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a b s t r a c t

The Late Archean Taihua complex, mainly composed of amphibolite and TTG and TTG-like gneisses, is vol-
umetrically most important metamorphic rock suites scattered along the southern margin of the North
China Craton (NCC). Zircon SHRIMP U–Pb dating shows two episodes (2765 ± 13 and 2723 ± 9 Ma) of
Archean magmatism in the Lushan area with distinct geochemical features. The early (2765 ± 13 Ma)
suite (TTG-like gneisses) has low-SiO2 (52.5–66.1 wt%), high-Mg# (0.47–0.68), low HREE (YbN = 3.0–5.4)
and Y (8.07–13.9 ppm) with low to moderate (La/Yb)N (6.7–37.1) and Sr/Y (25.9–119.3). The younger
(2723 ± 9 Ma) suite (TTG gneisses) has high-SiO2 (63.5–74.3 wt%), low-Mg# (0.13–0.52), very low REE
(YbN < 1.8) and Y (<4 ppm) with a wide range of (La/Yb)N (5.2–86.6), Sr/Y (71.4–949) and showing
Eu/Eu* > 1 (1.20–2.43). Both suites show pronounced negative Nb–Ta and Ti anomalies on the primitive
mantle-normalized spidergram. The TTG-like gneiss suite has similar bulk-rock Nd and zircon Hf model
ages (∼3.0 Ga) with εNd(t) > 0 (0.26–1.46), and is interpreted as resulting from melt of mantle interac-
tions with the melts derived from partial melting of subducted ocean crust with a residual assemblage
of garnet + clinopyroxene + rutile ± amphibole, which favors subducted slab model for the late Archean

TTG. The TTG gneiss suite has abundant relic zircons (2.95–2.80 Ga) with εNd(t) < 0 (−1.31 to −0.23),
which is best interpreted as derived from partial melting of thickened lower continental crust with
a garnet-amphibolite residue (garnet + amphibole ± rutile). Significant high-pressure fractional crystal-
lization (garnet ± amphibole) and accumulation (plagioclase) are also required in the petrogenesis. The
Lushan amphibolite with nearly flat primitive mantle-normalized trace-element pattern is interpreted to
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. Introduction

The tonalite–trondhjemite–granodiorite (TTG) suite (Jahn et al.,
981) volumetrically dominates in the preserved Archean crust
Martin et al., 2005; Smithies et al., 2009), and records the origin
nd evolution of continental crust in Earth’s early history (Martin,
994; Foley et al., 2002; Martin et al., 2005; Condie, 2005; Smithies
t al., 2009). It is commonly accepted that TTGs represent partial
elts of hydrous mafic rocks at pressures high enough to stabilize

arnet ± amphibole, thus producing tonalitic melts with a charac-
eristic signature of high La/Yb and Sr/Y ratios (e.g., Barker and
rth, 1976; Martin, 1999; Drummond and Defant, 1990; Rapp et

l., 1991; Smithies and Champion, 2000; Smithies, 2000; Martin
t al., 2005; Condie, 2005). However, debate remains on both tec-
onic setting and actual processes of melting for TTGs, especially for
hose in the late Archean (Martin, 1999; Smithies and Champion,
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tamorphism. These observations suggest a possible model of late Archean
rust to continental terrain in the southern North China Craton.

© 2010 Elsevier B.V. All rights reserved.

2000; Smithies, 2000; Foley et al., 2002; Martin et al., 2005; Condie,
2005). Geochemical features of TTGs changed over the period from
the Early to Late Archean (Martin et al., 2005; Condie, 2005), thus
a critical issue related to TTGs is whether and how their genetic
mechanism may have changed with time (Condie, 2005; Smithies
et al., 2009). Furthermore, late Archean TTGs were also thought to
form principally above subduction zones because of the chemical
similarities between Late Archean TTGs and present-day adakites
(e.g., Drummond and Defant, 1990; Drummond et al., 1996; Martin,
1999; Rapp et al., 2003; Martin et al., 2005), but this interpretation
remains a hypothesis to be tested (Bédard, 2006; van Hunen et al.,
2008).

The North China Craton (NCC) is the largest and oldest known
cratonic block in China (∼3.8 Ga; Wu et al., 2008, and references
therein), with widespread Archean to Paleoproterozoic basement

(Fig. 1a). The Taihua complex, mainly composed of amphibolites
and grey gneisses, is volumetrically the most important metamor-
phic rock suite in the southern NCC (Zhang et al., 1985; Wu et
al., 1998; Tu, 1998; Wan et al., 2006). Similar to the Archean grey
orthogneiss complexes in West Greenland (Steenfelt et al., 2005),

dx.doi.org/10.1016/j.precamres.2010.06.020
http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres
mailto:xlhuang@gig.ac.cn
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Fig. 1. (a) Tectonic framework of North China Craton (NCC) emphasizing Eastern
Block, Western Block, Trans-North China Orogen and exposed Archean to Paleopro-
terozoic 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. Abbreviations of other metamorphic complexes: Zhongtiaoshan (ZT), Wutais-
han (WT), Fupin (FP), Western Shandong (WS), Eastern Hebei (EH); (b) geological
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the Guangzhou Institute of Geochemistry, Chinese Academy of Sci-
ap of the Lushan region, illustrating the distribution of the Taihua group and sam-
le locations. Modified after the Lushan geological map of 1/200,000 scale (BGMR,
965).

he grey gneisses from the Taihua complex are also dominated
y TTG and TTG-like gneisses (Wu et al., 1998; Tu, 1998; Wan et
l., 2006). However, little is known about their geodynamic set-
ing, petrogenesis, and the information they may contain on crustal
ccretion in general and NCC development in particular. In this
tudy, we present zircon geochronology, zircon Hf isotope data
nd whole rock trace element and Nd isotope compositions for TTG
nd TTG-like gneisses and associated amphibolites from the Taihua
omplex in the Lushan area of the southern NCC (1) to document
he emplacement ages of these rocks, (2) to study their magma
ources and petrogenetic processes, and (3) to discuss their tectonic
ignificance for the southern NCC during the late Archean.

