1-4 GPa (Fig. 12a), which indicates that initial TTG melts would
have interacted with mafic melts from the mantle. High Mg* in ada-
kites is due to interaction between slab-melt and mantle peridotite
during ascent through the mantle wedge (e.g., Martin et al., 2005;
Rapp et al., 1999). Thus subducting ocean crust under eclogite facies
conditions would be the potential source material for TTGs as an an-
alog of adakite (e.g., Defant and Drummond, 1990; Martin et al.,
2005). However, this process can also significantly modify Ni and Cr
contents in the final melts (Fig. 12b, c) without changing the slab-
melt signature as recorded by REE, Sr and Y (e.g., Martin et al,
2005; Rapp et al., 1999; Smithies, 2000). Both the Tieluping and
Muce TTG gneisses have low Cr and Ni contents and plot in the fields
of thick lower crust-derived adakitic rocks (Fig. 12b, ¢, d), indicating
that the Taihua TTG gneisses at Xiong'er could not be derived from
subducting oceanic lithosphere with slab-melts that had reacted
with peridotitic mantle. In addition, typical slab melts generally
have low Rb/Sr ratios (<0.05), in contrast to the wide range of Rb/Sr
ratios (0.01-0.4) for adakites derived from thickened crust (Huang
et al., 2009). The Taihua TTG gneisses at Xiong'er have high Rb/Sr ra-
tios (0.07-0.33; Table 1), thereby arguing against slab melting and in-
dicating a large contribution from the lower crust in their generation.

Most early Archean and many late Archean TTG suites likely represent
partial melts of basaltic lower crust rather than subducted/subducting
ocean crust (Condie, 2005; Smithies, 2000; Smithies and Champion,
2000) because there is little opportunity for Archean slab melts to react
with the mantle wedge (Condie, 2005; Huang et al., 2010). The Taihua
TTGs in the southern segment of the TNCO are also likely partial melts
of basaltic lower crust because of overall low whole rock enq(t) and zir-
con gy(t) values (Figs. 5 and 10). Additionally, the Tieluping diorite sam-
ple (THX08-54) contains inherited zircons with ages of 2496 +4 Ma to
3352414 Ma, also suggesting the participation of pre-existing crustal

materials. On the other hand, some Tieluping TTG gneisses have positive
end(t) values, and the youngest Nd model age of 2.32 Ga is very close to
the crystallization age of 2318 4- 8 Ma, indicating the extensive participa-
tion of juvenile components in the source. The juvenile components
were basaltic materials from the mantle according to the high Mg*
values of most Tieluping and all Muce TTG gneisses, which could possibly
be related to mafic magma underplating. The underplating of basaltic
magmas would not only thicken the crust and add juvenile components
to lower crust, but also trigger the partial melting of pre-existing lower
crustal materials.

5.2. Petrogenesis of the Ganshugou potassium-rich gneisses

Zircon U-Pb dating reveals at least two episodes of magmatism
(~2.20 Ga and 2.08 Ga, respectively; Fig. 4) in the gneisses from
Ganshugou, which are therefore more complex than the Tieluping
and Muce TTG gneisses (Fig. 4). However, all the Ganshugou gneisses
are similar in having high potassium contents and belonging to the
high-K calc-alkaline or shoshonitic series (Fig. 6h), quite different
from the Tieluping and Muce TTG gneisses that have high Al,O, CaO
and Na,O (Fig. 6e, f, g) but low K,0 (Fig. 6h). Furthermore, the low
Si0, samples (SiO,<60 wt.%, such as THXO08-29, THX08-35 and
THX05-41; Table 1) are all members of the shoshonitic series, indicating
initially high-potassium melts.

