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A series of Late Neoarchean high Ba–Sr granites with a potassium-rich signature has been identified from the
Taishan granite–greenstone terrane (TSGT), within the Eastern Block of the North China Craton (NCC).
LA-ICP-MS zircon dating shows that the Wanghailou, Hujiazhuang and Xiajiazhuang granitic intrusions
were emplaced at ~2.54 Ga, ~2.52 Ga and ~2.47 Ga, respectively. Geochemically, they are alkali-rich, with
high K2O contents and high K2O/Na2O ratios, revealing their high-potassium calc-alkaline nature. They are
enriched in large ion lithophile elements (LILE) and light rare earth elements (LREE) relative to typical A-,
I- and S-type granites, and show negative anomalies in HFSE (Nb, Ta, Ti) and weak Eu anomalies. Their geo-
chemical and isotopic characteristics, such as extremely low Y and Yb concentrations, high Sr/Y and (La/Yb)cn
ratios, strongly fractionated REE patterns and elevated εNd(t) and εHf(t), imply that the parental magmas
were derived directly from partial melting of the sub-arc enriched mantle at depths >15 kbar with residual
garnet in the source. This mantle was previously depleted lithospheric mantle and was subsequently
metasomatized by subduction-related fluids and/or melts. Fractional crystallization and crustal assimilation
of these magmas during ascent resulted in their variable geochemical and isotopic characteristics. Taking
into account the space–time patterns of late Archean magmatism in the area, an active subduction regime
is favored to account for the generation of these potassic high Ba–Sr granites in the TSGT.
The two-stage Nd and Hf model ages of these granites suggest that continental crust older than 2.80 Ga is
preserved beneath the TSGT. In combination with previous data from the region, it is noted that, apart
from rapid crustal growth at ~2.7 Ga, other additions of mantle-derived magma, such as minor 2.6–2.5 Ga
sanukitoids, siliceous high-Mg basalts (SHMBs) and high Ba–Sr granites, also made a significant contribution
to continental crustal evolution in the TSGT.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Granitic rocks are the main components of continental crust and
are widely viewed as the end-products of growth of the Earth's litho-
sphere, either directly from mantle-derived magmas or by re-melting
of pre-existing crust (e.g., Chappell and White, 1992; Rapp and
Watson, 1995; Petford and Atherton, 1996; Chappell and White, 2001;
Hawkesworth and Kemp, 2006a,b,c; Kemp et al., 2006, 2007). Due to
differences in their origin, source and evolution, they display great di-
versity and thus can be used as indicators of geodynamic environments
and, in some cases, as tracers of geodynamic evolution (Barbarin, 1999),
especially now that the amount of data is so voluminous (e.g., Condie,
2000; Kemp and Hawkesworth, 2003; Souza et al., 2007; Kemp et al.,
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2009; Chebeu et al., 2011, and references therein). Probing the origin,
transport and emplacement of granitoids is thus crucial for under-
standing continental crustal growth and crustal evolution. With ap-
proximately 70% of continental crust generated before the end of the
Archean (e.g., Hawkesworth and Kemp, 2006a; Kemp et al., 2007):
much of this consists of Na-rich tonalite–trondhjemite–granodiorite
(TTG), with minor potassium-rich granitoids (e.g., Sylvester, 1994).
These Archean Na-rich TTG and potassium-rich granitic rocks are char-
acterized by high Ba–Sr contents (Ba > 500 ppm and Sr > 300 ppm)
and strongly fractionated REE patterns, similar to the Phanerozoic
high Ba–Sr granites, such as those from the Silurian (Caledonian), Late
Cretaceous and Tertiary orogenic belts worldwide (e.g., Tarney and
Jones, 1994; Qian et al., 2003; Fowler et al., 2008; Ye et al., 2008; Choi
et al., 2009). Such signatures are different from the typical Phanerozoic
granitic rocks that have commonly been classified into I-, S- and A-type
granites, with low Ba–Sr contents and only moderately fractionated
REE patterns (e.g., Chappell and White, 1992; Frost et al., 2001 and
references therein). In general within a given terrane, potassium-rich
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granitoids typically follow emplacement of Na-rich TTG, and formed
mainly at the Archean–Proterozoic boundary (e.g., Jayananda et al.,
1995; Frost et al., 1998; Jayananda et al., 2000; Moyen et al., 2001,
2003). Although these potassic granitic rocks are only a minor compo-
nent of Archean granite–greenstone terranes, they nonetheless com-
prise a significant part of the Archean crust (Sutcliffe et al., 1990) and
have a disproportionate tectonic importance. Studies have demonstrat-
ed that most of the late potassic granitoids, especially the sanukitoids
and the Closepet-type granites (e.g., Frost et al., 1998; Jayananda et al.,
2000; Smithies and Champion, 2000; Moyen et al., 2001, 2003; Halla,
2005; Lobach-Zhuchenko et al., 2005; de Oliveira et al., 2009; Martin
et al., 2009; Moyen, 2011), originated directly from an enriched litho-
spheric mantle rather than by reworking (partial melting) of earlier
TTG. Hence, these potassic high Ba–Sr granitoids carry important
clues as to their source, petrogenesis and mechanisms of continental
crustal formation and crustal evolution in the Archean (e.g., Taylor
and McLennan, 1985; Rudnick, 1995).

The North China Craton (NCC) is composed of the Eastern andWest-
ern blocks, and the intervening Trans-North ChinaOrogen (Fig. 1a; Zhao
et al., 2001). The Eastern Block of the NCC contains the oldest rocks in
China (~3.8 Ga) (e.g., Liu et al., 1992, 2008; Wilde et al., 2008) and
underwent rapid crustal growth at around 2.7 Ga, similar to most
Fig. 1. (a) Tectonic subdivision of the North China Craton (modified from Zhao et al., 2005).
siliceous high-Mg basalt.
other Archean cratons (e.g., Jahn et al., 1988; Cao et al., 1996; Wu et
al., 2005b; Wan et al., 2010, 2011). Unlike other cratons, however, a
strong tectono-magmatic event at ~2.5 Ga is recorded across the
whole NCC (e.g., Zhao et al., 2005; Yang et al., 2008; Wan et al., 2010,
2012c). Thus, ~2.5 Ga igneous rocks predominate and only minor
~2.7 Ga granites and greenstones are present, mostly occurring in the
Eastern Block (Wan et al., 2010, 2011, 2012a and references therein).
The ~2.7 Ga granitoids are dominantly Na-rich TTGs, with subordinate
potassic granitoids and high-Mg rocks (e.g., Polat et al., 2006; Wang et
al., 2009; Wan et al., 2010, 2012c). From field and geochronological
evidence, the potassium-rich granitic rocks in the NCC also post-date
the Na-rich TTG. Several show an affinity to high Ba–Sr granite (Yang
et al., 2008). These potassic high Ba–Sr granites record important infor-
mation on the growth and evolution of continental crust in the Eastern
Block of the NCC, particularly in the TSGT where typical greenstones
crop out (e.g., Zhao et al., 2001; Polat et al., 2006). In this contribution,
we present new geochronological, elemental and whole-rock Nd and
zirconHf isotopic data for the late Neoarchean potassic high Ba–Sr gran-
ites in the TSGT. Our aims are to: (1) characterize the petrogenesis of
these potassium-rich granites and the nature of their source; (2) pro-
vide an insight into the tectonic setting, and (3) advance our under-
standing of the mode of continental crustal growth in the Archean.
(b) Simplified geological map of the TSGT (modified after Wan et al., 2010). SHMB =
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2. Geological setting and petrography

The North China Craton formed by the amalgamation of the Eastern
and Western Blocks along the Trans-North China Orogen at ~1.85 Ga
(Fig. 1a; Zhao et al., 1999a,b, 2000, 2001, 2005; Kröner et al., 2006; Liu
et al., 2006; Zhang et al., 2006; Zhao et al., 2006; Trap et al., 2007;
Zhang et al., 2007; Zhao et al., 2007, 2008a,b; Zhang et al., 2009). The
Western Block is further subdivided into the Yinshan Block in the
north and the Ordos Block in the south, which amalgamated along the
Khondalite Belt at ~1.95 Ga (Fig. 1a; Zhao et al., 2003; Xia et al., 2006a,
b, 2008, 2009; Yin et al., 2009; Zhao, 2009; Zhao et al., 2010; Zhou et
al., 2010; Yin et al., 2011), whereas the Eastern Block experienced a
rifting event at ~1.90 Ga and subsequent collision between the
Longgang and Langrim Blocks, forming the Jiao-Liao-Ji Belt (Fig. 1a;
Luo et al., 2004; Li et al., 2005, 2006; Li and Zhao, 2007; Luo et al.,
2008; Zhou et al., 2008; Tam et al., 2011, 2012a,b). The Eastern Block is
dominated by ~2.7–2.6 Ga TTG gneisses, mafic–ultramafic igneous
rocks, ~2.52 Ga diorite, granodiorite, monzogranite, and K-feldspar
granite plutons and syntectonic charnockites, with minor 2.55–2.50 Ga
bimodal volcanics and sedimentary supracrustal rocks (Zhao et al.,
1998, 2001; Wu et al., 2005a, 2008; Yang et al., 2008; Jiang et al.,
2010; Li et al., 2010; Wan et al., 2010, 2011, 2012b, c). In addition,
some granitoid intrusions with an age of 3.3–2.8 Ga had been recog-
nized in the Eastern Block (Liu et al., 1992; Song et al., 1996). The oldest
known basement within the craton is also located here, and has been
dated at 3.8 Ga (Liu et al., 1992; Wu et al., 2005a,b; Liu et al., 2008;
Nutman et al., 2011).