. Geological background and samples

The North China Craton (NCC) can be divided into the Eastern
nd Western Blocks separated by the Trans-North China orogenic
elt (Fig. 1) on the basis of lithological, structural, metamorphic and
eochronological differences (Zhao et al., 2000, 2001, 2002). The
estern Block can be subdivided into southern and northern parts

Zhao et al., 2005). The late Archean basement of the eastern and
estern blocks is dominated by Late Archean TTG gneiss domes

urrounded by minor supracrustal rocks (Zhao et al., 2005). The
atter underwent greenschist to granulite facies metamorphism at

2.5 Ga and were also affected by a ∼1.85 Ga metamorphic event

Zhao et al., 2000, 2005). The Trans-North China Orogen represents
collision event between the two blocks at ∼1.85 Ga (Zhao et al.,
000, 2001, 2002).
esearch 182 (2010) 43–56

The Taihua Group, a suite of early Precambrian medium-high
grade metamorphic rocks consisting of greenstone belts and a
series of graphite-bearing gneisses, biotite gneisses, marbles and
banded iron formations, crops out in several terranes distributed
along the southern margin of the NCC (Fig. 1a). These metamor-
phic rocks have been further subdivided into the Paleoproterozoic
Upper Taihua and Late Archean Lower Taihua Groups according to
supracrustal rock types (Zhang et al., 1985; Kröner et al., 1988; Xue
et al., 1995; Tu, 1998; Wan et al., 2006). The Lower Taihua Group
is mainly composed of amphibolites and gneisses. The Upper Tai-
hua Group unconformably overlies the Lower Taihua Group, and
is dominated by graphite-bearing gneisses, biotite gneisses, mar-
bles, banded iron formations and amphibolites (Tu, 1998; Wan et
al., 2006).

In the Lushan area, the Taihua Group extends in a northwest-
southeast direction in fault or unconformable contact with the
Mesoproterozoic Ruyang Group and Cambrian cover in the north-
east (Fig. 1b). In the southwest, the Mesoproterozoic Xionger Group
shows an unconformable contact (Fig. 1b) with Upper Taihua
Group. Amphibolites of Lower Taihua Group occur as enclaves
(<∼100 m in length) in the widespread Archean grey gneisses
(∼60–70% of the exposed rocks; Zhang et al., 1985) and locally
show “being intruded by the gneisses” probably prior to the major
phase of regional metamorphism/deformation because the folia-
tion in the gneisses parallel to the elongation of the amphibolite
enclaves and the light veins at the edge of amphibolite (Fig. 2a–d).
The gneisses show typical gneissic fabrics with parallel layering and
alignment of plagioclase with amphiboles or biotites (Fig. 2b–d).
Furthermore, the gneisses can be readily subdivided into dark-grey
and light-grey suites according to color and intrusive relationship
(Fig. 2a and b). The light-grey gneisses always show relationships
of (1) intruding the dark-grey gneisses and amphibolites (Fig. 2a
and b), (2) concordant gneissic foliation with the dark-grey suite,
yet (3) irregular contact with amphibolites (Fig. 2a–d). The dark-
grey gneisses can be readily distinguished from amphibolites by
gneissic foliation in the gneisses that parallels the elongation of
the amphibolite enclaves. In some locations (e.g., northern part of
Lushan area, such as Beizi in Fig. 1b), both dark-grey and light-grey
gneisses are also interlayered with amphibolites because of strong
foliation (Fig. 2e). In general, dark-grey gneisses mostly occur in
the northern area, while light-grey gneisses mostly occur in the
southern area (Fig. 1b). To avoid the probable effects of alteration
and weathering on the geochemistry, we collected fresh samples
for this study from central portions of each lithology away from
lithological contacts and regions with strong foliation.

Amphibolites are dominated by amphibole (50–90%) with sub-
ordinate plagioclase (5–30%), clinopyroxene (<10%) and garnet
(<10%). The light-grey gneisses consist of plagioclase (50–55%),
quartz (25–30%), biotite (10–15%), amphibole (<10%), clinopy-
roxene (<3%) and K-feldspar (<5%). The mineral assemblage
of dark-grey gneisses includes plagioclase (40–50%), amphibole
(10–30%), clinopyroxene (<10%) and biotite (<5%). Sphene, mag-
netite and apatite are the common accessory minerals (<1%). All
these three rock types show granoblastic and “triple junction”
textures. Grey gneisses show layering defined by mineral mode
variation.

3. Analytical methods

Bulk-rock geochemical and Nd isotopic analyses were done at
ences (GIG-CAS). Major elements were determined using standard
X-ray fluorescence (XRF) technique on a Rigaku ZSX100e following
Li et al. (2006). Analytical uncertainties of all major elements are
between 1% and 5%. Trace elements were analyzed using induc-
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Fig. 2. Field photographs: (a) light-grey felsic TTG gneisses (TTG) irregularly intruded amphibolite but in concordance with dark-grey gneisses (TTG-like) with distinct
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nterface, while TTG-like rocks gradually changes to amphibolite; (b) amphibolites “
neisses and developed concordant gneissic foliation; (c and d) The TTG gneisses “i
ayering and alignment of plagioclase with amphiboles or biotites; some felsic dikele
neisses, TTG gneisses and amphibolites in a strongly foliated zone.

ively coupled plasma-mass spectrometry (ICP-MS) following Li
1997). Precision for REE and other incompatible elements is esti-

ated to be better than 5% on the basis of repeated analysis of
SGS reference rock standard BIR-1 and laboratory standard (ROA-
). Within-run analytical precision for Nd is better than 2.5% RSD
relative standard deviation). The Sm/Nd ratios measured by ICP-

S are within 2% uncertainty (Li et al., 2002), and calculation of
Nd(t) values for samples of the present study using these Sm/Nd
atios results in uncertainties less than 0.25 units, which is neg-
igible for our petrogenetic discussion. Nd isotopic analyses were
one on a Micromass Isoprobe multi-collector ICP-MS following
i et al. (2004). Reference standards analyzed along with sam-
les give 143Nd/144Nd = 0.512124 ± 11 (2�) for Shin Etsu JNdi-1
0.512115 ± 7; Tanaka et al., 2000).

Zircons were extracted using a combined technique of heavy
iquid and magnetic separation followed by hand-picking under

binocular microscope. They were mounted together with a zir-
on standard (TEMORA) in epoxy resin. The mount was polished to
nsure grain exposure before gold-coating. The internal structure
f zircons was examined using cathodoluminescence (CL) prior to
–Pb isotopic analyses. The U–Pb analyses were done mainly using
Sensitive High-Resolution Ion Microprobe (SHRIMP II) at the Bei-

ing SHRIMP Center (in the Institute of Geology, Chinese Academy
f Geological Sciences, Beijing). The analytical procedures are sim-
lar to those described by Williams (1998). The zircon standard
EMORA (age 417 Ma) of RSES was used to correct for inter-element
ractionation. U, Th and Pb concentrations were determined based
n the standard Sri Lankan gem zircon SL13, which has 238 ppm
and an age of 572 Ma. Squid (ver. 1.04) and Isoplot (ver. 3.23)
oftware were used for data reduction and age calculation with
04Pb-based method of common Pb correction applied. Uncertain-
ies reported in Supplementary Table 1 are expressed in terms of
1� from the means. The ages quoted in the text (207Pb/206Pb ages)
re the weighted means at the 95% confidence level.
yered” within the widely distributed gneisses; TTG gneisses intruded into TTG-like
ed” amphibolite as ptygmatic folds, and show typical gneissic fabrics with parallel
mphibolites parallel to the fabrics of the TTG gneisses; (e) the interlayered TTG-like

In situ zircon Hf isotopic analyses were done on dated spots
using a Neptune MC-ICPMS, equipped with a 193 nm laser, at the
Institute of Geology and Geophysics, Chinese Academy of Sciences
in Beijing (IGG-CAS). Spot sizes of 40 �m with a laser repetition
rate of 8 Hz at 100 mJ were used. The detailed analytical technique
and data correction procedure are described in Xu et al. (2004)
and Wu et al. (2006) During the analysis of our unknown sam-
ples, the zircon standard (91500) gave 176Hf/177Hf = 0.282292 ± 14
(2�) and 176Lu/177Hf = 0.00029, similar to the 176Hf/177Hf ratios of
0.282284 ± 22 measured using the LA-MC-ICPMS method (Griffin
et al., 2006).

