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a b s t r a c t

Paleoproterozoic Xuwujia gabbronorites in the northern margin of the North China craton occur as
dykes, sills and small plutons intruded into khondalite (aluminous paragneisses, sedimentary protoliths
deposited at ca. 2.0–1.95 Ga), and as numerous entrained bodies and fragments of variable scales in the
Liangcheng granitoids (ca. 1.93–1.89 Ga). These gabbronoritic dykes are present at all locations where
ca. 1.93–1.92 Ga ultra-high-temperature metamorphism is recorded in the khondalite. A gabbronorite
sample from the Hongmiaozi dyke gives zircon 207Pb/206Pb mean ages of 1954 ± 6 Ma (core domains)
and 1925 ± 8 Ma (rim domains). These ages, as well as previously reported ages, constrain the age of
mafic magmatism to be at ca. 1.96–1.92 Ga (∼1.93 Ga). One sample from the Xigou gabbro intruded by
the Liangcheng granitoids gives a zircon 207Pb/206Pb mean age of 1857 ± 4 Ma, which is interpreted as
the age of a metamorphic overprint. The Xuwujia gabbronorites comprise mainly gabbronorite com-
positions, as well as some norite, olivine gabbronorite, monzonorite, quartz gabbronorite, and quartz
monzonorite. Chemically, they are tholeiitic and can be divided into two groups: a high-Mg group
(6.2–22.9 wt.% MgO) and a relatively low-Mg group (2.2–5.7 wt.% MgO). The high-Mg group shows nega-
tive Eu-anomalies (Eu/Eu* = 0.53–0.72), slight light rare earth element enrichment (La/YbN = 0.56–1.53),
and small negative anomalies in high field-strength elements. The �Nd (t = 1.93 Ga) values vary from
+0.3 to +2.4. The low-Mg group shows varied Eu-anomalies (Eu/Eu* = 0.48–1.05), and is enriched in light
rare earth elements (La/YbN = 1.51–11.98). The majority shows negative anomalies in high field-strength
elements (e.g., Th, Nb, Zr, and Ti). Initial �Nd (at 1.93 Ga) values for low-Mg gabbronorites vary from
−5.0 to 0. The Xuwujia gabbronorites possibly experienced assimilation of crust, and fractional crystal-
lization of initially olivine and hypersthene (the high-Mg group), and then olivine, clinopyroxene, and
plagioclase (the low-Mg group). The slightly younger Liangcheng granitoids consist of garnet-bearing
granite, granodiorite and quartz-rich granitic compositions. They are intermediate to felsic calc-alkaline
rocks, thought to be derived from surrounding metasedimentary crust. Xigou gabbro could represent
early cumulates. The granitoids have relatively high-Mg numbers (up to 54), and show some chemical
affinities with the gabbronorites, which could have resulted from incorporation of gabbronoritic melts.
The occurrence and chemical variations of the Xuwujia gabbronorites and Liangcheng granitoids can be
interpreted to have resulted from crust–mantle interaction, with mingling and partial mixing of man-
tle (gabbronoritic) and crustal (granitic) melts. The Xuwujia gabbronorites originated from a mantle

◦
region with high potential temperatures (∼1550 C), possibly associated with a plume or more likely a
ridge-subduction-related mantle upwelling event. They could have had extremely high primary intrusion
temperatures (up to 1400 ◦C). Emplacement of these magmas was likely responsible for the extensive
crustal anatexis (Liangcheng granitoids) and the local ultra-high-temperature metamorphism. These
sequences may have followed ca. 1.95 Ga continent–continent (arc?) juxtaposition and were themselves
followed by significant regional uplift and exhumation in the northern margin of the North China craton.
∗ Corresponding author at: State Key Laboratory of Lithospheric Evolution, Insti-
ute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China.
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1. Introduction
Mantle-derived melts ascend and contribute to growth of the
continental crust, a process that may also involve subsequent dif-
ferentiation and/or re-melting (e.g., Anderson, 1987; Taylor and
McLennan, 1995; Rudnick and Fountain, 1995). Furthermore, such
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ig. 1. Maps showing Archean-Paleoproterozoic outcrops of the North China crato
rea (b), and tectonic evolution models for the NCC (c, see text). TTG refers to tonal