The TSGT is located in western Shandong Province within the
Eastern Block of the NCC (Fig. 1a), with a total area of >10,000 km2.
It extends in a northwest–southeast direction, being truncated by
the Tanlu Fault in the east (Fig. 1b). The basement gneisses are
Mesoarchean to Paleoproterozoic in age, and are partially overlain
by Paleoproterozoic to Cenozoic platform cover. Neoarchean base-
ment rocks crop out widely and are dominantly ~2.7–2.5 Ga TTG
gneisses and gneissic monzogranites, accounting for 80% of the total
Precambrian basement in the TSGT (Jahn et al., 1988; Wan et al.,
2010). Minor ~2.7–2.6 Ga ultramafic to felsic volcanic rocks and
metasedimentary rocks occur as lenses within the TTG gneisses and
constitute the Taishan greenstone belt (Fig. 1b; Xu et al., 1992; Cao
et al., 1996). Recently, an additional younger igneous suite (~2.54 Ga),
including enriched mantle-derived (previously depleted) magmas
Fig. 2. Geological maps showing the location of the late Neoarchean high Ba–Sr granites.
SHMB = siliceous high-Mg basalt.
(i.e., sanukitoids and siliceous high-Mg basalts) and subducted slab-
derived rocks (adakitic intrusions), has been identified (Wang et al.,
2009; Peng et al., 2012, 2013). Field observations suggest that these
later plutons intrude the TTG gneisses (Jahn et al., 1988; Cao et al.,
1996; Wu et al., 1998), and were metamorphosed at lower grades than
the gneissic country rocks. Also, diorites and granites with a similar em-
placement age of ~2.54 Ga have recently been reported in the study area
(Shen et al., 2004, 2007; Hou et al., 2008; Wan et al., 2012b, c).

The potassic high Ba–Sr granites for this study were collected from
the Wanghailou (08YS-104-118; Fig. 2a) and Hujiazhuang (08YS-
104-118; Fig. 2a) granitic intrusions in the Feixian area, and the
Xiajiazhuang intrusion in the Zoucheng area (08YS-139-142; Fig. 2b).
Their regional distribution is shown in Fig. 1b. All the plutons intrude
into late Archean gneisseswith ages of ~2.55 Ga (Fig. 2a and b). All sam-
ples are biotite monzogranite in composition, although some from the
Wanghailou intrusion lie close to the granodiorite field (Fig. 3). All
rocks are gray in color, medium- to coarse-grained, and composed of
K-feldspar (~25–30%), plagioclase (~27–40%), quartz (~15–25%), and
biotite (~10–15%), with minor amounts of zircon, apatite, titanite and
Fe oxides. One representative sample from each of these intrusions
was selected for zircon U–Pb dating. Sample 08YS-112 was collected
from north of Wanghailou Mountain (35°28.665″N, 118°03.304″E;
Fig. 2a); sample 08YS-105 was collected from approximately 1 km
south of Hujiazhuang village (35°27.488″N, 118°05.875″E; Fig. 2a);
and sample 08YS-142 was obtained from near Xiajiazhuang village
(35°21.708″N, 117°26.797″E; Fig. 2b).
3. Analytical techniques

3.1. Zircon U–Pb dating

Zircons for LA-ICP-MS dating were separated using conventional
heavy liquid andmagnetic techniques and then handpicking under a bin-
ocular microscope. The zircon grains were mounted in epoxy resin,
polished to half their thickness, and then photographed in transmitted
and reflected light. The internal structure of the zircons was examined
using cathodoluminescence (CL) imaging prior to U–Pb isotopic analysis.
The CL imageswere obtained using an EMPA-JXA-8100 scanning electron
microscope at the Guangzhou Institute of Geochemistry, Chinese Acade-
my of Sciences, Guangzhou.
(a) The Wanghailou and Hujiazhuang intrusions and, (b) the Xiajiazhuang intrusion.
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Fig. 3. Classification of the late Neoarchean high Ba–Sr granites from the TSGT according
to their modal mineral contents using the QAP diagram (based on Streckeisen, 1976).
Q = quartz; A = alkali feldspar; P = plagioclase; AG = alkali-feldspar granite; AS =
alkali-feldspar syenite; SG = syenogranite; QS = quartz syenite; MG = monzogranite;
QM = quartz monzonite; GD = granodiorite; QD = quartz monzodiorite.
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LA-ICP-MS U–Pb dating of zircons was conducted at the State Key
Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences, Guiyang, China. A GeoLasPro laser-
ablation system (Lamda Physik, Gottingen, Germany) and Agilent
7700x ICP-MS (Agilent Technologies, Tokyo, Japan) were combined
for the experiments. The 193 nm ArF excimer laser, homogenized by a
set of beam delivery systems, was focused on the zircon surface with
a fluence of 10 J/cm2. Ablation protocol employed a spot diameter of
32 μm at 5 Hz repetition rate for 40 s (equating to 200 pulses). Helium
was the carrier gas used to transport the aerosol to theMS. Zircon 91500
was used as the external standard to correct elemental fractionation,
while zircons GJ-1 and Plešovice were also used for quality control.
Lead concentration in zircon was externally calibrated against NIST
SRM610with Si as the internal standard, and Zr as the internal standard
for other trace elements (Hu et al., 2011). Data reduction was per-
formed off-line by ICPMS DataCal (Liu et al., 2010a,b). 202Hg is usually
b10 cps in the gas blank, therefore the contribution of 204Hg to 204Pb
is negligible and is not considered further. Common Pb was corrected
according to the method proposed by Anderson (2002). The U–Pb
ages were calculated using the U decay constants of Steiger and Jäger
(1977) and Isoplot Ex 3 software (Ludwig, 2003). Individual analyses
are presented with 1σ error in Table 1, and age uncertainties for pooled
data are quoted at the 95% confidence level. U–Pb zircon concordia plots
and representative zircon CL images are shown in Fig. 4.

3.2. Zircon Hf isotope analysis

All Hf isotopic compositions of single zircons were determined at the
Department of Earth Sciences, theUniversity of Hong Kong. The detailed
analytical procedure follows that reported by Xia et al. (2011). Zircon
91500 was used as the external standard with a recommended 176Hf/
177Hf ratio of 0.282306 ± 10 (Woodhead et al., 2004). Correction for
isobaric interference of 176Luon 176Hf and 176Yb on 176Hfwas performed
by using the recommended 176Lu/175Lu ratio of 0.02669 (De and Taylor,
1993) and 176Yb/172Yb ratio of 0.5886 (Chu et al., 2002), respectively. A
decay constant for 176Lu of 1.865 × 10−11 year−1 (Scherer et al., 2001)
was adopted in this work. εHf(t) values were calculated using the mea-
sured U–Pb ages and with reference to the chondritic reservoir
(CHUR) present-day 176Hf/177Hf = 0.282772 and 176Lu/177Hf =
0.0332 (Blichert-Toft and Albarede, 1997). Single-stage Hf model ages
(TDM1(Hf)) were calculated relative to the depleted mantle present-
day value of 176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384 (Nowell
et al., 1998; Vervoort and Blichert-Toft, 1999; Griffin et al., 2000). We
also calculated a ‘crustal’ model age (TDM2(Hf)), which assumes that
the parental magma was produced from average continental crust
(176Lu/177Hf = 0.015) that originally was derived from the depleted
mantle. The zircon Hf analyses were obtained using the same mounts
as those used for U–Pb dating and data were collected over the U–Pb
spots in most cases but, where this was not possible, they were run on
adjacent siteswithin the sameCL domain. The analytical results are listed
in Table 2.

3.3. Major and trace element analyses

Major oxide contents were determined at the Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences (CAS), Guangzhou,
using a wavelength dispersive X-ray fluorescence (XRF) spectrometer
with analytical errors better than 2%. Trace element analyses were
performed at the Institute of Geochemistry, CAS, Guiyang, China,
using an inductively coupled plasma mass spectrometer (ICP-MS).
The detailed analytical procedure is described in Qi et al. (2000).
The analytical precision is better than 5% for elements >10 ppm, bet-
ter than 8% for those b10 ppm, and about 10% for transition metals.
The analytical results are listed in Table 3.

3.4. Whole-rock Nd isotope analyses

Nd isotopic ratios were measured using a VG 354 mass-
spectrometer at the Guangzhou Institute of Geochemistry, CAS, Guang-
zhou. The mass fractionation corrections for Nd isotopic ratios were
normalized to 146Nd/144Nd = 0.7219. Standard La Jolla gave 143Nd/
144Nd = 0.511862 ± 10 (n = 6)during the course of the experiments.
The whole procedure blanks were less than 50 pg for Nd. The 147Sm/
144Nd ratios were calculated using the Sm and Nd contents measured
by ICP-MS. The Nd isotopic results are presented in Table 4.

4. Results

4.1. Zircon U–Pb and Lu–Hf results

4.1.1. Wanghailou intrusion
All zircon crystals from sample 08YS-112 are euhedral, equant to

elongate in habit (length/width ratio of 2:1), and brown to pink in
color. Concentric oscillatory zoning (Fig. 4a), coupledwith high Th/U ra-
tios (0.32–1.10; Table 1), indicates a magmatic origin. Of the 21 zircons
analyzed, 18 are discordant and 20 zircons define an upper intercept
age of 2543 ± 16 Ma; only two zircons plot close to the concordia, giv-
ing 207Pb/206Pb ages of 2526 ± 38 Ma and 2520 ± 35 Ma (Fig. 4a).
Thus, the age of 2543 ± 16 Ma can be interpreted as the emplacement
time of the monzogranite. One analysis falls on concordia and gives an
older age of 2633 ± 35 Ma, indicating it is an inherited zircon.

Fifteen zircon grains from the sample were analyzed for Lu–Hf iso-
topic composition (Table 2). Fourteen analyses of 2520 Ma zircons
yielded a relatively low 176Hf/177Hf ratio between 0.281170 and
0.281418 and a wide range of εHf(t) values from −1.06 to +5.67
(Table 2; Fig. 5) with TDM2(Hf) model ages ranging from 2.68 Ga to
3.10 Ga. The older zircon xenocryst yielded an εHf(t) value of +1.61
and TDM2(Hf) model age of 3.00 Ga.

4.1.2. Hujiazhuang intrusion
Zircon grains from sample 08YS-105 have similar morphologies,

being mostly transparent, euhedral and light brown in color, with
length/width ratios of 2:1 to 4:1. Cathodoluminescence (CL) images
indicate that these zircons commonly have concentric oscillatory zon-
ing (Fig. 4b), although some are darker and more homogeneous.
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Table 1
LA-ICP-MS U–Pb data for zircons from the potassic high Ba–Sr granites in the Taishan granite–greenstone terrane.