4. Results

4.1. Zircon U–Pb geochronology and Hf isotopes

4.1.1. Zircon SHRIMP U–Pb dating
Zircons from a more mafic sample of dark-grey gneisses (TH05-

2) are mostly fragmented or slightly rounded crystals (Fig. 3a).
CL images of most zircons show oscillatory zonings in the cores
(Fig. 3a) pointing to a magmatic origin, but the rims have no obvious
oscillatory zonings. These morphological characteristics are likely
caused by metamorphism and deformation. Except for Spots 8.1
and 10.1 containing very low Th, all other analyses show high Th/U
ratios (0.34–1.41) (see Supplementary Table 1), which are consis-
tent with a magmatic origin. Most analyses give similar 207Pb/206Pb
ages (2690 ± 27 to 2767 ± 8 Ma), but varied 206Pb/238U ages
(2211 ± 39 to 2809 ± 35 Ma) (Supplementary Table 1). A regression
line of these analyses (n = 13; except for Spots 4.1 and 14.1) yields an

upper intercept age of 2765 ± 13 Ma (MSWD = 1.3) (Fig. 3a), which is
interpreted as formation age of the protolith of dark-grey gneisses.
Two analyses (Spots 4.1 and 14.1) have a younger 207Pb/206Pb age
of 2142–2190 Ma, which may be associated with magmatic event
of the Upper Taihua Group (Wan et al., 2006).
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ig. 3. Concordia diagrams for zircon SHRIMP U–Pb chronology of the Lushan gne
iameter) and laser ablation for in situ zircon Hf isotopic analyses (40–50 �m diam

Zircons from an intermediate sample of light-grey gneisses
TH05-21) are mostly euhedral, sub-euhedral and slightly rounded
Fig. 3b). CL images show that these zircons are dominated by sim-
le oscillatory zoning of magmatic origin. Most of them (Spots
.1, 2.1, 4.1, 9.1, 10.1, 11.1, 13.1 and 15.1) gave relatively similar
07Pb/206Pb ages (2574 ± 7 to 2718 ± 10 Ma) but varied 206Pb/238U
ges (1809 ± 20 to 2737 ± 28 Ma) (Supplementary Table 1), defining
linear array on the concordia diagram (Fig. 3b). A few zircons show
lear cores and rims (Spots 3.1, 3.2, 5.1, 5.2, 6.1, 6.2, 8.1, 14.1 and
4.2; Fig. 3b). The cores commonly show micro-scale oscillatory
oning, suggesting a magmatic origin, which are likely inherited
elic zircons with a wide range of 207Pb/206Pb ages (2698 ± 8 to
946 ± 14 Ma; see Supplementary Table 1). The rims show another
pisode of magmatic oscillatory zoning (Spots 3.1 5.1, 6.1, 8.1 and
4.1), and mostly vary in a linear array defined by simple mag-
atic zircons (Fig. 3b). Regression of the analyses in the linear array

n = 12; Spots 1.1, 2.1, 4.1, 5.1, 5.2, 6.1, 8.1, 9.1, 10.1, 11.1, 13.1 and
5.1) yields an upper intercept age of 2723 ± 9 Ma (MSWD = 1.7)
Fig. 3b), which is interpreted as magmatic age of the light-grey
neisses. The analysis of Spot 7.1 has a young age (∼1.9 Ga) simi-
ar to metamorphic recrystallization age of lower crust beneath the
outhern NCC (Huang et al., 2004).

.1.2. LA-ICPMS Lu-Hf isotopes
Most zircons for Lu-Hf analyses have been dated by SHRIMP

–Pb methods on the same spots, and Lu-Hf isotopic results are
isted in Supplementary Table 2. The initial Hf isotope ratios are all

alculated at the dated ages of the magmatism. Zircon εHf(t) values
f TH05-21 are slight higher than those of TH05-2 (Fig. 4a). Addi-
ionally, single-stage primitive mantle Hf model ages for zircons of
H05-21 are slightly younger than those of TH05-2 (Fig. 4b). As a
hole, the inherited zircons in TH05-21 have similar εHf(t) values to
and representative CL images of zircons. The circles indicate dating spots (30 �m
The scale bar is 100 �m.

those of other zircons, but �Hf (t2) values are high when calculated
using their 207Pb/206Pb ages (Fig. 4c) (see Supplementary Table 2),
some of which are very close to the value on the evolution curve of
the depleted mantle (Griffin et al., 2000) (Fig. 4c).

4.2. Major and trace elements

The amphibolites contain low-SiO2 (44.4–49.6 wt%), high-
MgO (4.99–8.12 wt%), Fe2O3 (7.97–17.8 wt%), TiO2 (0.40–1.57 wt%)
and CaO (9.80–15.8 wt%). The grey gneisses have high SiO2
(52.3–74.3 wt%) and Na2O (3.75–6.48 wt%) but relatively low-MgO,
Fe2O3, TiO2 and CaO (Supplementary Table 3). In the triangle dia-
gram of normative feldspar composition, our samples vary from
tonalite, trondhjemite to granite, and most grey gneisses plot in
the field of tonalite (Fig. 5). From amphibolite to dark-grey and to
light-grey gneisses, TiO2, Fe2O3, MgO, MnO and CaO decrease with
increasing SiO2 (Fig. 6). Both amphibolites and light-grey gneisses
have a large range of Al2O3 negatively correlated with SiO2, but
dark-grey gneisses have relatively constant Al2O3 (Fig. 6e).