natexis and re-melting of continental crust may lead to mingling
nd/or mixing of melts from mantle and crust (e.g., Cole et al.,
001; Kuşcu and Floyd, 2001; Arvin et al., 2004). In such a sce-
ario, it would be difficult to determine the primary composition

f ancient mantle-derived rocks; nevertheless this is important as
rimary compositions could provide essential information on the
rigin of magmatism. The primary MgO concentration is especially
mportant for source region characteristics, for instance, melting
emperature and pressure (e.g., Albarède, 1992), the primary erup-
the Xuwujia gabbronorites, Liangcheng granitoids, and Xigou gabbro in the study
ndhjemite–granodiorite.

tion temperature (anhydrous olivine liquidus temperature at 1 atm
calculated for the primary magma, e.g., Beattie, 1993a), and the
mantle potential temperature (a temperature at which the solid
mantle would adiabatically reach the surface metastably without

melting, e.g., Herzberg and O’Hara, 2002). This paper deals with a
suite of Paleoproterozoic gabbronorites in the northern margin of
the North China craton (Fig. 1), whose emplacement was accompa-
nied by extensive crustal anatexis and which could be derived from
a mantle source region with extremely high potential temperature.
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. Geological background

.1. Formation of the North China craton

Although it is well known that the North China craton (NCC)
as formed as a result of amalgamation of Archean blocks, there

re different models on this issue. Some have suggested that the
CC was formed as a result of a ca. 1.85 Ga collision between two
locks along a high-pressure metamorphic belt through the central
art of the NCC: a western block previously amalgamated from two
ub-blocks along a khondalite belt1 between 2.0 and 1.9 Ga, and an
astern block that had witnessed the opening and closing of a rift
etween 2.2 and 1.9 Ga (Fig. 1c: Zhao et al., 1998, 2001, 2005; Wilde
t al., 2002; Guo et al., 2005; Kröner et al., 2005; Liu et al., 2005).
thers have suggested that the NCC amalgamated in late Archean

ime (ca. 2.5 Ga), followed by subduction and collision along the
orth margin during the late Paleoproterozoic (ca. 1.85 Ga) (Fig. 1c:
i et al., 2000, 2002; Kusky et al., 2001, 2007; Kusky and Li, 2003).
et others have proposed that the NCC was cratonized following
.7–2.5 Ga amalgamation of several Archean nuclei along green-
tone belts; this was followed by reworking within a number of
obile belts during 2.2–1.9 Ga (Fig. 1c: Zhai and Liu, 2003; Zhai et

l., 2005; Zhai and Peng, 2007). Despite these differences of opin-
on, it is widely accepted that the NCC was rigid by 1.78 Ga as at
his time it was crosscut by a giant mafic dyke swarm, named the
aihang-Lvliang swarm (e.g., Peng et al., 2007, 2008).

.2. Geological background for the study area

The study area (Fig. 1a and b) is located in the northern margin
f the NCC, and is composed of three different units, i.e. Huai’an
errane, Fengzhen (khondalite) belt and Yinshan terrane, juxta-
osed from southeast to northwest (Fig. 1). The Huai’an terrane is
ominated by ca. 2.5 Ga tonalite–trondhjemite–granodiorite (TTG)
neisses with some Paleoproterozoic mafic dykes that have under-
one ca. 1.85 Ga high-pressure granulite facies metamorphism, and
.0–1.9 Ga high-potassium granitoids, in an area formerly called the
anggan structure zone (Zhai et al., 1992; Zhao et al., 1998, 2008;
uo et al., 1999; Peng et al., 2005; Liu et al., 2009a). The Yinshan

errane is composed of ca. 2.5 Ga late Archean TTG gneisses and
ranulite, and a granite–greenstone belt (e.g., Zhao et al., 2005),
overed by Paleoproterozoic sediments (Wan et al., 2009).