Analysis Content (ppm) Th/U Corrected isotope ratios Isotope ages (Ma)

Th U Pba 207Pba/206Pba ±1σ 207Pba/235U ±1σ 206Pba/238U ±1σ 207Pba/206Pba ±1σ 207Pba/235U ±1σ 206Pba/238U ±1σ

08YS-112
YS112-01 140 215 107 0.65 0.1673 0.0028 8.71 0.14 0.3757 0.0041 2531 28 2308 15 2056 19
YS112-02 276 634 220 0.44 0.1639 0.0025 6.59 0.12 0.2886 0.0038 2498 25 2058 16 1634 19
YS112-03 522 1160 231 0.45 0.1688 0.0036 3.45 0.12 0.1470 0.0058 2546 35 1517 27 884 33
YS112-04 114 295 179 0.39 0.1767 0.0035 12.53 0.25 0.5095 0.0065 2633 32 2645 19 2654 28
YS112-05 454 874 189 0.52 0.1586 0.0028 3.69 0.07 0.1678 0.0015 2440 31 1569 14 1000 8
YS112-06 152 176 114 0.87 0.1668 0.0037 11.34 0.27 0.4890 0.0068 2526 38 2551 22 2566 30
YS112-07 1213 1269 329 0.96 0.1661 0.0035 4.60 0.12 0.1986 0.0026 2520 35 1749 21 1168 14
YS112-08 799 1703 232 0.47 0.1592 0.0037 2.23 0.06 0.1010 0.0011 2447 40 1192 17 620 6
YS112-09 828 543 257 1.53 0.1653 0.0058 7.67 0.28 0.3336 0.0102 2511 59 2193 33 1856 50
YS112-10 289 289 189 1.00 0.1651 0.0062 10.95 0.39 0.4768 0.0090 2509 64 2519 33 2513 39
YS112-11 788 843 202 0.93 0.1608 0.0033 4.12 0.09 0.1834 0.0024 2465 33 1657 18 1086 13
YS112-12 735 554 178 1.33 0.1612 0.0041 5.01 0.10 0.2225 0.0042 2468 44 1821 16 1295 22
YS112-13 888 1099 245 0.81 0.1596 0.0028 3.77 0.08 0.1684 0.0031 2452 30 1585 18 1003 17
YS112-14 258 361 165 0.71 0.1664 0.0026 8.09 0.13 0.3469 0.0046 2521 26 2241 14 1920 22
YS112-15 186 280 139 0.66 0.1669 0.0023 9.55 0.15 0.4098 0.0058 2527 22 2393 14 2214 27
YS112-16 291 616 191 0.47 0.1611 0.0024 5.44 0.08 0.2417 0.0029 2478 25 1891 12 1395 15
YS112-17 207 228 103 0.91 0.1705 0.0026 8.07 0.13 0.3386 0.0034 2563 26 2239 14 1880 16
YS112-18 158 283 136 0.56 0.1677 0.0030 8.43 0.15 0.3598 0.0045 2535 29 2278 16 1981 21
YS112-19 511 677 212 0.76 0.1599 0.0024 5.15 0.08 0.2312 0.0020 2455 26 1844 14 1341 10
YS112-20 907 1121 128 0.81 0.1673 0.0055 1.85 0.07 0.0802 0.0030 2531 56 1063 24 497 18
YS112-21 458 968 239 0.47 0.1591 0.0052 4.06 0.14 0.1833 0.0029 2446 54 1646 28 1085 16

08YS-105
YS105-01 514 832 422 0.62 0.1644 0.0032 8.70 0.17 0.3810 0.0040 2502 33 2307 18 2081 19
YS105-02 577 890 157 0.65 0.1493 0.0025 2.73 0.04 0.1320 0.0013 2339 28 1337 12 799 8
YS105-03 111 257 98 0.43 0.1681 0.0032 6.57 0.14 0.2816 0.0045 2539 33 2055 19 1600 23
YS105-04 119 384 127 0.31 0.1632 0.0024 5.75 0.09 0.2542 0.0027 2500 24 1939 13 1460 14
YS105-05 242 322 165 0.75 0.1640 0.0028 8.52 0.14 0.3740 0.0040 2498 25 2288 15 2048 19
YS105-06 363 479 149 0.76 0.1634 0.0027 5.13 0.07 0.2270 0.0032 2491 28 1840 12 1319 17
YS105-07 125 241 65 0.52 0.1615 0.0022 4.75 0.10 0.2122 0.0037 2472 23 1776 17 1241 20
YS105-08 248 467 132 0.53 0.1616 0.0021 4.94 0.07 0.2195 0.0018 2473 23 1809 11 1279 9
YS105-09 652 789 199 0.83 0.1584 0.0022 4.14 0.05 0.1879 0.0018 2439 23 1663 10 1110 10
YS105-10 1371 2258 192 0.61 0.1554 0.0026 1.40 0.02 0.0646 0.0008 2406 29 888 9 404 5
YS105-11 219 467 172 0.47 0.1648 0.0023 6.76 0.11 0.2946 0.0035 2505 22 2081 14 1664 18
YS105-12 456 793 178 0.58 0.1617 0.0018 3.81 0.05 0.1691 0.0013 2473 19 1595 10 1007 7
YS105-13 439 531 127 0.83 0.1597 0.0018 4.06 0.05 0.1826 0.0012 2454 19 1646 9 1081 6
YS105-14 100 134 64 0.75 0.1623 0.0028 8.29 0.15 0.3669 0.0040 2480 29 2263 17 2015 19
YS105-15 430 631 113 0.68 0.1600 0.0024 3.12 0.05 0.1401 0.0017 2457 25 1437 13 845 10
YS105-16 124 272 115 0.46 0.1612 0.0032 7.63 0.15 0.3393 0.0044 2468 33 2188 18 1883 21
YS105-17 656 951 204 0.69 0.1615 0.0025 3.63 0.06 0.1614 0.0017 2472 21 1557 12 965 9
YS105-18 475 505 274 0.94 0.1635 0.0024 9.55 0.14 0.4185 0.0036 2492 25 2392 13 2254 17
YS105-19 256 550 150 0.47 0.1647 0.0036 4.59 0.08 0.2002 0.0029 2505 38 1747 15 1176 15
YS105-20 501 870 229 0.58 0.1620 0.0038 4.19 0.10 0.1852 0.0031 2477 40 1671 20 1095 17
YS105-21 408 673 213 0.61 0.1610 0.0027 5.59 0.10 0.2492 0.0035 2466 28 1915 15 1434 18
YS105-22 156 167 103 0.94 0.1659 0.0020 10.93 0.15 0.4739 0.0049 2517 21 2517 12 2501 21
YS105-23 1035 1425 217 0.73 0.2265 0.0670 2.44 0.10 0.1089 0.0047 3027 493 1254 30 666 27

08YS-142
YS142-01 975 955 187 1.02 0.1540 0.0029 2.92 0.05 0.1365 0.0015 2391 37 1387 14 825 9
YS142-02 70 121 75 0.58 0.1607 0.0041 10.47 0.27 0.4682 0.0066 2465 43 2477 24 2476 29
YS142-03 167 167 113 1.00 0.1610 0.0033 10.51 0.22 0.4692 0.0061 2466 34 2481 19 2480 27
YS142-04 185 260 135 0.71 0.1576 0.0026 8.45 0.15 0.3860 0.0041 2431 27 2281 16 2104 19
YS142-05 113 138 90 0.82 0.1613 0.0027 10.58 0.18 0.4721 0.0040 2469 28 2487 16 2493 17
YS142-06 451 569 262 0.79 0.1574 0.0029 7.33 0.15 0.3335 0.0033 2428 33 2152 18 1855 16
YS142-07 77 85 55 0.90 0.1610 0.0029 10.41 0.19 0.4656 0.0043 2466 31 2472 17 2464 19
YS142-08 216 319 197 0.68 0.1610 0.0030 10.47 0.18 0.4683 0.0053 2466 32 2478 16 2476 23
YS142-09 705 759 260 0.93 0.1560 0.0025 5.52 0.09 0.2539 0.0019 2413 26 1904 13 1458 10
YS142-10 97 95 62 1.02 0.1590 0.0027 10.30 0.18 0.4653 0.0038 2456 28 2462 16 2463 17
YS142-11 73 109 67 0.67 0.1607 0.0028 10.45 0.18 0.4682 0.0036 2465 28 2476 16 2475 16
YS142-12 66 84 52 0.79 0.1603 0.0032 10.39 0.20 0.4672 0.0042 2458 33 2471 18 2471 19
YS142-13 203 357 187 0.57 0.1585 0.0030 9.08 0.17 0.4112 0.0031 2439 33 2346 17 2220 14
YS142-14 454 487 237 0.93 0.1556 0.0031 7.50 0.14 0.3460 0.0023 2409 33 2173 17 1916 11
YS142-15 484 638 236 0.76 0.1530 0.0033 6.01 0.13 0.2818 0.0026 2379 37 1977 19 1600 13
YS142-16 765 790 221 0.97 0.1515 0.0031 4.37 0.09 0.2071 0.0017 2365 35 1707 16 1213 9
YS142-17 182 191 123 0.95 0.1607 0.0032 10.49 0.20 0.4688 0.0046 2463 33 2479 18 2478 20
YS142-18 176 250 133 0.70 0.1594 0.0026 9.00 0.13 0.4064 0.0026 2450 27 2338 13 2199 12
YS142-19 552 627 187 0.88 0.1593 0.0024 5.03 0.07 0.2270 0.0018 2448 20 1825 12 1319 9
YS142-20 257 395 216 0.65 0.1611 0.0018 9.43 0.10 0.4198 0.0025 2478 20 2381 10 2260 11
YS142-21 102 99 65 1.03 0.1606 0.0030 10.48 0.20 0.4681 0.0049 2462 31 2479 18 2475 21
YS142-22 137 217 132 0.63 0.1605 0.0032 10.35 0.18 0.4630 0.0066 2461 33 2467 16 2453 29