The amphibolites show flat REE patterns ([La/Yb]N = 0.8–3.4)
without obvious Eu anomalies (Fig. 7a). On the primitive mantle-
normalized multi-element spidergram, amphibolites show nearly
flat patterns but have weak negative Ta–Nb and P anomalies, a pos-
itive Pb anomaly and variable Th and U (Fig. 7b). The gneisses all
show LREE-enriched and HREE-depleted patterns. The dark-grey
gneisses have low HREE (YbN = 3.0–5.4) and Y (8.07–13.9 ppm) with
moderate to high [La/Yb]N (6.7–37.1) and Sr/Y (25.9–119.3), and

show moderate negative to weak positive Eu anomalies (0.76–1.04;
see Supplementary Table 3). The light-grey gneisses have very
low REE (YbN < 1.8) and Y (<4 ppm) with a wide range of [La/Yb]N
(5.2–86.6), Sr/Y (71.4–949), showing obvious positive Eu anomalies
(1.20–2.43; see Supplementary Table 3). On the primitive mantle-
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Fig. 4. Initial Hf isotope ratio and Hf model ages for zircons from gneisses of the
Lower Taihua group. (a) Histograms of initial zircon εHf(t), t = 2.77 Ga for TH05-2 and
2.72 Ga for TH05-21; (b) histograms of single-stage depleted mantle zircon Hf model
ages; (c) diagram of Hf isotope evolution; t2 are 207Pb/206Pb ages by SHRIMP U–Pb
dating (Supplementary Table 1); the evolution of depleted mantle (DM) is drawn
by using a present-day 176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384 (Griffin et al.,
2000).

Fig. 5. Normative feldspar composition for amphibolites and gneisses of the Lushan
lower Taihua group in An–Ab–Or classification diagram (Barker, 1979).
esearch 182 (2010) 43–56 47

normalized spidergram, the dark-grey gneisses are characterized
by enrichment of Rb, Ba, K and LREE and pronounced negative
Nb–Ta, P and Ti anomalies (Fig. 7d), while the light-grey gneisses
show negative Nb–Ta–Ti but positive Sr and Pb anomalies and
depletion of Th, U and HREE (Fig. 7d).

Alkalis, particularly K, Rb and Cs, are mobile and often lost
during high grade metamorphism. The degree of alkali loss can
be estimated roughly by the concentration of Rb and the K/Rb
ratio (Fig. 8) (Jahn and Zhang, 1984). Variable Rb depletion rela-
tive to K follows the trend defined by the Archean granulites from
the eastern NCC (Huang et al., 2004), and nearly all data points
have ratios much higher than the main trend defined by Shaw
(1968) for continental igneous rocks and the average basaltic to
felsic rocks in Archean greenstone belts (Jahn and Zhang, 1984).
The higher than normal K/Rb ratios of the Lushan samples suggest
that Rb is preferentially lost relative to K. It is also very impor-
tant to examine if other elements (such as Na2O, Sr, Ba and REEs)
may have been modified by the metamorphism. If so, the degree
of modification could be related to the degree of Rb loss which
is highly variable. It is observed that similar REE patterns of the
same suite of rocks have very different Rb concentrations and
K/Rb ratios. This implies that the REE patterns have not changed
while alkalis may have during metamorphism. MORB-like REE
patterns of the amphibolites (Fig. 7a) suggest that REE and Y
may indeed reflect the primary characteristics of the protoliths.
The Lushan amphibolites and gneisses all show good relationship
between Na2O and SiO2 (Fig. 6h), indicating that Na2O may not
have been significantly affected by metamorphism. Sr is known to
be less mobile than Rb during alteration and metamorphism mostly
because of the buffering effect of plagioclase in which Sr is com-
patible. Other elements like Pb and U are readily mobile during
metamorphism.

All the gneiss samples plot in the field of adakite and high-Al
TTG on [La/Yb]N versus YbN and Sr/Y versus Y diagrams (Fig. 9),
but dark-grey gneisses and light-grey gneisses show two different
trends because of different Y and HREE abundances. As a whole,
the light-grey gneisses resemble TTGs with high SiO2 (>64 wt%),
high Na2O (3.75–5.01 wt%) and low ferromagnesian elements (e.g.,
Fe2O3 + MgO + MnO + TiO2 < 5 wt%, with an average Mg# of 0.43 and
average Ni and Cr contents of 14 and 29 ppm, respectively) (Martin
et al., 2005). We thus call these light-grey gneisses as TTGs or
TTG gneisses for discussion convenience. Some TTG samples have
relatively high K2O (3.06–3.93 wt%; see Supplementary Table 3)
due to their K-feldspar rich nature as a result of greater extent of
fractional crystallization and/or repeated re-melting. We call the
dark-grey gneisses as “TTG-like” or TTG-like gneisses for discus-
sion convenience (Fig. 9) as they are not typical TTG (Martin et
al., 2005) for its low-SiO2 (52.4–66.1 wt%) and high ferromagne-
sian (Fe2O3 + MgO + MnO + TiO2 = 4.68–15.9 wt%, Mg# = 0.47–0.68,
Ni = 13.1–77.2 ppm, Cr = 17.5–130 ppm; see Supplementary Table
3). The dark-grey gneisses are compositionally dioritic rock but not
sanukitoid (Mg# > 0.6; Ni > 100 ppm; Cr = 200–500 ppm; CeN > 100;
[Ce/Yb]N = 10–50; Shirey and Hanson, 1984).

4.3. Nd isotope

Nd isotope compositions of Lushan TTG and TTG-like gneisses
and amphibolite are listed in Supplementary Table 4. Whole
rock 143Nd/144Nd ratios of the amphibolite samples are relative
higher (0.511402–0.513272) than those of the gneiss samples
(0.510238–0.511336). The amphibolites and TTG-like gneisses all

have positive εNd(t) (0.26–3.25), whereas TTG gneisses have rela-
tively low εNd(t) (−1.31 to −0.23). As a whole, εNd(t) decreases from
amphibolites to TTG-like gneisses and to TTG gneisses (Fig. 10a).
Single-stage Nd model ages (TDM) of amphibolites vary significantly
(1915–4956 Ma) because of variable fSm/Nd (−0.38–0.13), but con-
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entrate in the range of 2837–3025 Ma if we exclude three samples
TH05-10, TH05-22 and B-20) with high fSm/Nd which could be
aused by strong alteration (LOI > 3% in B-20; Xue et al., 1995) or
onuniform distribution of garnet (high Al2O3 contents in TH05-10,
H05-22). Single-stage Nd model ages of TTG-like and TTG gneisses
ary in a range of 2981–3012 and 3033–3112 Ma, respectively (see
upplementary Table 4).

Nd isotopes of Lushan Lower Taihua complex differ significantly
rom the late Archean rocks of the Eastern Block (e.g., Eastern

ebei and Taishan of Western Shandong; Jahn et al., 1988; Yang
t al., 2008) and North part of Trans-North China Orogenic belt
e.g., Zhongtiaoshan and Wutaishan-Fupin; Sun et al., 1992; Sun
nd Hu, 1993) or the early Archean rocks from Qianan of Eastern
ebei (Huang et al., 1986; Jahn et al., 1987). The integrated Lushan
nd gneisses from the Lushan lower Taihua group. Some amphibolite data are from
d eclogite experimental melts are after the compilations of Wang et al. (2006).

lower Taihua complex was originally derived from depleted mantle
at 2.8–3.1 Ga (Fig. 10b).