The Fengzhen (khondalite) belt is dominated by aluminous
etasedimentary rocks with some granitoid and gabbronoritic

ntrusions that are the focus of this paper (Fig. 1b). There are also
ome carbonatite dykes and veins, dated at 1951 ± 5 Ma (SHRIMP
–Pb zircon age) and thought to be the product of anatexis of

mpure marble in the khondalite (Wan et al., 2008). These are
omposed of calcite plus feldspar, quartz, clinopyroxene, orthopy-
oxene, phlogopite, garnet and hornblende, and vary in width
rom ten centimeters to several meters and in length up to sev-
ral hundred meters, with an E–W orientation. The khondalite
s composed of sillimanite-garnet gneiss, quartz-garnet gneiss,
uartz-feldspar gneiss, and marbles, interpreted to represent an

riginal assemblage of pelites, sandstones and carbonates (Lu et al.,
996; Qian and Li, 1999), and which experienced high-grade meta-
orphism (8.0–10.0 kbar and 750–800 ◦C; clockwise P–T path)

Zhao et al., 1999). Locally, ultra-high-temperature metamorphic

1 The khondalite belt refers to a tectonic unit along the western part of the
orthern margin of the North China craton (Fig. 1c), named for its dominant
ock type, khondalite, which is a regional rock name rooted in the history of
etrological research in the Indian subcontinent and refers to quartz-feldspar-
illimanite paragneisses with graphite, garnet, biotite, and/or cordierite (e.g., Condie
t al., 1992).
arch 183 (2010) 635–659 637

conditions (T > 1000 ◦C and P > 10.0 kbar) are preserved in some of
the metasediments, and this event was dated at ca. 1.93–1.92 Ga
(Santosh et al., 2006, 2007a,b; Guo et al., 2006; Liu et al., 2009b).
Wan et al. (2008) and Yin et al. (2008) have distinguished another
high-grade metamorphic event at 1.96–1.95 Ga that predates the
ca. 1.95 Ga carbonatite dykes. This ca. 1.95 Ga magmatic event (car-
bonatite dykes) and metamorphic event give similar ages within
error, and thus could be broadly related events. Yin et al. (2008)
interpreted this metamorphism as a possible collision event.

Although the depositional age of the khondalite is controversial
(e.g., Wu et al., 1997; Guo et al., 2001; Wan et al., 2006; Xia et al.,
2006, 2008), two constraints are clear: (1) the khondalite is cut by
granitoids with ages between ca. 1.93–1.89 Ga (Zhong et al., 2007;
Guo et al., 2001) and locally some ca. 1.95 Ga carbonatite dykes
(Wan et al., 2008) and (2) the youngest khondalite shows ca. 2.0 Ga
detrital zircons with clear magmatic zoning (e.g., Wan et al., 2006;
Xia et al., 2006). Thus we think that the depositional age for the
youngest khondalite should be between 2.0 and 1.95 Ga. Study of
detrital zircons and whole-rock isotopes reveal that the protoliths
of the khondalite were not derived from the late Archean rocks
south or north of the khondalite belt, but rather from a Paleopro-
terozoic crust (e.g., Xia et al., 2006, 2008), suggesting a possible
“juvenile” continent or an arc. A possible Paleoproterozoic protolith
of the khondalite could be ca. 2.0 Ga granites reported by Guo et al.
(2001) from the northwest part of the study area, but these are as
yet poorly known (Fig. 1b).

Our study area has importance with respect to the tectonic sub-
division and formation models of the NCC, i.e. each model in Fig. 1c
has its own interpretation for the three units (Huai’an terrane,
Fengzhen belt and Yinshan terrane). In model 1, the Huai’an ter-
rane is considered as a 2.5 Ga arc complex in a 1.85 Ga orogenic
belt, the Fengzhen belt is a 1.9–2.0 Ga orogen, and the Yinshan is a
late Archean continental block (Zhao et al., 2005, 2008). In model 2,
the Fengzhen belt and Yinshan terrane is suggested to be an uplifted
plateau due to a late Paleoproterozoic collision along the north mar-
gin, whereas the Huai’an terrane recorded a 2.5 Ga orogen in the
central NCC (Kusky and Li, 2003; Kusky et al., 2007). In model 3,
however, the three terranes are proposed as uplifted Archean lower
crust, in which the Fengzhen belt is a 2.1–1.9 Ga mobile belt (Zhai
et al., 1992; Zhai and Liu, 2003; Zhai and Peng, 2007).