a Radiogenic lead.
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Fig. 4. LA-ICP-MS zirconU–Pb concordia diagrams for the late Neoarchean highBa–Sr gran-
ites in the TSGT of the Eastern Block, North China Craton: (a) 08YS-105, (b) 08YS-112 and
(c) 08YS-142. Insets show CL images of typical zircons analyzed. The scale bar is 100 μm
long.
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Twenty three analyses indicate that the zircons have a relatively wide
range in U (134–2258 ppm) and Th (111–1371 ppm) concentrations,
with Th/U ratios of 0.31–0.94 (Table 1), similar to those of typical mag-
matic zircons. The analyses are mostly discordant and define an upper
intercept age of 2520 ± 12 Ma (Fig. 4b); only one zircon plots close
to concordia and records a 207Pb/206Pb age of 2517 ± 21 Ma (Fig. 4b).
These results indicate an emplacement age of ~2520 Ma for the
Hujiazhuang monzogranite.
Fourteen zircon grains were analyzed for Lu–Hf isotopic composi-
tion (Table 2). All analyses yielded a similar range of 176Hf/177Hf ratio
(0.281130–0.281417) and εHf(t) values (0.88–+6.21) to theWanghailou
granite, barring one analysis (YS-105-3) having a low εHf(t) value
(−4.74). Taking into account that the larger error in 176Hf/177Hf ratio
and lower εHf(t) value for this analysis than the others (Table 2), it is
not included in the following discussion. The TDM2(Hf) model ages
range from 2.64 Ga to 2.96 Ga (Table 2; Fig. 5).

4.1.3. Xiajiazhuang intrusion
All zircons from sample 08YS-142 are 50–150 μm in size, with

length/width ratios of 1:1–3:1. They are euhedral and light brown
in color and show magmatic oscillatory zoning in CL (Fig. 4c). The
Th and U contents vary from 66 to 975 ppm and 84 to 955 ppm, re-
spectively, with Th/U ratios of 0.57–1.18, also consistent with a mag-
matic origin. Taken together, all 22 zircons analyzed record an upper
intercept age of 2469 ± 12 Ma. Of these, 11 spots are concordant and
record a weighted mean 207Pb/206Pb age of 2462 ± 18 Ma (Fig. 4c),
indicating a crystallization age of ~2460 Ma for the Xiajiazhuang
monzogranite.

By comparison with the Wanghailou and Hujiazhuang granites,
sample 08YS-142 from the Xiajiazhuang intrusion shows less varia-
tion in the 176Hf/177Hf ratio from 0.281203 to 0.281277, correspond-
ing to εHf(t) values ranging from −1.00 to +1.96 and TDM2(Hf)
model ages of 2.86–3.04 Ga (Table 2; Fig. 5).

4.2. Major and trace element compositions

For comparative purposes when discussing the new data, we have
also included on the figures published data for the late Archean mantle-
derived sanukitoids (Wang et al., 2009), siliceous high-Mg basalts
(SHMBs; Peng et al., 2013), and slab-derived adakitic rocks (Peng et
al., 2012) from the TSGT.

All granite samples from the Feixian and Zoucheng areas in the
TSTG have relatively constant SiO2 contents of between 71.91 wt.%
and 75.53 wt.%, and low contents of MgO, CaO, Fe2O3, TiO2, P2O5, Cr
and Ni; their Mg numbers vary from 35 to 44. They are rich in total
alkalis (Na2O + K2O = 7.91–8.67 wt.%), have high K2O/Na2O ratios
and plot in the high-potassium calc-alkaline field on the K2O versus
SiO2 diagram (Peccerillo and Taylor, 1976), revealing an overall po-
tassic character (Fig. 6a). The A/CNK values vary from 1.01 to 1.08, in-
dicating that they are peraluminous (Fig. 6b). On the major element
Harker diagrams (Fig. 7a–h), the MgO, Fe2O3, Al2O3, CaO, P2O5, TiO2

and Na2O contents decrease with increasing SiO2 contents, whereas
there is no correlation between K2O and SiO2. All samples have high Ba
contents (up to 2000 ppm) and Sr contents of 198 ppm to 321 ppm
(Table 3).

On chondrite-normalized REE diagrams (Fig. 8a–c), all the granites
display strongly fractionated REE patterns [(La/Yb)cn = 20.2–57.8 and
(Gd/Yb)cn = 1.27–3.26] with weak negative to positive Eu anomalies
(δEu = 0.75–1.73) [where ‘CN’ indicates normalization to chondrite
values]. Primordial mantle normalized incompatible trace element pat-
terns (Fig. 8b and d) for all samples are characterized bynegative Nb, Ta,
P, and Ti anomalies. In addition, marked negative U anomalies in the
Wanghailou and Hujiazhuang granites (Fig. 8b) and a slight Ba trough
in the Xiajiazhuang granites (Fig. 8d) are evident.

4.3. Sm–Nd isotope compositions

Two samples from each pluton were selected for Sm–Nd analysis
and all granites have a narrow range of 147Sm/144Nd (0.0862–0.1058)
and 143Nd/144Nd (0.510789–0.511159) ratios, corresponding to εNd(t)
values ranging from−2.88 to +3.51 (Table 4). The 147Sm/144Nd ratios
are lower than the average continental crustal value of 0.118 (Jahn and
Condie, 1995), indicating significant fractionation between Sm and Nd.
Therefore, the two-stage Nd model ages (TDM2) calculated using the
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Table 2
Lu–Hf isotopic compositions of zircons from the potassic high Ba–Sr granites in the TSGT.

Analysis 176Hf/177Hf ±1σ 176Lu/177Hf 176Yb/177Hf 207Pb/206Pb age
(Ma)

176Hf/177Hf (i) εHf(t) TDM1(Hf)
(Ga)

TDM2(Hf) (Ga) fLu/Hf

08YS-112
YS-112-1 0.281247 0.000009 0.000884 0.020601 2540 0.281204 1.51 2.79 2.94 −0.97
YS-112-2 0.281418 0.000013 0.002005 0.042136 2540 0.281322 5.67 2.63 2.68 −0.94
YS-112-3 0.281170 0.000007 0.000793 0.017212 2540 0.281132 −1.06 2.89 3.10 −0.98
YS-112-4 0.281284 0.000011 0.002737 0.069708 2633 0.281146 1.61 2.88 3.00 −0.92
YS-112-5 0.281258 0.000011 0.001155 0.027862 2520 0.281203 1.45 2.79 2.94 −0.97
YS-112-6 0.281321 0.000008 0.001843 0.043039 2520 0.281233 2.50 2.76 2.88 −0.94
YS-112-7 0.281340 0.000012 0.001991 0.045073 2520 0.281244 2.91 2.74 2.85 −0.94
YS-112-8 0.281301 0.000009 0.001930 0.049029 2520 0.281209 1.65 2.79 2.93 −0.94
YS-112-9 0.281315 0.000010 0.001163 0.026899 2520 0.281259 3.47 2.72 2.82 −0.96
YS-112-10 0.281347 0.000011 0.000911 0.020648 2520 0.281304 5.04 2.65 2.72 −0.97
YS-112-11 0.281345 0.000014 0.000905 0.020365 2520 0.281301 4.96 2.66 2.73 −0.97
YS-112-12 0.281445 0.000018 0.005514 0.145197 2520 0.281179 0.56 2.87 3.00 −0.83
YS-112-13 0.281292 0.000014 0.001522 0.033573 2520 0.281219 2.02 2.77 2.91 −0.95
YS-112-14 0.281375 0.000009 0.001378 0.030382 2520 0.281309 5.23 2.65 2.71 −0.96
YS-112-15 0.281361 0.000009 0.003150 0.089210 2520 0.281209 1.66 2.80 2.93 −0.91

08YS-105
YS-105-1 0.281313 0.000015 0.001277 0.029473 2520 0.281252 2.75 2.73 2.85 −0.96
YS-105-2 0.281331 0.000017 0.000979 0.022148 2520 0.281284 3.89 2.68 2.78 −0.97
YS-105-3 0.281130 0.000024 0.001839 0.046767 2520 0.281041 −4.74 3.02 3.30 −0.94
YS-105-4 0.281310 0.000008 0.001072 0.023582 2520 0.281259 3.00 2.72 2.83 −0.97
YS-105-5 0.281380 0.000009 0.001542 0.037613 2520 0.281306 4.67 2.65 2.73 −0.95
YS-105-6 0.281360 0.000019 0.002936 0.068695 2520 0.281219 1.57 2.78 2.92 −0.91
YS-105-7 0.281343 0.000015 0.001333 0.029965 2520 0.281279 3.71 2.69 2.79 −0.96
YS-105-9 0.281347 0.000016 0.002044 0.047835 2520 0.281248 2.62 2.74 2.86 −0.94
YS-105-10 0.281359 0.000010 0.000834 0.019597 2520 0.281319 5.13 2.63 2.70 −0.97
YS-105-11 0.281390 0.000013 0.001377 0.032084 2520 0.281323 5.30 2.63 2.69 −0.96
YS-105-12 0.281293 0.000015 0.001958 0.046343 2520 0.281199 0.88 2.80 2.96 −0.94
YS-105-13 0.281417 0.000010 0.001408 0.032998 2520 0.281349 6.21 2.59 2.64 −0.96
YS-105-14 0.281322 0.000011 0.001635 0.036089 2520 0.281243 2.46 2.74 2.87 −0.95
YS-105-15 0.281308 0.000011 0.001022 0.023739 2520 0.281258 2.99 2.72 2.83 −0.97