5. Discussion

5.1. Petrogenesis of the Lushan gneisses

The Lushan gneisses all have high Sr/Y and La/Yb ratios charac-
teristic of TTGs and adakites (Martin et al., 2005; Condie, 2005).

Such signature could result from melting of a high Sr/Y source
(Moyen, 2009) or from different contributions of plagioclase,
amphibole or garnet during melting (e.g., Martin et al., 2005;
Moyen, 2009). The Lushan TTG and TTG-like gneisses are products
of two different events as revealed by field relationships (Fig. 2b)
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ig. 7. Chondrite-normalized REE patterns and primitive mantle-normalized trace
ower Taihua group. Chondrite and PM normalization factors are from Taylor and
rom Sun and McDonough (1989).

nd age differences (Fig. 3). The Lushan TTG gneisses obviously have
uch more complex sources than the TTG-like gneisses from their

igh proportion of inherited zircons (Fig. 3b) and relatively low
Nd(t) values (Supplementary Table 4). In addition, the TTG-like
neisses occur mostly in the northern Lushan area, while the TTG
neisses are more abundant in the southern Lushan area. Thus, it
s less likely that the protolith of the TTG gneisses could be partial

elts of the TTG-like gneisses.
Melting of a high Sr/Y and La/Yb source is possible, but is unlikely

or the petrogenesis of the TTG-like gneisses because there is no

vidence for the presence of such an Archean source rock in the
outhern NCC. High Sr/Y and La/Yb ratios in the Lushan TTG-like
neisses are likely due to different roles of plagioclase, amphibole
r garnet. Plagioclase fractionation can effectively reduce Sr, Sr/Y

ig. 8. K vs. Rb diagram for the Lushan amphibolites and gneisses. Rb depletion trend
f Archean granulites of eastern North China Craton based on Huang et al. (2004),
rends for continental igneous rocks and oceanic tholeiites from Shaw (1968), and
he average basaltic to felsic rocks in Archean greenstone belts from Jahn and Zhang
1984).
ent spidergrams for amphibolites (a and b) and gneisses (c and d) from the Lushan
nan (1985) and Sun and McDonough (1989), respectively; N-MORB and E-MORB

and Eu/Eu*. Relatively low Eu/Eu* (Supplementary Table 3; Fig. 11a
and b) in two TTG-like gneiss samples is consistent with a weak
plagioclase modal deficiency in the rock. Sr/Y and La/Yb in the melt
could increase significantly as a result of fractionation of amphi-
bole and/or garnet at relatively high pressures or partial melting
with residual amphibole and/or garnet (Castillo et al., 1999), but
this would also lead to SiO2 increase (Macpherson et al., 2006),
yet the lack of Sr/Y (and La/Yb) correlation with SiO2 for the TTG-
like gneisses (Supplementary Table 3) suggests that the high Sr/Y
and La/Yb in these rocks are not due to amphibole and/or garnet
fractionation.

Furthermore, amphibole has a high KD for HREEs, but even
higher for medium to heavy REEs (e.g., Dy); therefore, amphibole
removal can induce decreasing Dy/Yb ratios. Although amphibole
fractionation is commonly accompanied by plagioclase removal in
natural systems, the net effect of amphibole and plagioclase frac-
tionation is an increase in La/Yb, decrease in Dy/Yb, and moderate
increase or even decrease in Sr/Y (Moyen, 2009). The Lushan TTG-
like gneisses show a positive correlation between Sr/Y and La/Yb,
and Dy/Yb increases with increasing Sr/Y and to a lesser extent
La/Yb (Fig. 12b and c). Thus fractionation of amphibole and pla-
gioclase may be involved, but cannot thoroughly explain the high
Sr/Y and La/Yb ratios of the Lushan TTG-like gneisses. Unlike amphi-
bole, garnet fractionation will not only effectively raise the Sr/Y and
La/Yb ratios, but also increase the Dy/Yb ratio in the melt (Fig. 12)
(Macpherson et al., 2006; Davidson et al., 2007). Because garnet
is also an aluminous mineral, its fractionation will also reduce
Al2O3 with increasing SiO2 in the residual melts. Relatively constant
Al2O3 in the Lushan TTG-like gneisses (Fig. 6e) is again inconsis-
tent with garnet fractionation. All these signatures, however, are
qualitatively consistent with partial melting with garnet as a resid-

ual phase. Thus partial melting with residual amphibole and/or
garnet can better explain the high Sr/Y and La/Yb ratios in the
Lushan TTG-like gneisses. In general, partial melting of mafic rocks
with a residue of eclogite or amphibole-bearing eclogite would
produce TTG (Martin et al., 2005; Condie, 2005). However, it is
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Fig. 9. Plots of (La/Yb)N vs. YbN and Sr/Y vs. Y for the amphibolites and gneisses from the Lushan lower Taihua group. Fields of high-Al TTG, adakite and common island arc
m C-1:
c g cur
a arnet
a

u
t
h
t
t
m
i
v
2
T
t
m
(
m

S
a
r
a
t
a
g
i
r
g
i

F
C
(
(

agmatic rocks are from Defant and Drummond (1990) and Martin et al. (2005). M
rust + 70% N-MORB”; FC: Rayleigh fractionation curve of 10% melts on MC-2; Mixin
ndesitic to tonalitic melts were used in the calculation: amphibole (Sisson, 1994), g
nd lower crust from Rudnick and Gao (2003).

nlikely that the Lushan TTG-like gneisses were formed by par-
ial melting of an oceanic crust alone, which would require a rather
igh-degree partial melting for its low-SiO2 and high-MgO con-
ents. The characteristics of low-SiO2 and high mafic elements in
he Lushan TTG-like rocks suggest the participation of some mafic

elts. Archean sanukitoid with low-SiO2 and high mafic elements
s most likely re-melting of peridotite previously metasomatised
ia addition of slab-melt (Shirey and Hanson, 1984; Martin et al.,
005). But this process is unlikely to be responsible for the Lushan
TG-like gneisses because of their low-Mg#, Cr and Ni relative to
ypical sanukitoids. The contamination of “TTG” by basaltic mag-

as may account for the genesis of the Lushan TTG-like magmas
Figs. 9 and 12), which can result in the high Sr/Y and La/Yb TTG-like

agmas with high-MgO, Cr and Ni relative to typical TTG.
Notable positive Eu anomalies and the correlations between