There are several tectonic settings for the generation of potassic
igneous rocks: continental arc, post-collisional arc, oceanic arc and
within-plate (Miiller and Groves, 1997; Miiller et al, 1992). The
within-plate potassic igneous rocks are associated with hot-spot ac-
tivity or with extensional (particularly rift) tectonics (Miiller and
Groves, 1997), which are inconsistent with the Ganshugou gneisses
characterized by weakly negative whole-rock enqg(t) (—5.01 to
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—2.33; Table 2) and zircon gy¢ (t) values (Fig. 53, b) and Ta-Nb-Ti de-
pletions (Fig. 8). The Ganshugou gneisses also differ from oceanic arc
potassic igneous rocks which are generally low in HFSE (e.g.
Zr<300 ppm; Nb<20 ppm; Hf<5 ppm; Miiller and Groves, 1997). In
terms of radiogenic whole-rock Nd isotopes (Fig. 10), zircon Hf iso-
topes (Fig. 5a, b) and Ta-Nb-Ti depletions (Fig. 8), the Ganshugou
gneisses are more like continental or post-collisional potassic igneous
rocks. There is a progressive transition to more alkaline magmatism in
post-collisional arcs, and continental arc potassic igneous rocks have
slightly higher Rb, Sr, Ba and Ce, but lower Nb and P contents than the
post-collisional rocks (Miiller and Groves, 1997). The potassium-rich
gneisses from Ganshugou contain elevated Nb concentrations (up to
26.7 ppm; Table 1) without positive Sr anomalies (Fig. 8b), features
consistent with potassic igneous rocks from a post-collisional arc setting
(Miiller and Groves, 1997).

The large discrepancies between crystallization ages (2.07-
2.19 Ga) and the whole rock Tpy model ages (2.81-2.55 Ga) and
Tpvz model ages (2.71-2.93 Ga) of the Ganshugou gneisses
(Table 2) require the participation of recycled continental crustal

materials. Additionally, the heterogeneous zircon eye(t) values
(Fig. 5; Table 2) in the Ganshugou gneisses, corresponding to old zir-
con Tpypr and TSy-nr model ages (Supplemental Table 3), also con-
firm a source dominated by older recycled continental crustal
materials. The zircon “crustal” Hf model ages of the Ganshugou gneisses
(2.64-3.23 Ga, mean value 3.10+£0.03 Ga) are much older than the
whole-rock Nd model ages (2.55-2.81 Ga, mean value 2.7440.10 Ga),
which may be related to the modification of Nd isotopes during crustal
accretion and the preservation of initial ey¢(t) values in zircons owing to
their resistance to alteration. In contrast to the Tieluping and Muce TTG
gneisses, the Ganshugou potassium-rich gneisses all show negative euro-
pium anomalies and relatively high HREE, indicating that the Ganshugou
potassium-rich magma was formed at relatively shallow crustal depths
with plagioclase, rather than garnet or amphibole, as a residual or frac-
tionating phase. A shallow source is also compatible with the post-
collisional arc setting which is characterized by complex magmatic activ-
ity and tectonic uplift (Mdiller et al., 1992; Wilson, 1989). Additionally,
both zircon Hf and whole rock Nd model ages of the Ganshugou gneisses
are older than those of Tieluping and Muce TTG gneisses (Figs. 5, 10;
Tables 2), suggesting that the Ganshugou potassium-rich rocks were de-
rived from an overall older reservoir than those of the Tieluping TTG,
which is consistent with more juvenile components in the latter due to
mafic magma underplating at 2.30-2.32 Ga.

5.3. Implications for tectonic transformation in the southern segment of
the TNCO in the Early Paleoproterozoic

Based on Sm-Nd isochrons, depleted mantle Nd model ages and
single-grain zircon evaporation Pb-Pb ages, it was previously sug-
gested that the Taihua Complex in the Xiong'er area is similar to
that in the Lushan area, and that it was formed during Neoarchean
time and underwent metamorphism in the Paleoproterozoic (Guan,
1996; Ni et al., 2003; Zhang and Li, 1998). However, the zircon ages
from the Ganshugou potassium-rich gneisses (SHRIMP: 2065 + 23 Ma
to 2188426 Ma), Tieluping TTG gneisses (CAMECA 1280: 2305+
23 Ma to 2318 £ 8 Ma) and Muce TTGs (LA-ICP-MS: 2316416 Ma to
2336413 Ma; Diwu et al, 2007) reveal that the Taihua Complex in
the Xiong'er area was formed mainly during Early Paleoproterozoic
time, much later than that in the Lushan area.