08YS-142
YS-142-1 0.281211 0.000013 0.000235 0.005404 2470 0.281200 −0.23 2.79 2.99 −0.99
YS-142-2 0.281221 0.000009 0.000327 0.007200 2470 0.281205 −0.06 2.78 2.98 −0.99
YS-142-3 0.281244 0.000018 0.000352 0.008263 2470 0.281227 0.72 2.76 2.93 −0.99
YS-142-4 0.281229 0.000015 0.000437 0.010246 2470 0.281208 0.04 2.78 2.97 −0.99
YS-142-5 0.281241 0.000010 0.000272 0.006321 2470 0.281228 0.77 2.75 2.93 −0.99
YS-142-6 0.281220 0.000013 0.000499 0.011716 2470 0.281197 −0.35 2.80 3.00 −0.98
YS-142-7 0.281203 0.000007 0.000519 0.011548 2470 0.281179 −1.00 2.82 3.04 −0.98
YS-142-8 0.281277 0.000009 0.000320 0.007495 2470 0.281262 1.96 2.71 2.86 −0.99
YS-142-9 0.281246 0.000016 0.000338 0.007836 2470 0.281230 0.84 2.75 2.93 −0.99
YS-142-10 0.281263 0.000010 0.000884 0.021983 2470 0.281222 0.52 2.77 2.95 −0.97
YS-142-11 0.281253 0.000011 0.000401 0.009893 2470 0.281234 0.98 2.75 2.92 −0.99
YS-142-12 0.281208 0.000009 0.000343 0.008082 2470 0.281192 −0.53 2.80 3.01 −0.99
YS-142-13 0.281203 0.000011 0.000333 0.008081 2470 0.281187 −0.71 2.81 3.02 −0.99
YS-142-14 0.281214 0.000014 0.000274 0.005872 2470 0.281201 −0.22 2.79 2.99 −0.99
YS-142-15 0.281226 0.000009 0.000929 0.022285 2470 0.281182 −0.89 2.82 3.03 −0.97

The 176Hf/177Hf and 176Lu/177Hf ratios of chondrite and depleted mantle at the present day are 0.282772 and 0.0332, and 0.28325 and 0.0384, respectively, Blichert-Toft and
Albarede (1997) and Griffin et al. (2000). λ = 1.865 × 10 − 11 a−1, Scherer et al. (2001). (176Lu/177Hf)c = 0.015, t = crystallization age of zircon.
εHf(t) = 10,000 × {[(176Hf/177Hf)S − (176Lu/177Hf)S × (eλt − 1)] / [(176Hf/177Hf)CHUR,0 − (176Lu/177Hf)CHUR × (eλt − 1)] − 1}; TDM1(Hf) = 1 / λ × ln{1 + [(176Hf/177Hf)S − (176Hf/
177Hf)DM] / [(176Lu/177Hf)S − (176Lu/177Hf)DM]}; TDM2(Hf) = TDM1(Hf) − (TDM1(Hf) − t)((fcc − fs) / (fcc − fDM)), In our calculation, fcc = −0.55 and fDM = 0.157.
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same assumption as Keto and Jacobsen (1987), in the range of 2.56 Ga
to 3.13 Ga, are considered to be more reliable than the single-stage
model ages (TDM1) of between 2.54 and 3.02 Ga (Table 4).

5. Discussion

5.1. Petrological classification

Tarney and Jones (1994) defined an additional type of granite,
named the high Ba–Sr granitoids, based on high Sr (>300 ppm) and
Ba (>500 ppm) contents, which is distinct from the low Ba–Sr values
that characterize the I-, S- and A-type granites of the Phanerozoic
(Chappell and White, 1992). According to the difference in Sr and
Ba contents, most granites in this study plot in or near the high Ba–
Sr granite field, distinct from low Ba–Sr granite (Fig. 9a), and can be
classified as high Ba–Sr granite. Although most samples are lower in
Sr, than the original criterion of Tarney and Jones (1994), their high
Ba and low Rb concentrations (Table 3) result in different trends
from the normal low Ba–Sr type granitoids (Fig. 9a), but are similar
to the Scottish Caledonian high Ba–Sr granitoids (Tarney and Jones,
1994). Moreover, on the basis of the classification of El Bouseily and
El Sokkary (1975) using a similar trace element association of Sr, Ba
and Rb, most granites fall within the anomalous granite field with
the exception of two plotting on the boundary between the anoma-
lous granite and normal granite, but nonetheless distinguishable
from normal granite (Fig. 9b). Also, their strong fractionated REE pat-
terns, lack of pronounced negative Eu anomalies, marked depletion in
Nb, Ta, P and Ti (Fig. 8b and d), together with especially low Y and Yb
contents in response to high Sr/Y (29.4–116) and La/Yb (30.0–80.6)
ratios, are akin to those typical of high Ba–Sr granites (e.g., Tarney



Table 3
Major (wt.%) and trace (ppm) element compositions for the potassic high Ba–Sr granites in the TSGT.

Locality Wanghailou Hujiazhuang Xiajiazhuang

Sample 08YS-111 08YS-112 08YS-113 08YS-117 08YS-118 08YS-104 08YS-105 08YS-107 08YS-108 08YS-139 08YS-140 08YS-141 08YS-142

SiO2 73.17 75.53 73.80 75.12 72.59 74.33 74.11 71.91 73.30 73.96 73.85 73.64 73.80
Al2O3 14.63 13.59 14.46 13.64 15.08 13.94 14.35 14.79 14.65 13.80 13.81 13.83 13.79
CaO 1.30 1.03 1.14 1.33 1.41 1.18 1.26 1.75 1.37 1.48 1.51 1.53 1.52
MgO 0.33 0.23 0.26 0.38 0.29 0.30 0.29 0.54 0.32 0.48 0.48 0.49 0.47
Fe2O3 1.06 0.69 0.85 0.97 1.06 0.85 0.82 1.79 0.87 1.32 1.35 1.45 1.37
K2O 4.31 4.44 4.58 4.28 4.20 4.39 4.11 4.32 4.66 4.35 4.33 4.33 4.33
MnO 0.02 0.01 0.02 0.02 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.03 0.03
Na2O 4.16 3.60 4.09 3.62 4.51 4.04 4.26 3.76 4.07 3.73 3.74 3.73 3.74
P2O5 0.04 0.03 0.03 0.04 0.04 0.04 0.04 0.08 0.04 0.05 0.05 0.06 0.05
TiO2 0.15 0.11 0.14 0.10 0.14 0.13 0.12 0.26 0.12 0.17 0.18 0.18 0.17
LOI 0.61 0.53 0.42 0.36 0.50 0.55 0.39 0.56 0.37 0.49 0.51 0.57 0.57
Total 99.78 99.79 99.79 99.87 99.84 99.79 99.79 99.79 99.79 99.85 99.85 99.85 99.85
Mg# 38 40 38 44 35 42 42 38 42 42 42 41 41
A/CNK 1.05 1.08 1.05 1.05 1.04 1.03 1.04 1.05 1.03 1.02 1.02 1.02 1.01

Sc 3.07 1.90 4.56 2.95 3.46 4.04 2.84 3.28 3.65 3.83 4.09 4.61 3.85
V 8 6 5 12 10 10 9 15 9 17 17 18 16
Cr 33 36 21 23 13 66 69 41 23 12 17 18 12
Co 30 40 38 41 45 39 31 38 42 36 38 51 50
Ni 14 16 11 15 15 28 29 19 11 7 10 54 8
Ga 13.8 12.7 13.0 15.0 14.3 14.7 15.5 15.8 15.5 13.7 14.1 14.5 14.0
Rb 92.1 100 92.0 98.1 74.4 100 107 140 126 120 118 124 125
Sr 307 286 300 312 267 198 243 321 251 279 284 288 291
Y 4.09 3.08 5.07 2.68 5.56 6.73 5.16 6.87 4.85 5.48 5.59 6.35 6.37
Zr 89 72 102 57 99 73 73 74 84 97 91 98 99
Nb 3.31 1.79 2.68 2.50 2.91 6.58 3.78 6.87 3.69 5.17 4.86 4.76 4.64
Cs 1.14 1.32 1.44 2.55 1.79 2.47 3.24 3.92 2.10 1.93 2.34 2.01 2.02
Ba 1670 1660 1940 1990 901 723 821 1290 856 832 820 820 840
La 23.4 17.5 22.9 9.57 14.9 17.2 14.9 54.9 19.5 23.0 24.4 27.3 27.6
Ce 47 36.7 44.9 19.3 34.7 35.0 30.1 83.9 39.2 44.4 47.7 54.8 55.0
Pr 5.86 4.28 5.43 2.07 3.55 4.38 3.61 8.23 4.96 3.95 4.15 4.63 4.61
Nd 20.4 14.5 19.0 7.54 13.3 15.8 12.9 24.5 17.7 12.9 13.4 14.8 14.9
Sm 3.09 2.18 3.04 1.23 2.32 2.75 2.26 2.82 3.05 1.84 1.99 2.24 2.15
Eu 0.95 0.90 1.00 0.55 0.53 0.60 0.64 0.71 0.63 0.39 0.42 0.44 0.46
Gd 1.58 1.12 1.53 0.62 1.15 1.74 1.41 1.71 1.68 1.02 1.07 1.12 1.10
Tb 0.23 0.17 0.22 0.11 0.22 0.29 0.23 0.26 0.28 0.19 0.21 0.23 0.22
Dy 0.84 0.61 0.94 0.45 0.97 1.23 0.96 1.09 1.02 0.87 0.94 0.99 1.00
Ho 0.15 0.12 0.17 0.09 0.19 0.24 0.18 0.23 0.18 0.18 0.19 0.22 0.21
Er 0.46 0.34 0.55 0.26 0.56 0.64 0.50 0.74 0.50 0.59 0.61 0.62 0.64
Tm 0.06 0.05 0.07 0.03 0.07 0.08 0.07 0.10 0.06 0.08 0.08 0.09 0.10
Yb 0.43 0.33 0.54 0.26 0.53 0.57 0.46 0.68 0.43 0.61 0.60 0.69 0.69
Lu 0.08 0.06 0.10 0.04 0.08 0.09 0.08 0.11 0.06 0.09 0.10 0.11 0.11
Hf 2.40 2.12 2.93 1.59 2.70 2.44 2.39 5.48 2.58 2.89 2.62 2.92 2.87
Ta 0.34 0.30 0.48 0.38 0.42 0.65 0.44 0.80 0.35 0.79 0.84 0.86 0.83
Pb 15.1 17.5 15.3 13.8 13.1 16.1 17.2 19.8 16.4 17.6 17.7 18.4 18.3
Th 11.6 7.07 10.3 2.94 6.65 8.64 6.35 16.2 9.07 13.0 13.2 16.0 14.3
U 1.07 0.64 0.95 0.42 1.01 0.92 0.89 1.36 0.88 2.48 2.36 2.77 2.68