r, Sr/Y and Eu/Eu* observed in the Lushan TTG gneisses (Fig. 11)
re indicative of varying extent of plagioclase accumulation in the
ock because plagioclase has excessively high positive Sr and Eu
nomalies yet highly depleted in all other REEs with a characteris-
ic [La/Yb]N > 1 (McKay et al., 1994; Niu and O’Hara, 2009), which
lso explains the REE patterns of the TTG gneisses (Fig. 7c). The pla-

ioclase accumulation may have been further diluted by quartz for
ts high SiO2 and very low LREEs, which is evidenced by a negative
elationship between Na2O and SiO2 (Fig. 6h). Amphibole and/or
arnet fractionation or the presence of these minerals in the melt-
ng residue will also promote Sr/Y and La/Yb ratios in the Lushan

ig. 10. Nd isotopic evolution diagrams for the Lushan amphibolites and gneisses: (a) εNd(
hina Craton are also shown for comparison. Eastern Block: Qianan (EH) amphibolites (J
Jahn et al., 1988); Neoarchean intrusive rocks of eastern Hebei (EH) (Yang et al., 2008). Tra
Sun et al., 1992); Zhongtiaoshan (ZT) metamorphic basaltic rocks (Sun and Hu, 1993). Ab
fractional melting curve of N-MORB; MC-2: fractional melting curve of “30% lower
ve: between N-MORB and 5% melts on MC-1. Partition coefficients in the system of
and clinopyroxene (Barth et al., 2002). The N-MORB average from Hofmann (1988)

TTG gneisses. The very high Sr/Y ratios and positive Eu anomalies in
some TTG gneiss samples (TH05-21, TH05-16 and TH05-9) are most
likely attributed to the plagioclase accumulation (Fig. 11), but high
Sr/Y and La/Yb ratios of other samples are mostly elevated by the
fractionation of garnet and/or amphibole because of good positive
correlations between Sr/Y, (La/Yb)N and Dy/Yb (Fig. 12). High-
pressure origin has become implicit in the term “Archaean TTG”
because the features of high-Al TTG reflect the presence of garnet
and amphibole as well as the lack of plagioclase either as resid-
ual or fractionating phases (Martin et al., 2005). It is very hard to
evaluate the exact behavior of amphibole and garnet in the residue
during partial melting, which had been diluted by the plagioclase
accumulation and garnet ± amphibole fractionation. The plagio-
clase accumulation cannot explain the large variation of Dy/Yb,
but partial melting with residual garnet will effectively raise the
Dy/Yb ratios in the melt while residual amphibole will decrease
Dy/Yb ratios. Thus the similar Dy/Yb between the less fractiona-
tion samples (TH08-10, TH05-21, TH05-16 and TH05-9) and the
amphibolites (Fig. 12b) might indicate the effects of residual garnet-
amphibolite. The negative εNd(t) values and a high proportion of
inherited zircons in the Lushan TTG gneisses indicate that the

source material for partial melting might contain some preexistent
crustal materials.

In brief, the Lushan TTG and TTG-like gneisses have different
origins. The TTG rocks resulted from crustal melting involving
older materials, followed by garnet ± amphibole fractionation and

t) vs. ages; (b) εNd(2.77 Ga) vs. 147Sm/144Nd. Some typical Archean rocks from North
ahn et al., 1987; Huang et al., 1986); Taishan (WS) amphibolites and grey gneisses
ns-North China Orogen: Wutaishan-Fupin (WT-FP) amphibolites and grey gneisses
breviations of metamorphic complexes shown in Fig. 1a.
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ig. 11. Diagrams of Sr/Y, [La/Yb]N vs. Eu/Eu* for the Lushan amphibolites and
neisses.

lagioclase accumulation. The TTG-like rocks formed as a result of
ixing between basaltic magmas and partial melts of mafic crust
ith residual amphibole or garnet or both.

.2. Source characteristics of the Lushan gneisses

Subducting ocean crust under eclogite facies condition would
e the potential source material for TTGs as an Archean analogue
f Cenozoic adakite (Defant and Drummond, 1990; Drummond et
l., 1996; Kay et al., 1993; Martin, 1999; Martin et al., 2005). How-
ver, most early Archean and many late Archean TTG suites are not
nalogues of Cenozoic adakite, but more likely represent partial
elts of basaltic lower crust rather than of subducted/subducting

cean crust (Smithies and Champion, 2000; Smithies, 2000; Condie,
005). Therefore, careful geochemical evaluations are needed in
scertaining source materials of the Archean TTGs.

Partial melts of the subducting ocean crust will interact with
eridotitic mantle during ascent, resulting in high-MgO, Cr and Ni
ontents (Smithies, 2000; Martin et al., 2005; Moyen, 2009). The
ushan TTG-like gneisses have low-SiO2 and high-MgO (or Mg#),
r and Ni relative to typical TTG, which is consistent with the model
f partial melts of peridotitic mantle interaction with partial melts
f a subducting ocean crust (Fig. 6c, 13a and b). Positive εNd(t) val-
es without relic zircons in the Lushan TTG-like gneisses is also
onsistent with the slab melting model. Additionally, whole rock
d model ages of the TTG-like gneisses (based on depleted mantle)
re very close to the zircon Hf model ages ∼3033 ± 15 Ma (Fig. 4b;
upplementary Table 2). Because zircon is a mineral rich in Hf with
ery low Lu, its fractionation from magma can result in the prefer-
ntial retention of Lu over Hf in the residual melt. Therefore any pre-
ractionation of zircons from the system or participation of ancient
rust into the system would cause differences in Nd–Hf variation

Huang et al., 2009). So the matching zircon Hf and bulk-rock Nd

odel ages indicate that there is no obvious pre-fractionation of
ircons from the system or participation of pre-existing crustal
aterials in the generation of the Lushan TTG-like rocks.
Fig. 12. Diagrams showing relationships between (La/Yb)N, Sr/Y and Dy/Yb for the
Lushan gneisses. Fractional melting curves (MC-1, MC-2), Rayleigh fractionation
curve (FC) and mixing curve were calculated as shown in Fig. 9.

In contrast, the negative εNd(t) values in the Lushan TTG
samples are similar to those of the thickened lower crust-
derived melts, which is also consistent with the low-MgO
(0.88–2.14 wt.%), Cr (5.21–31.1 ppm), Ni (1.64–11.6 ppm) and high
SiO2 (63.9–69.7 wt.%) in these samples (Fig. 13; Supplementary
Table 3). Zircon Hf isotopes place further constraints on the nature
of the source of the Lushan TTG. As a whole, positive average εHf(t)
value (0.55 ± 0.66; Fig. 4a) in zircons from TH05-21 indicates the
involvement of mantle-derived components in their petrogenesis.
As most εHf(t) values of TH05-21 at 2.72 Ga are distinctively lower
than that of the depleted mantle (Fig. 4c), the immediate source is

likely a preexistent crustal material as evidenced by the presence
of a high proportion of inherited zircons. The high εHf(t) values cal-
culated for respective 207Pb/206Pb ages of some inherited zircons in
TH05-21 are very close to the evolution curve of the depleted man-
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ig. 13. Plots of (a) Ni vs. SiO2 and (b) Cr vs. SiO2 for the Lushan gneisses and
mphibolites. Fields of adakites are after the compilations of Wang et al. (2006).

le (Griffin et al., 2000) (Fig. 4c). We thus propose that the Lushan
TG were generated by partial melting of a crust formed during
.95–2.80 Ga based on the 207Pb/206Pb ages of the relic zircons in
H05-21.