3. Field relationships in the study area

The gabbronorites are preserved as numerous dykes, sills and
small plutons in the khondalite and adjacent rocks, and as hun-
dreds of entrained bodies and fragments and numberless “pillows”
in the granitoids (mainly in the southeast); there are also “blobs”
of hybrid granitic materials in the gabbronorites (Figs. 1 and 2). We
refer to them as the Xuwujia gabbronorites, named after a village
where the longest gabbronorite dyke is exposed (width ∼1–2 km,
outcrop length ∼15 km). This large Xuwujia dyke is also known
for its chemical variations (Peng et al., 2005). The gabbronorite
intrusives generally have widths of several meters to hundreds of
meters, and lengths up to several kilometers. The rocks are typically
composed of orthopyroxene (hypersthene), clinopyroxene, horn-
blende, and plagioclase, with or without K-feldspar, and olivine
or quartz. Magmatic textures are preserved, although locally they
are overprinted by metamorphic features and deformational fab-
rics. An important observation is that gabbronoritic dykes always
accompany the ultra-high-temperature metasedimentary gneisses

(Fig. 2, e.g., locations in Dongpo, Xuwujia, and Tuguiwula; Guo et
al., 2006, submitted for publication).

The Liangcheng granitoids are peraluminous and distributed
mainly in a north-east trending belt, both north and south margins
bounded by ductile shear zones (e.g., Zhai et al., 2003); a few bodies
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Fig. 2. Field photos of the study area: (a) UHT (ultra-high-temperature) metamorphic relic and a ∼10–15 m wide gabbronorite dyke; (b) UHT relic beside a dyke fragment;
(c) a gabbronoritic dyke with hybrid veins; (d) a ∼15 m noritic dyke in the metasediments (khondalite) along the ridges of the hills; (e) a noritic body in the late phase of
L gabbro
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iangcheng granitoids; (f) a small noritic dyke in Liangcheng granitoids; (g and h)
ranitoids; (j) transitional boundary between a gabbronorite stock and the Liangch
iangcheng granitoids with big feldspar phenocrysts. A person is shown for scale in
nd a coin, ∼2.5 cm in diameter, in (g)–(j) and (l).

ie outside of this belt. This belt has an approximate width of 100 km
nd a length of 250 km, in which the biggest granitoid intrusion
s centered near Mt. Manhanshan (Fig. 1). The granitoids are com-
osed of plagioclase, K-feldspar, garnet, quartz, and minor amounts
f hypersthene and clinopyroxene. Feldspars and some of the gar-
ets are idiomorphic. The Liangcheng granitoids are thought to be
-type granites derived from the khondalite (country rock) (e.g., Shi,
997; Zhong et al., 2006; Guo et al., submitted for publication). Two
ypes of garnet grains are reported in the granitoids: large crystals
nherited from the khondalite; and smaller ones that were newly
ormed from the melts (Lan, 2006). U–Pb zircon ages ranging from

a. 1.93–1.89 Ga have been obtained for the Liangcheng granitoids
e.g., Zhong et al., 2007; Guo et al., 2001).

In the northern part of the study area, the khondalite is intruded
y the Xigou gabbro. On its southwest flank, this body is in turn
rosscut by Liangcheng granitoids (Fig. 1). The gabbro body is sev-
noritic “pillows” in Liangcheng granitoids; (i) a noritic “pillow” in the Liangcheng
ranitoids; (k) blobs of hybrid materials (granitoids) in the noritic intrusion; and (l)
d (d); a hammer, ∼40 cm long, in (b) and (c); a pen ∼14 cm long in (e), (f), and (k);

eral square kilometers in size and contains magnetite-rich layers,
the principal source of iron ore mineralization in this area. The
gabbro shows a mineral assemblage of mainly hornblende (mostly
altered from clinopyroxene with some primary relics) and plagio-
clase.