A/CNK = (mol. Al2O3/(CaO + K2O + Na2O)), Mg# = (100 × molar MgO/(MgO + FeO)), FeO = 0.8998 × Fe2O3.
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and Jones, 1994; Fowler et al., 2001; Qian et al., 2003; Fowler et al.,
2008; Ye et al., 2008; Choi et al., 2009). In this respect, such character-
istics are also similar to those of the Archean TTGs (or adakites; Martin
et al., 2005), sanukitoids (e.g., Smithies and Champion, 2000; Halla,
2005; Kovalenko et al., 2005; de Oliveira et al., 2009; Martin et al.,
2009; de Oliveira et al., 2010), and particularly the potassium-rich
Closepet-type granites that were emplaced shortly after sanukitoid
magmas (e.g., Moyen et al., 2001, 2003). However, it is evident that
the lower Mg number and P2O5 contents and higher K2O/Na2O ratios of
all potassic granites in this study are comparable to typical Phanerozoic
high Ba–Sr granites (Fig. 10a–c; Tarney and Jones, 1994; Fowler et al.,
2001; Moyen et al., 2001, 2003; Qian et al., 2003; Fowler et al., 2008; Ye
et al., 2008; Choi et al., 2009), and are distinct from Archean sanukitoids
and the Closepet-type granites (e.g., Smithies and Champion, 2000;
Halla, 2005; Kovalenko et al., 2005; de Oliveira et al., 2009; Martin et al.,
2009; de Oliveira et al., 2010). They are also distinguishable from the
late Archean sanukitoids and adakitic intrusions in the study area (see
Fig. 10a–c; Wang et al., 2009; Peng et al., 2012).
5.2. Petrogenesis

The high Ba–Sr granites are geochemically distinct from the tradi-
tional I-, S-, and A-type granites and their petrogenesis is still a matter
of debate, with different mechanisms proposed to generate their high
Ba–Sr contents. For example, Tarney and Jones (1994) proposed that
they were probably derived by (1) the partial melting of subducted
ocean islands or ocean plateaus, (2) the partial melting of underplated
mafic rocks, or (3) the partial melting of veined lithospheric mantle
that had been metasomatized by asthenosphere-derived carbonatitic
melts; in addition, some authors interpreted them as the products of
partial fusion of the mafic lower crust (e.g., Ye et al., 2008; Choi et al.,
2009), whereas other workers invoked an origin of enriched subconti-
nental lithospheric mantle to account for their genesis (e.g., Fowler
and Henney, 1996; Fowler et al., 2001; Qian et al., 2003; Fowler et al.,
2008). Alternatively, taking into account their similar geochemical sig-
natures to sanukitoids and TTGs, such as high Ba–Sr contents, Sr/Y and
(La/Yb)cn ratios and strongly fractionated REE patterns, and close



Table 4
Nd isotopic compositions of selected potassic high Ba–Sr granites in the TSGT.

Sample Nd Sm 147Sm/144Nd 143Nd/144Nd ±2σ εNd(t) fSm/Nd TDM1(Ga) TDM2(Ga)

08YS-112 14.5 2.18 0.0908 0.510789 4 −1.50 −0.54 2.91 3.02
08YS-113 19.0 3.04 0.0966 0.510816 4 −2.88 −0.51 3.02 3.13
08YS-105 12.9 2.26 0.1058 0.511000 3 −2.52 −0.46 3.02 3.08
08YS-108 17.7 3.05 0.1041 0.511159 4 1.17 −0.47 2.75 2.79
08YS-139 12.9 1.84 0.0862 0.511018 4 3.51 −0.56 2.54 2.56
08YS-142 14.9 2.15 0.0872 0.510952 4 1.91 −0.56 2.63 2.69

Notes: Chondrite uniform reservoir values, 147Sm/144Nd = 0.1967, 143Nd/144Nd = 0.512638, are used for the calculation. TDM1 values are calculated based on present-day (147Sm/
144Nd)DM = 0.2137 and (143Nd/144Nd)DM = 0.51315. Sm and Nd in ppm. TDM1 = l / λ × ln{1 + [(143Nd/144Nd)s − 0.51315] / [(147Sm/144Nd)s − 0.2137]}; TDM2 = TDM1 −
(TDM1 − t) × ((fcc − fs) / (fcc − fDM)); Where s = sample. fcc; fs and fDM are the fSm = Nd values of the continental crust, the sample and the depleted mantle, respectively. In
our calculation, fcc = −0.4 and fDM = 0.08592; where t = the formation age of the rock.
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space–time distribution with the latter, the petrogenesis of high Ba–Sr
granites may be related to these rocks or their fractionation products
(Smithies et al., 2004; Fowler et al., 2008).

All high Ba–Sr granites in the TSGT are characterized by high SiO2

and K2O, and A/CNK and K2O/Na2O ratios (most >1), as well as low
MgO, Cr and Ni concentrations. These features indicate a crustal
source. Nevertheless, the products of partial melting of tholeiitic,
calc-alkaline, and alkaline basaltic amphibolites in the lower crust
generally have K2O contents too low to allow evolution into the
high-K2O field (Fig. 6a). An origin from newly formed lower crust
can also not account for such signatures. When considering their
high Sr/Y and La/Yb ratios, they are comparable to Archean TTG
(Watkins et al., 2007). However, the higher SiO2 contents and higher
K2O/Na2O, Sr/Y and (La/Yb)cn ratios than Archean TTGs (generally
with K2O/Na2O b 0.5, Martin et al., 2005; Moyen, 2011), imply that
typical amphibolite-facies sodic TTGs observed in many Archean ter-
ranes could not produce melts with such a potassium-enriched char-
acter (Kleinhanns et al., 2003). Moreover, the experimental results of
Watkins et al. (2007) corroborated that the potassic high Ba–Sr
magmas could not be formed by reworking (partial melting) of
sodic-rich TTGs in the lower crust. Indeed, these potassic high Ba–Sr
granites in the TSGT have higher Mg numbers and SiO2 contents
and do not plot within the experimental melt field of partial melting
of metabasic rock at 1–4 GPa (Fig. 11). This precludes that they were
directly derived from partial melting of normal basic lower crust or a
subducting oceanic slab (Martin, 1999; Rapp et al., 1999; Condie,
2005). Partial melting of overthickened lower crust with a residue
of garnet can account for the highly fractionated REE patterns, very
Fig. 5. Plot of zircon εHf(t) versus U–Pb age for the late Neoarchean high Ba–Sr granites
in the TSGT. t = crystallization age of zircon. The corresponding lines of crustal extrac-
tion are calculated by assuming the 176Lu/177Hf ratio of 0.015 for the average continen-
tal crust (Griffin et al., 2002) and 176Lu/177Hf ratio of 0.022 for the mafic lower crust
(Amelin et al., 1999).
low HREE contents and some positive Eu anomalies in the high Ba–Sr
granites (Smithies, 2000). Nonetheless, according to the experimental
results of Rapp et al. (2002), based on high-pressure partial melting, it
is difficult to explain the potassium-rich character of these granites. In
particular, the overthickened crust may not have developed in a volca-
nic arc (see the discussion in Section 5.4). Additionally, the high Ba–Sr
granites in the TSGT possess lower Sr abundances than normal adakitic
magma (generally >500 ppm, Martin et al., 2005), also inconsistent
with an origin from partial melting of either mafic lower crust or a
downgoing oceanic slab; or their fractional crystallization products.
The lower Nb/La ratios (0.10–0.38) in the high Ba–Sr granites than the
Fig. 6. (a) K2O versus SiO2 (after Winchester and Floyd, 1977); (b) molar Al/(K + Na)
versus Al/(Ca + Na + K) diagram (after Maniar and Piccoli, 1989) for the high Ba–Sr
granites in the TSGT. Symbols are as in Fig. 5.
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Fig. 7. Harker variation diagrams for the late Neoarchean high Ba–Sr granites in the TSGT. The late Archean sanukitoids, adakitic rocks and SHMB (siliceous high-Mg basalt) are from
Wang et al. (2009) and Peng et al. (2012, 2013).
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lower continental crust (~0.6; Sun and McDonough, 1989), resemble
those of island arc basalts (Hawkesworth andKemp, 2006b), also incon-
sistent with an origin from lower continental crust.
Alternatively, due to the higher geothermal gradient in the Archean,
a buoyant oceanic plateau would be difficult to subduct beneath the
sub-arc mantle (Wyman et al., 2002). In this case, it is impossible that
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Fig. 8. Chondrite-normalized REE patterns and primitive-mantle-normalized spidergrams for the late Neoarchean high Ba–Sr granites in the TSGT. (a, b) the Feixian area and (c, d)
the Zoucheng area. The late Archean sanukitoids are fromWang et al. (2009). The late Archean adakitic intrusions and SHMBs are from Peng et al. (2012, 2013). High Ba–Sr granites
are from Fowler et al. (2001, 2008), Qian et al. (2003), Ye et al. (2008), and Choi et al. (2009). Normalizing values of chondrite and primitive mantle are from Taylor and McLennan
(1985) and Sun and McDonough (1989), respectively. Symbols are as in Fig. 7.
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these potassic high Ba–Sr granites were derived from partial melting of
subducted ocean islands or ocean plateaus, as suggested by Tarney and
Jones (1994). Consequently, a more feasible mechanism might involve
the highly enriched sub-arc mantle (Watkins et al., 2007) to generate
these high Ba–Sr granitic magmas in the TSGT. In this regard, the
Fig. 9. (a) Sr–Rb–Ba plot (after Tarney and Jones, 1994), and (b) Rb–Ba–Sr plot (after El Bo
Fields of high Ba–Sr and low Ba–Sr granitoids are based on data from Fowler and Henney
(1991a,b), Sajona et al. (1993, 1994), Morris (1995), Stern and Kilian (1996) and Yogodzi
et al. (1999), Smithies and Champion (2000), Halla (2005), Lobach-Zhuchenko et al. (200
Field of Closepet granite is from Moyen et al. (2001, 2003). Symbols are as in Fig. 7.
petrogenesis of the high Ba–Sr granites is comparable to those of the
late Archean sanukitoids that are characterized by high Ba–Sr, Sr/Y
and (La/Yb)cn and highly fractioned REE patterns (Fig. 8a and c) as
reported by Wang et al. (2009). Nevertheless, compared with the late
Archean sanukitiods (Sr = 608–966 ppm and Ba = 576–635 ppm,
useily and El Sokkary, 1975) for the late Neoarchean high Ba–Sr granites in the TSGT.
(1996) and Fowler et al. (2001). Fields of adakite are based on data from Defant et al.
nski et al. (1994, 1995). Field of Archean sanukitoid is based on data from Stevenson
5, 2008), Larionova et al. (2007), de Oliveira et al. (2009), and Martin et al. (2009).
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Fig. 10. (a) A/CNK, (b) Mg-number and (c) P2O5 versus K2O/Na2O plots for the late
Neoarchean high Ba–Sr granites in the TSGT. The fields of Archean sanukitoids are
from Brazil (de Oliveira et al., 2009), Australia (Smithies et al., 2004), Canada (Steven-
son et al., 1999) and Finland (Halla, 2005; Lobach-Zhuchenko et al., 2005). The
Closepet-type granite is from Moyen et al. (2001, 2003). High Ba–Sr granites are
from Fowler et al. (2001, 2008), Qian et al. (2003), Ye et al. (2008) and Choi et al.
(2009).