The Lushan gneiss samples all exhibit strong depletion of Nb, Ta
nd Ti on the primitive mantle-normalized trace-element spider-
ram (Fig. 7d). This behavior is generally interpreted as the effect of
utile or Ti-bearing amphibole crystallization or as residual phases
n the source region (e.g., Ionov and Hofmann, 1995; Tiepolo et
l., 2000, 2001; Coltorti et al., 2007; Foley et al., 1987; Klemme
t al., 2005, 2006; Xiong et al., 2005). Amphibole removal could
ecrease Dy/Yb, and also lower the Nb/Ta but increase the Zr/Sm in
he residue (Fig. 14a) (Tiepolo et al., 2000, 2001; Foley et al., 2002).
hus the strong negative correlation of Zr/Sm vs. Dy/Yb (Fig. 14b)
nd positive correlation of Nb/Ta vs. Dy/Yb (Fig. 14c) are indicative
f amphibole as a residual phase during partial melting of ocean
rust, which is consistent with the relatively flat HREE patterns
Fig. 7c) of the TTG-like rocks. However, the strong negative corre-
ation between Dy/Yb and Ti/Ti* (=2TiPM/[SmPM + TbPM]) (Fig. 14d)
nd positive correlation between Zr/Sm and Ti/Ti* (Fig. 14e) sug-
ests that amphibole removal might not be totally responsible for
he strong depletion of Nb–Ta–Ti in the Lushan TTG-like gneisses. It
ad been suggested that rutile fractionation will cause high Nb/Ta
atios in the residual melts (Xiong et al., 2005; Klemme et al., 2006).
owever, more recent evidence from natural samples suggests that
b/Ta ratio in rutile is quite variable (Aulbach et al., 2008). Rutiles

rom ancient and metasomatism subcontinental lithospheric man-
le have superchondritic Nb/Ta ratios, but those from undisturbed

esidues would have subchondritic Nb/Ta ratios (Aulbach et al.,
008). The positive εNd(t) values and coupling Nd–Hf model ages
ithout relic zircons in the Lushan TTG-like gneisses indicate the
ostly undisturbed source. Removal of rutile with subchondritic
b/Ta ratios may cause high Nb/Ta ratios in the residual melts,
esearch 182 (2010) 43–56

so the strong negative correlation between Nb/Ta and Ti/Ti* may
indeed reflect the effect of rutile (Fig. 14f).

The Lushan TTG gneisses show depleted and concave-upward
REE patterns between middle and heavy REEs, which are apparently
the effect of amphibole removal by fractional crystallization or as
a residual phase during melting because amphibole has high parti-
tion coefficients for these elements (Rollinson, 1993, and references
therein). So amphibole as a liquidus phase during magma evolution
or as a residual phase during melting can cause negative Ta–Nb and
Ti anomalies in the Lushan TTG, which is also supported by distinct
higher Zr/Sm in TTG gneisses than in TTG-like gneisses and primi-
tive mantle (Fig. 14a). The Lushan TTG samples also have scattered
Nb/Ta ratios, and high Nb/Ta ratios in some samples (TH05-9, TH05-
16 and TH05-21; Fig. 14), which might be attributed to the buffering
effect of plagioclase accumulation (Fig. 11). Thus the present data
could not exclude the possibility of rutile as a residual phase during
partial melting. Although amphibole fractionation is likely a very
important process in the petrogenesis of the Lushan TTG, the pre-
dicted negative relationship between Zr/Sm and Ti/Ti* did not occur
(Fig. 14e). Zircon fractionation may be the main reason when con-
sidering low Zr contents in the felsic samples (see Supplementary
Table 3), which will also lower Y contents and raise Sr/Y ratios of
the melts (Moyen, 2009).

5.3. Implications for the Archean crustal accretion at the
Southern NCC

5.3.1. Ages of the Lushan amphibolite
The Lower Taihua group is the most important and extensive

Archean terrane at the southern margin of the NCC (Zhang et al.,
1985). The existing age data of the Taihua terrain include Sm–Nd
isochron age of 2766 ± 29 Ma for whole-rock samples of the Lushan
amphibolite (Xue et al., 1995) and U–Pb ages of 2806–2841 Ma for
three zircon grains in a tonalitic gneiss sample (Kröner et al., 1988).
Whole rock Sm–Nd isochron age of 2766 ± 29 Ma for the Lushan
amphibolite (Xue et al., 1995) is the same as zircon SHRIMP U–Pb
age of the Lushan TTG-like gneisses in this study. The geological
observations show that amphibolites commonly occur as enclave
in the Lushan gneisses, so the whole rock Sm–Nd isochron age of
Xue et al. (1995) is likely to reflect the reset of the Sm–Nd isotope
system related to magmatism of TTG-like rocks.

5.3.2. Original crustal accretion during 2.95–2.80 Ga
The Lushan amphibolites have low-SiO2, high-MgO and Fe2O3

(Fig. 6) with variable Mg# (0.41–0.65), relatively high TiO2 and
CaO, Cr (37.2–442 ppm), Ni (43.2–177 ppm) and V (197–369 ppm),
which is consistent with the protoliths being basaltic rocks. Fur-
thermore, the Lushan amphibolites have flat chondrite-normalized
REE patterns, nearly flat primitive mantle-normalized trace-
element spidergram without obvious Nb, Ta Ti and Eu anomalies,
and positive εNd(t) of 1.20–3.25 (calculated to 2.77 Ga). These
geochemical features further suggest that the protoliths may be
E-MORB-like (Fig. 9b). If these amphibolites could be considered as
representing the components of initial oceanic crust in the southern
NCC, then the ocean crust would have formed at ∼3.0 Ga (from 2.95
to 2.80 Ga) (Fig. 15a) according to the depleted mantle Nd model
ages of amphibolites (2.8–3.0 Ga; Supplementary Table 4) and the
oldest relict zircon (2.95 Ga) in the TTG gneisses.

The zircon SHRIMP U–Pb age of TH05-21 also suggests that the
previous single grain zircon U–Pb ages (2806–2841 Ma; Kröner et
al., 1988) would be mean ages of the mixture within single grain.