4. Samples and analytical methods

We collected numerous samples from the Xuwujia gab-
bronorites and associated rocks (Liangcheng granitoids, Xigou
gabbro, and the khondalite). As most Xuwujia gabbronorites occur

as deformed bodies in the khondalite or as enclaves in the
Liangcheng granitoids that lack clear chilled margins, most of
the Xuwujia gabbronorite samples were collected from coarse-
grained and homogeneous parts, with only a few samples from
finer-grained margins. The Liangcheng granitoid and the khon-
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Table 1
Data of U–Pb zircon analyses for the Hongmiaozi dyke (Xuwujia gabbronorites) and Xigou gabbro.

Spot U (ppm) Th (ppm) 232Th /238U 206Pb* (ppm) 206Pbc % 204Pb /206Pb 207Pb* /235U ±� (%) 206Pb* /238U ±� (%) 207Pb* /206Pb* ±� (%) 207Pb/206Pb age, ±� (Ma)

A: SHRIMP data
06LC17 (Hongmiaozi gabbronorite dyke)

1 131 84 0.66 38.5 0.07 4.7E−5 5.7874 3.4 0.34119 3.0 0.12302 1.6 2001 ± 28
1.1 (rim) 43 12 0.28 11.7 0 0 5.5855 5.2 0.31478 4.1 0.12869 3.2 2080 ± 56
2.1 (rim) 44 13 0.31 11.9 0.80 5.1E−4 4.5682 5.5 0.30959 4.4 0.10702 3.4 1750 ± 62
2 105 81 0.80 30.4 0.35 2.3E−4 5.4338 4.3 0.33710 3.1 0.11691 3.0 1910 ± 54
3 124 107 0.89 37.0 0.19 1.2E−4 5.8849 3.4 0.34773 3.0 0.12274 1.7 1997 ± 29
3.1 (rim) 41 14 0.35 11.7 0 0 5.7010 4.5 0.32804 3.7 0.12605 2.7 2044 ± 47
4 87 42 0.50 25.3 0.13 8.9E−5 5.8648 5.4 0.33859 4.4 0.12563 3.0 2038 ± 53
4.1 (rim) 37 9 0.26 10.7 1.34 8.7E−4 5.2059 5.5 0.33636 3.7 0.11225 4.0 1837 ± 73
5 109 92 0.87 31.7 0.44 2.9E−4 5.4118 3.4 0.33608 3.0 0.11679 1.7 1908 ± 30
6 127 104 0.85 39.6 0.31 2.1E−4 6.3045 3.1 0.36203 2.9 0.12630 1.2 2047 ± 21
6.1 (rim) 42 11 0.27 11.7 0.90 5.8E−4 5.1122 6.1 0.32162 3.7 0.11528 4.9 1885 ± 88
7 124 96 0.80 38.9 0.06 3.9E−5 6.1394 2.7 0.36610 2.5 0.12163 1.1 1980 ± 19
7.1 (rim) 69 20 0.29 20.4 0.46 2.9E−4 5.3740 3.5 0.34410 2.6 0.11327 2.3 1853 ± 42
8 100 70 0.72 31.1 0.25 1.6E−4 5.8379 3.0 0.35959 2.8 0.11775 1.1 1922 ± 20
8.1 (rim) 34 9 0.28 10.4 1.04 6.7E−4 5.5681 4.1 0.35357 2.9 0.11422 3.0 1868 ± 54
9 108 70 0.67 32.4 0.29 1.9E−4 5.5098 2.8 0.34881 2.6 0.11456 1.2 1873 ± 23
9.1 (rim) 39 11 0.30 11.1 0.77 5.0E−4 5.3476 3.9 0.33216 2.9 0.11676 2.7 1908 ± 48
10 160 110 0.71 48.6 0.23 1.5E−4 5.7347 2.6 0.35340 2.4 0.11769 0.9 1922 ± 16
11 150 118 0.81 46.1 0 0 6.1576 2.6 0.35800 2.5 0.12475 0.8 2025 ± 14
12 111 80 0.74 32.8 0.41 2.7E−4 5.5205 2.9 0.34131 2.5 0.11731 1.5 1916 ± 26
13 74 52 0.72 22.0 0.31 2.0E−4 5.7399 3.2 0.34339 2.7 0.12123 1.7 1975 ± 30
14 91 73 0.82 27.6 0.43 2.8E−4 5.8385 3.0 0.34931 2.6 0.12122 1.6 1974 ± 28
15 170 141 0.86 50.6 0.22 1.4E−4 5.7507 2.7 0.34553 2.5 0.12071 1.0 1967 ± 18
16 125 81 0.67 37.1 0.20 1.3E−4 5.7782 2.7 0.34595 2.5 0.12114 1.1 1973 ± 19
17 135 110 0.84 40.0 0.35 2.3E−4 5.6800 2.9 0.34429 2.7 0.11965 1.2 1951 ± 21
18 282 199 0.73 84.9 0.14 9.0E−5 5.8029 2.5 0.35022 2.4 0.12017 0.7 1959 ± 12
19 182 132 0.75 54.8 0.28 1.8E−4 5.6986 2.7 0.34840 2.5 0.11863 1.0 1936 ± 18
20.1 (rim) 31 8 0.26 8.85 0.95 6.2E−4 5.1528 4.7 0.33144 3.1 0.11275 3.6 1845 ± 65