Fig. 11. Mg number versus SiO2 for the late Neoarchean high Ba–Sr granites in the
TSGT. Experimental melt compositions are from Rapp et al. (1999, and references
therein). High-Mg andesites are from Yogodzinski et al. (1994) and Shimoda et al.
(1998). Symbols are as in Fig. 7.
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Wang et al., 2009) in the study area, their lower Sr and higher Ba con-
tents, and slightly lower LREE contents (Fig. 8a and c), alongwith insig-
nificant fractional crystallization of plagioclase, indicate that pure
fractional crystallization of a sanukitoid parental magma could not pro-
duce these high Ba–Sr granites. In addition, the Nd isotopic characteris-
tics preclude the possibility of simple mixing between sanukitoid melt
(εNd(t) = +1.53–+3.30) and continental crustal rocks with low Ba–
Sr (b300 ppm) contents. Compared with the late Archean siliceous
high-Mg basalts (SHMBs) in the study area (Peng et al., 2013), the ab-
sence of negative Zr and Hf anomalies in the high Ba–Sr granites
(Fig. 8) argues against a simple magmatic differentiation–fractionation
model or a two component mixing model for the genesis of high Ba–
Sr granites. Furthermore, a distinct compositional gap in SiO2 and
MgO (Fig. 7) between the high Ba–Sr granites and the SHMB (Peng et
al., 2013) does not support a petrogenetic link between them. In
Fig. 12a–d, the lack of a linear correlation between the high Ba–Sr gran-
ites and the adakitic intrusions, the SHMBs, and the sanukitoids is also
inconsistent with an origin from fractional crystallization (AFC) of the
latter. Thus, a more viable explanation is that these high Ba–Sr granites
originated from a different enriched mantle source.

5.3. Nature of the magma source

The distinct enrichment in LREE and LILE and depletion in HFSE
(Nb, P and Ti) in the high Ba–Sr granites may indicate that their man-
tle source experienced subduction-related fluid or melt metasoma-
tism before partial fusion (e.g., Rapp et al., 1999; Prouteau et al.,
2001). Based on the pronounced enrichment in Sr (thousands of
ppm) and LREE (La/Yb ca. 10) in carbonatite (Plank and Langmuir,
1998), some authors advocated carbonate metasomatism to explain
the genesis of high Ba–Sr granites (Tarney and Jones, 1994; Fowler
et al., 2008). However, in comparison with the typical high Ba–Sr
granites with Sr contents over 500 ppm (Tarney and Jones, 1994;
Fowler et al., 2008), the TSGT potassic rocks possess relatively lower
Sr abundances (b400 ppm), but with some having higher Ba contents
(up to 2000 ppm; Table 3), and this is inconsistent with an origin re-
lated to carbonate metasomatism (LaFlèche et al., 1998). Further-
more, the low-P2O5 characteristics of all high Ba–Sr granites are in
disagreement with carbonatitic melt metasomatism as described by
Green and Wallace (1988), Ionov et al. (1993) and Rudnick et al.
(1993). Thus possible melt-related metasomatism from pelagic sedi-
ments that commonly have enhanced Ba (thousands of ppm), and
are invariably enriched in LREE (La/Yb ca. 10, Plank and Langmuir,
1998) could reasonably explain such enriched features in their man-
tle source.

However, an alternative mechanism is required to account for the
potassium-rich nature of the high Ba–Sr granites. A possibility is that
the involvement of terrigeneous sediments in their mantle source,
typically having high K2O/Na2O (Plank and Langmuir, 1998), could
generate the amount of K2O required. Also, it is well known from
studies of arc magmas that fluids released from a subducting slab
are hydrous and enriched in alkalis, LILE and LREE, due to the break-
down of hydrous phases in the subducting basaltic crust (Schmidt
and Poli, 1998; Scambelluri and Philippot, 2001). This process will
create potassium-rich volatile-bearing phases such as phlogopite,
K-richterite and pargasite in the mantle source (Canning et al.,
1996; Maury et al., 1996; Ionov et al., 1997; Fowler et al., 2001). For
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Fig. 12. (a) Cr, (b) Ni, (c) Sr and (d) Ba versus Mg number plots for the late Neoarchean high Ba–Sr granites in the TSGT. Symbols are as in Fig. 7.
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the ~2.54 Ga high Ba–Sr granites from the Wanghailou intrusion, a
trend of fluid-related enrichment, coupled with a weak trend of melt-
related enrichment, is observed in Fig. 13a–c, confirming that the main
agents of mantle metasomatism are H2O-rich fluids, together with a
contribution from silicic (adakitic, TTG) melts (Schiano et al., 1995;
Kilian and Stern, 2002). In the case of the ~2.52 and ~2.47 Ga high
Ba–Sr granites from the Hujiazhuang and Xiajiazhuang intrusions, re-
spectively, an exclusive melt-related enrichment is evident (Fig. 13a–c),
indicating involvement of melt generated from partial melting of sub-
ducted pelagic and terrigenous sediments. Metasomatism by all the
above agents can result in the high LREE and LILE enrichment andmarked
depletion in Nb and Ti (Weaver, 1991; Aldanmaz et al., 2000). Similarly,
this metasomatic process could also be responsible for the anomalously
low Rb content in the high Ba–Sr granites, as recognized by El Bouseily
and El Sokkary (1975).

Taking into account the strongly fractionated REE, highly enriched
LREE and depletion in HREE seen in all high Ba–Sr granites from the
TSGT, their parental magma could have originated from partial melting
of highly-enriched mantle (previously depleted mantle) at high pres-
sures (>15 kbar) with garnet in the residue. In the Sr/Y versus Y plot
(Fig. 14), all high Ba–Sr granites show an evolutionary trend from par-
tial melting of eclogite (Drummond and Defant, 1990), supporting this
interpretation. The fractionation of Ti- and P-bearing phases, such as
titanite and ilmenite/magnetite, without amphibole, would lead to de-
pletion of Nb, P, and Ti in the PM-diagrams (Fig. 8b and d) and no pro-
nounced negative Eu anomaly, since plagioclasewould not be a residual
phase. Similarly, plagioclase and alkali-feldspar crystal fractionation
must have been insignificant since the rocks contain high K2O, Na2O
and Ba contents (Table 3). It is also likely that their parental magma
was contaminated by older crustal components during magmatic evo-
lution. This process would account for the heterogeneous whole rock
εNd(t) (Table 4) and zircon εHf(t) (Table 2). In this regard, the petrogen-
esis of the high Ba–Sr granites is comparable to those of the late Archean
Closepet-type granites (e.g., Jayananda et al., 1995, 2000; Moyen et al.,
2001, 2003; Castro, 2004).

5.4. Tectonic environment

The tectonic setting for generating the ~2.7–2.5 Ga greenstones and
granitic rocks in the TSGT has been a controversial issue. For example,
based on the counterclockwise P–T path of the ~2.5 Ga granulites, to-
gether with the occurrence of Late Archean komatiites in the region,
Zhao et al. (1998, 2001, 2007) considered that a mantle plume was the
most plausible scenario to explain both regional metamorphism and
the formation of Late Archean magmatic rocks within the Eastern
Block of the North China Craton. Similarly, taking into account the pres-
ence of anomalously high-temperature komatiitic rocks (e.g., Polat et al.,
2006; Cheng and Kusky, 2007), and the absence of alkali intrusions and
adakites with relatively high MgO, Cr, and Ni concentrations in the Late
Archean, Yang et al. (2008) also argued that theNeoarcheanmagmatism
and continental crustal development in the Eastern Block of the North
China Craton were the result of contemporaneous mantle plume activi-
ty. In contrast, a study of the 2.8–2.7 Ga greenstone belt in western
Shandong by Polat et al. (2006) invoked a geodynamic model of
plume–craton interaction to explain the geological and geochemical
characteristics of the Taishan greenstone belt within the TSGT. They
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Fig. 13. (a) Ba/Y, (b) Ba and (c) Rb/Y versus Nb/Y plots for the late Neoarchean high
Ba–Sr granites in the TSGT. The trends shown in (a–c) are from Kepezhinskas et al.
(1997). Symbols are as in Fig. 7.