These relic zircons might record the original crustal accretion in
the area, perhaps during 2.95–2.80 Ga based on the 207Pb/206Pb
ages and corresponding initial Hf isotopes of the relic zircons in
TH05-21 (see Supplementary Table 1 and 2; Fig. 4). However,
we do not yet know exactly the nature and origin of the early
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id-ocean-ridge basalts (MORB), ocean-island basalts (OIB) and island arc basalt (I

rom Sun and McDonough (1989).

rustal materials in the southern NCC, whether sequential intra-
ceanic thrust-stacking or obduction of oceanic crust (De Wit,
998) (Fig. 15b) and/or accretion of oceanic plateaux (e.g., De Wit
t al., 1992; Desrochers et al., 1993; Condie, 1997).

.3.3. Flat-subduction at ∼2.77 Ga
The subduction might be initially developed because of lateral

ompositional buoyancy contrast within the lithosphere (Niu et
l., 2003). In the southern NCC, subsequent to the early preserved
rust formed by intra-oceanic thrust-stacks and/or by accretion
f oceanic plateau during 2.95–2.80 Ga, flat-subduction of oceanic
lab because of high heat flow, as a significant mode of Archaean
ubduction (Abbott and Hoffman, 1984; Abbott, 1991; van Hunen et
l., 2008), possibly began at ∼2.77 Ga indicated by zircon SHRIMP
–Pb ages of the Lushan TGG-like gneisses. TTG melts produced

hrough partial melting of subducted oceanic crust might have

scended and interacted with melts from peridotite in a thin mantle
edge, resulting in the low-SiO2 and high-Mg# TTG-like magmas

hat may have intruded the overlying oceanic plateau and/or intra-
ceanic thrust-stacks (Fig. 15c). Our preferred model of subducting
ceanic crust melting and melt interaction with the mantle wedge
vs. Ti/Ti* diagrams for the Lushan gneisses and amphibolites. Fields of TTG, modern
e from Foley et al. (2002). Nb/Ta (17.4) and Zr/Sm (25.2) ratios of primitive mantle

implies that TTG-like magmas would not be influenced by possi-
ble processes like early differentiations during intra-oceanic plate
stacking and/or oceanic plateau accretion. Therefore, the Lushan
TTG-like gneisses would have positive εNd(t) values and coupled
Nd–Hf model ages without relic zircons.

5.3.4. Crustal thickening at 2.72 Ga
All the processes such as flat-subduction, intra-oceanic plate

stacking and/or oceanic plateau accretion would result in crustal
thickening. If crustal thickening is rapid, the appropriate conditions
(e.g., eclogite facies) for partial melting can be achieved before the
crust dehydrates, which would result in low-Mg# and high SiO2
TTG (Smithies and Champion, 2000). The Lushan TTG might result
from melting of thickened lower crust (Fig. 15d-1) or together with
2). If the melt parental to the TTG were indeed derived from the
thickened lower crust with complex differentiation histories during
early intra-oceanic plate stacking and/or oceanic plateau accretion
(Fig. 14b), the TTG would have complex relic zircons and negative
εNd(t) values.
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ig. 15. Schematic diagram illustrating the tectonic scenario for the late Archean
rustal evolution of the southern North China Craton.

.4. Implications for the genesis of Archean TTGs

TTGs are the major component of the Archean crust (Smithies,
000; Condie, 2005), which differ from the modern adakite by hav-

ng lower Mg#, Cr, Ni and higher SiO2 (Smithies, 2000; Martin et
l., 2005; Condie, 2005). Because the composition of these TTGs is
ot consistent with modern-style subduction processes, melting
f hydrous basaltic material at the base of thickened crust is per-
aps more likely (Smithies, 2000). The observation that low-Mg#

nd high SiO2 TTG is dominant in the late Archean also supports
he thickened lower crust model. However, geochemical features
f Archean TTG magmas changed from 4.0 to 2.5 Ga (Martin et
l., 2005; Condie, 2005), and late Archean TTGs were also thought
o form principally above subduction zones (e.g., Drummond and
efant, 1990; Drummond et al., 1996; Martin, 1999; Rapp et al.,
003; Martin et al., 2005). Thus a critical issue related to TTGs

s whether and how its genetic mechanism changes with time
Condie, 2005). The different origins of the Lushan TTG-like and TTG
neisses in the southern NCC record a transition from subduction
o thickened crust.

There is wide acceptance that some form of plate tectonics was
ctive in the Archean (e.g., Hoffman, 1989; Card, 1990; De Wit et
l., 1992; Kröner and Layer, 1992; Hamilton, 1995). Therefore it
eems reasonable to suggest that TTG may have formed in a subduc-
ion environment (e.g., Drummond and Defant, 1990; Drummond
t al., 1996; Martin, 1999; Rapp et al., 2003; Martin et al., 2005).
igh-Mg# and low-SiO2 TTG-like gneiss in the Lushan Lower Tai-
ua complex show the geochemical characteristics in favor of the

ubducting oceanic slab model, which highlights the possibility of
ubduction environment for TTG formation during the late Archean.

The generation of high-Mg# and low-SiO2 TTG requires slab
elting at great depth and interaction of the melt with the mantle
esearch 182 (2010) 43–56

wedge (e.g., Martin, 1999; Smithies, 2000; Smithies and Champion,
2000; Martin et al., 2005; Condie, 2005). Therefore, production
of high-Mg# and low-SiO2 TTG would be less likely if subduction
was typically flat without mantle wedge. Additionally, the short
time interval between the generation of the Lushan TTG-like rocks
(2765 ± 13 Ma) and TTG (2723 ± 9 Ma) suggests that the condition
of flat-subduction with a mantle wedge in the Archean might be
short-lived, which may help explain the absence of high-Mg# and
low-SiO2 TTG in most Archean terranes.

6. Conclusions

On the basis of geochronological, geochemical and Nd–Hf
isotopic data, the following conclusions can be drawn on the pet-
rogenesis of the Lushan Lower Taihua complex:

(1) The Lower Taihua complex at Lushan area is dominated
by amphibolite, TTG-like gneisses (2765 ± 13 Ma) and TTG
gneisses (2723 ± 9 Ma). The TTG gneisses contain abundant relic
zircons with ages between 2.95 and 2.80 Ga.

(2) The high-Mg# and low-SiO2 TTG-like gneisses may have
derived from partial melting of flat-subducting ocean crust and
the melt interaction with the mantle wedge. The low-Mg# and
high SiO2 TTG gneisses resulted from partial melting of thick-
ened lower crust composed of older materials differentiated
during early crustal accretion, which had undergone plagioclase
accumulation and garnet ± amphibole fractionation.

(3) Geochronological, geochemical and Nd–Hf isotopic data of the
gneisses from the Lushan Lower Taihua complex record the
history of Archean crustal accretion in the southern NCC from
ocean crust formation to subducting-slab melting, and to intra-
crustal reworking.
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