The Taihua TTG at Xiong'er was formed through extensive frac-
tional crystallization of garnet-+ amphibole and/or with garnet
+ amphibole as residual phases in the source, suggesting thickening
of the crust in the southern segment of TNCO at 2.30-2.32 Ga. This
might have resulted from several processes, such as orogenesis (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., Condie, 1997;
De Wit et al., 1992; Desrochers et al., 1993). The last two processes
are not applicable for genesis of the Taihua TTGs at Xiong'er because
inherited zircons (2286 +7 Ma to 3352 414 Ma), whole rock enq(t)
and zircon eyg(t) values all suggest the participation of pre-existing
crustal materials. Probably the most effective thickening process is
tectonic shortening at the convergence zone between two plates
(Giese et al., 1999). In the southern TNCO, it was possible that the
Early Paleoproterozoic collision between micro-continents occurred
after Neoarchean slab-subduction, which is similar to modern oro-
genic belts and does not exclude the underplating of basaltic rocks.
Based on the geochronology and petrology of the Liiliang Complex
in the central part of the TNCO, Zhao et al. (2008) proposed that the
TNCO may represent a long-lived magmatic arc (>650 Ma). The
TTG gneisses from the Taihua Complex in southern segment of the
TNCO formed from a combination of pre-existing continental crust
and juvenile materials, implying an Andean-type continental margin
arc environment and subsequent accretionary orogenesis. This indi-
cates that the TNCO had experienced subduction in the Early Paleo-
proterozoic, which would be an evidence of long-lived magmatic
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arc before the collision between the Eastern and Western Blocks to
form the North China Craton (Zhao et al., 2008).

The Taihua Complex in the southern segment of the TNCO shows a
compositional change in the Early Paleoproterozoic: at 2.30-2.32 Ga,
the Tieluping and Muce TTG gneisses are mostly low-K, whereas at
2.07-2.19 Ga, the Ganshugou gneisses are all potassium-rich interme-
diate to felsic rocks (Fig. 6h; Table 1). The preferred setting to gener-
ate the Ganshugou potassic-rich rocks is a post-collisional setting,
characterized by tectonic uplift after the collision of continental
plates, at which the suture zone forms an area of crustal thickening
following ocean-basin closure (Miiller et al., 1992; Wilson, 1989).
Thus, the temporal change from mostly low-K igneous rocks (TTG)
to mostly high-K igneous rocks in the southern segment of the
TNCO indicates the tectonic transformation from accretionary oro-
genesis (2.30-2.32 Ga) to extensional regimes (2.08-2.19 Ga) as a
consequence of post-collisional uplift in the Early Paleoproterozoic.

6. Conclusions

On the basis of geochronological, geochemical and Nd-Hf isotopic
data, the following conclusions can be drawn regarding the origin and
tectonic setting of the Taihua Complex in the southern segment of the
TNCO:

(1) Zircon U-Pb dating indicates that the Taihua Complex in the
Xiong'er area formed mainly in the Early Paleoproterozoic,
and includes an early TTG suite (~2.30-2.32 Ga) and a later
potassium-rich granitoid suite (2.07-2.19 Ga).

The Tieluping TTG rocks were most likely derived by partial
melting of thickened lower crust and underwent garnet
4 amphibole fractionation, together with plagioclase accumu-
lation and/or fractionation. In comparison, the Ganshugou
potassium-rich rocks were the result of partial melting of
pre-existing crustal materials at relatively shallow depths.
Crustal thickening is attributed to accretionary orogenesis accom-
panied by basaltic underplating, with the potassium-rich rocks
generated in a post-collisional setting. There is thus a tectonic
transformation in the southern TNCO from orogenic collision to
an extensional regime as a consequence of post-collisional uplift
in the Early Paleoproterozoic.

—
\S)
—

(3

—

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.lithos.2012.01.004.
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