Fig. 14. Sr/Y versus Y plot (after Drummond and Defant, 1990; Martin, 1994) for the
late Neoarchean high Ba–Sr granites in the TSGT. Fields of adakites, and classic island
arc magmatic rocks are from Defant and Drummond (1990) and Martin et al. (2005).
Partial melting curves for basalt leaving residues of eclogite and garnet (10%) amphib-
olite from Drummond and Defant (1990). Labeled tick marks indicate percent partial
melting. Symbols are as in Fig. 7.
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also proposed an alternative model of arc–plume interaction to possibly
account for the presence of ~2.7 Ga komatiitic rocks and spatially asso-
ciated late (~2.6 Ga) calc-alkaline andesitic to rhyolitic volcanic rocks in
the region (Polat et al., 2006). More recently, a subduction model has
been considered responsible for the generation of the ~2.54 Ga igneous
rocks on the basis of the identification of sub-arc enriched mantle-
derived magma, including sanukitoids (Wang et al., 2009), SHMBs
with an affinity to boninite (Peng et al., 2013), and oceanic slab-
derived melts including low-Mg and high-Mg adakitic rocks (Peng et
al., 2012) within the TSGT. Most recently, Wan et al. (2010, 2012c) as-
cribed an arc environment to produce these late Neoarchean igneous
rocks, based on the spatial distribution of late Neoarchean gabbroic, di-
oritic and granitic rocks.

In this study, the identification of high-K calc-alkaline, high Ba–Sr
granites in the TSGT at 2.54–2.47 Ga, provides further constraints on
the nature of events and overall crustal dynamics in the lateNeoarchean.
There is a consensus that high Ba–Sr granites are generally emplaced in
extensional or non-compressional tectonic settings, such as during lith-
ospheric extension, slab breakoff, or late- to post-orogenic gravitational
collapse following an episode of crustal thickening (e.g., Qian et al.,
2003; Fowler et al., 2008; Ye et al., 2008; Choi et al., 2009). These events
may follow a period of subduction. Indeed, a subduction-related arc
setting has previously been suggested to account for the genesis of
high Ba–Sr granite (e.g., Tarney and Jones, 1994; Fowler and Henney,
1996; Fowler et al., 2001, 2008). The presence of contemporaneous
slab melts (adakitic rocks, Peng et al., 2012) and sub-arc enriched
mantle-derived sanukitoid magma and SHMBs with a boninite affinity
(Wang et al., 2009; Peng et al., 2013), coupled with coeval high-Mg
adakitic rocks representing the products of interaction between slab-
derived melts and overlying peridotite mantle (Peng et al., 2012), is a
strong argument in favor of active subduction at this time in the TSGT.
Such a scenario would result from mantle enrichment beneath the
TSGT. Hence, a subduction-related arc source is a plausible way to ex-
plain the generation of high Ba–Sr granites, which is also in agreement
with the petrogenesis of the late Archean sanukitoids, SHMBs and
adakitic rocks (Wanget al., 2009; Peng et al., 2012) in the study area. Im-
portantly, ~2.6–2.5 Ga komatiitic rocks have so far not been discovered
in the study area. It seems likely, therefore, that there was a change in
regional tectonics from a plume-dominated regime at 2.71 Ga that
resulted in komatiite and the scenario at 2.6–2.5 Ga that produced the
range of rocks, including high Ba–Sr granites, with an arc signature. Fur-
thermore, the following lines of evidence in the TSGT are also difficult to
explain by a ~2.5 Ga mantle plume. For instance, 1) magmatic rocks of
different ages and compositions occur in different zones and show an
asymmetrical distribution; 2) the older rocks (2560–2525 Ma) com-
monly underwent stronger deformation and metamorphism than the
younger rocks (2525–2480 Ma) (Wan et al., 2010); and 3) the lack of
coeval voluminous basalts and radiating dike swarms. Accordingly, an
active subduction environment can best explain the rock association
and spatial distribution of the late Neoarchean igneous rocks discussed
here.
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Fig. 15. Distribution of TDM2(Hf) model ages of zircons in the TSGT.
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5.5. Continental crustal growth and crustal evolution

It is generally considered that at least 70% of continental crust had
been formed before the end of the Archean, with a striking global peak
of rapid juvenile crustal generation at ~2.7 Ga (Hawkesworth and
Kemp, 2006b,c; López et al., 2006; Kemp et al., 2007; Hawkesworth et
al., 2010), although the mechanism with respect to plume or slab sub-
duction is controversial (e.g., Stein and Hofmann, 1994; Martin, 1999;
Smithies, 2000; Martin et al., 2005). The earliest generation of continen-
tal crust can be traced back to at least ~4.3 Ga as evidenced byWilde et
al. (2001). Indeed, evidence suggests that continental crustal growth
was not continuous but episodic in the Archean (Albarede, 1998;
Condie, 2000; Rino et al., 2004; Hawkesworth and Kemp, 2006b,c;
Kemp et al., 2007). For the NCC, rapid crustal growth at ~2.7 Ga has
been well established for the entire craton (e.g., Wu et al., 2005b; Wan
et al., 2011). However, distinct from other cratons, such as the Superior
(Percival et al., 2001), the western Canada Shield (Sandeman et al.,
2006), Wyoming (Rino et al., 2004), the Baltic Shield (Bibikova et al.,
2005; Halla, 2005; Samsonov et al., 2005), southern West Greenland
(Thrane, 2002; Steenfelt et al., 2005), the Pilbara and Yilgarn cratons of
Western Australia (Bateman et al., 2001; Blake, 2001; Rasmussen et al.,
2005), southern Africa (Poujol et al., 2003) and Zimbabwe (Matthew
et al., 1999; Hofmann et al., 2004), about 80% of the exposed igneous
rocks in the NCC are ~2.5 Ga TTGs and associated rocks (Zhao et al.,
2001, 2002; Wilde et al., 2005). Moreover, the imprint of a major
2.5 Ga tectono-thermal event was particularly strong in the NCC (Zhao
et al., 2005; Wan et al., 2012c, and references therein). Although multi-
ple tectono-thermal events have been revealed by the diverse chemistry
of supracrustal and intrusive rock associations, zircon dating and Hf and
Nd isotope studies (Zhao et al., 2012 and references therein), most mag-
matic events older than 2.8 Ga are reported only from the Eastern Block
of the NCC (Liu et al., 1992; Song et al., 1996; Wan et al., 2012a and ref-
erences therein).

The oldest rocks and zircons (~3.8 Ga) discovered in the Eastern
Block are the result of reworking of juvenile crust based on their elevat-
ed δ18O values (e.g., Wilde et al., 2008), indicating that the earliest
crustal differentiation took place before ~3.8 Ga. Other 3.8–3.1 Ga
tectono-magmatic events have been revealed from trondhjemitic
rocks (3.8–3.4 Ga), mafic dykes (3.31 Ga), felsic veins (3.6–3.3 Ga)
and monzogranite (3.1 Ga) in the Anshan area within the Eastern
Block (Liu et al., 2008; Wan et al., 2012a). Episodes of granitic
magmatism younger than 3.0 Ga are also reported, including the
~3.0 Ga Anshan and Tiejiashan granites (Liu et al., 1992; Song et al.,
1996). Moreover, two major mantle depletion events (at ~3.4 Ga and
2.8 Ga) have also been documented on the basis of the integration of
two-stage Nd model ages (TDM2) (Wu et al., 2005a), which correspond
to crustal formation at these times. This suggests that juvenile continen-
tal crustal growth was the result of multiple episodes of magmatic ex-
traction from the mantle, accompanied by episodic crustal reworking.
Nonetheless, in the case of the TSGT where the greenstones are well
preserved (Jahn, et al., 1988; Polat et al., 2006), rocks with an emplace-
ment age >2.8 Ga have not been reported so far and magmatic events
>2.8 Ga are only revealed from a few inherited zircons, including
3.6 Ga and ~2.85 Ga inherited zircons from granite in the Taishan com-
plex (Lu et al., 2008), and the 2837 ± 10 Ma inherited zircons from the
Yishui adakitic intrusions (Peng et al., 2012). Our whole-rock Ndmodel
ages and zircon Hf model ages of the high Ba–Sr granites, in combina-
tion with zircon Hf model ages reported recently from the TSGT
(Zheng et al., 2009; Wan et al., 2011), demonstrate that crustal base-
ment >2.8 Ga is present in the area, and that the oldest crustal rocks
might have been emplaced at ~3.5 Ga (Fig. 15), and that both extraction
of newmaterial from the mantle and reworking of older crust were im-
portant for the secular evolution of continental crust in the TSGT. On the
other hand, the marked depletion evident in most zircon Hf and whole-
rock Nd isotopic compositions of the ~2.6–2.5 Ga igneous rocks indi-
cates that their parental magmas were derived from a highly depleted
juvenile source (Jahn et al., 1988; Cao et al., 1996; Polat et al., 2006;
Yang et al., 2008;Wang et al., 2009;Wan et al., 2011). This also indicates
that, apart from themantle-derivedmafic–ultramafic rocks (i.e., gabbros
(Wan et al., 2010), and the SHMBs (Peng et al., 2013), the addition of
minor ~2.6–2.5 Ga intermediate-felsic igneous rocks [i.e., sanukitoids
(Wang et al., 2009) and high Ba–Sr granites (this study)] that originated
from the re-enriched mantle, also made an important contribution to
crustal evolution during the late Neoarchean, even though most of
~2.5 Ga granitic rocks resulted from reworking of older continental
crust (e.g., Yang et al., 2008; Wan et al., 2011).
6. Conclusions

Geochronological, geochemical and zircon Hf isotopic data for the
late Neoarchean potassic high Ba–Sr granites in the Taishan granite–
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greenstone terrane (TSGT), Eastern Block of the North China Craton,
allow us to reach the following conclusions:

(1) These high Ba–Sr granites were emplaced at ~2.54 Ga
(Wanghailou), ~2.52 Ga (Hujiazhuang) and ~2.47 Ga
(Xiajiazhuang), respectively.

(2) They were derived from a highly enriched mantle source that
was metasomatized by subduction-related fluids and/or melts
prior to extraction and the resultant magmas experienced some
degrees of crustal contamination during ascent.

(3) An active subduction environment is the most viable tectonic
setting for their generation, rather than a mantle plume.

(4) A crustal basement >2.8 Ga was present in the area, and both
extraction of new material from the mantle and reworking of
older crust were important for the secular evolution of continen-
tal crust in the TSGT.
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