06JN05 (Xigou gabbro)
1 3958 547 0.14 1200 0.01 4.7E−6 5.5007 2.4 0.35262 2.3 0.11314 0.38 1850 ± 7
2 7407 2102 0.29 2370 0.01 5.7E−6 5.8120 2.4 0.37281 2.4 0.11307 0.16 1849 ± 3
3 5376 618 0.12 1650 0.00 2.7E−6 5.5639 2.3 0.35618 2.3 0.11330 0.23 1853 ± 4
4 6886 519 0.08 2270 0.01 3.7E−6 6.0082 2.4 0.38372 2.4 0.11356 0.25 1857 ± 5
5 4210 596 0.15 1300 0.01 6.8E−6 5.6233 2.4 0.35860 2.3 0.11373 0.30 1860 ± 5
6 1940 412 0.22 567 0.03 2.2E−5 5.2803 2.4 0.34008 2.4 0.11261 0.43 1842 ± 8
7 7009 512 0.08 2220 0.01 4.0E−6 5.7927 2.4 0.36860 2.4 0.11398 0.25 1864 ± 5
8 7300 523 0.07 2330 0.01 4.3E−6 5.7998 2.3 0.37144 2.3 0.11324 0.24 1852 ± 4
9 6209 3057 0.51 1950 0.01 3.3E−6 5.7413 2.4 0.36559 2.4 0.11390 0.25 1863 ± 5
10 5212 453 0.09 1600 0.01 3.9E−6 5.6129 2.4 0.35661 2.4 0.11415 0.27 1867 ± 5
11 5617 426 0.08 1730 0.01 5.7E−6 5.6222 2.6 0.35833 2.6 0.11380 0.27 1861 ± 5
12 4282 767 0.18 1290 0.01 9.4E−6 5.5203 2.4 0.35090 2.3 0.11410 0.32 1866 ± 6
13 1786 138 0.08 524 0.01 3.7E−6 5.3174 2.4 0.34125 2.4 0.11301 0.48 1848 ± 9
13.1 (rim) 3103 355 0.12 862 0.05 3.2E−5 5.1299 2.4 0.32330 2.4 0.11508 0.45 1881 ± 8
14.1 (rim) 7073 1802 0.26 2230 0.01 4.3E−6 5.7426 2.4 0.36674 2.3 0.11357 0.26 1857 ± 5
15 5177 1216 0.24 1600 0.01 8.3E−6 5.6432 2.4 0.36001 2.3 0.11369 0.30 1859 ± 5
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Table 1 (Continued)

Spot U (ppm) Th (ppm) Pb (ppm) Th/U 204Pb/206Pb 207Pb/235U ±� % 206Pb/238U ±� % 207Pb/206Pb ±� % � 207Pb/206Pb age,±� (Ma)

B: CAMECA data
06LC17 (Hongmiaozi gabbronorite dyke)

1 160 126 75 0.78 6.8E−06 5.8490 1.57 0.35074 1.50 0.12095 0.45 0.96 1970 ± 8
2 120 89 55 0.74 1.2E−05 5.7942 1.59 0.34809 1.50 0.12073 0.52 0.94 1967 ± 9
3 (rim) 45 14 18 0.31 2.5E−05 5.4760 1.81 0.34044 1.58 0.11666 0.88 0.87 1905 ± 16
4 109 81 49 0.74 2.6E−05 5.6337 1.71 0.34370 1.52 0.11888 0.78 0.89 1939 ± 14
5 133 106 63 0.79 5.5E−06 5.8588 1.65 0.35406 1.50 0.12001 0.67 0.91 1956 ± 12
6 107 56 47 0.52 1.4E−05 5.8141 1.64 0.34902 1.54 0.12082 0.56 0.94 1968 ± 10
7 (rim) 78 33 32 0.42 1.4E−05 5.5511 1.64 0.33982 1.50 0.11848 0.66 0.92 1933 ± 12
8 26 8 11 0.30 8.1E−05 5.6854 1.96 0.34065 1.50 0.12105 1.25 0.77 1971 ± 22
9 (rim) 37 10 15 0.27 3.3E−06 5.7063 1.77 0.34930 1.50 0.11848 0.95 0.85 1933 ± 17
10 (rim) 73 25 30 0.34 2.9E−05 5.4583 1.66 0.33895 1.50 0.11679 0.69 0.91 1907 ± 12
11 56 28 24 0.51 1.3E−05 5.7053 1.69 0.34498 1.50 0.11995 0.77 0.89 1955 ± 14
12 (rim) 77 34 33 0.44 2.7E−05 5.6623 1.65 0.34849 1.51 0.11784 0.68 0.91 1923 ± 12
13 (rim) 40 11 17 0.28 6.9E−05 5.6652 1.78 0.34804 1.50 0.11806 0.95 0.85 1927 ± 17
14 226 172 105 0.76 7.8E−06 5.8040 1.55 0.35053 1.50 0.12009 0.38 0.97 1957 ± 7
15 (rim) 33 8 14 0.25 3.2E−05 5.6642 2.47 0.34728 1.50 0.11830 1.96 0.61 1930 ± 15
16 (rim) 92 33 39 0.37 2.3E−05 5.6452 1.63 0.34654 1.51 0.11815 0.61 0.93 1928 ± 11
17 245 166 113 0.68 4.3E−06 5.9121 1.59 0.35556 1.51 0.12060 0.50 0.95 1965 ± 9
18 (rim) 67 36 29 0.54 2.6E−05 5.6142 1.66 0.34646 1.50 0.11753 0.72 0.90 1918 ± 12
19 35 11 15 0.33 1.1E−05 5.8432 1.79 0.35250 1.50 0.12022 0.97 0.84 1959 ± 17
20 69 44 31 0.64 1.1E−05 5.7222 1.65 0.34498 1.50 0.12030 0.69 0.91 1960 ± 12
21 167 130 79 0.78 1.5E−05 5.8962 1.72 0.35524 1.52 0.12038 0.81 0.88 1961 ± 14
22 (rim) 38 13 15 0.33 1.1E−05 5.4983 1.82 0.33667 1.50 0.11845 1.02 0.83 1932 ± 18
23 126 87 57 0.69 0 5.7972 1.72 0.34958 1.52 0.12027 0.81 0.88 1960 ± 14
24 (rim) 37 10 15 0.26 1.1E−05 5.5043 1.78 0.33807 1.50 0.11808 0.95 0.85 1927 ± 17
25 146 125 68 0.86 1.4E−05 5.5245 1.58 0.34235 1.50 0.11704 0.48 0.95 1911 ± 9
26 (rim) 34 9 14 0.27 6.0E−05 5.5633 1.83 0.34671 1.50 0.11638 1.04 0.82 1901 ± 19
27 (rim) 31 9 12 0.30 4.7E−05 5.5430 1.88 0.33996 1.50 0.11826 1.13 0.80 1930 ± 20
28 125 102 58 0.82 3.0E−05 5.7177 1.59 0.34825 1.50 0.11908 0.52 0.94 1942 ± 9
29 126 101 58 0.80 3.0E−05 5.6726 1.90 0.34211 1.50 0.12026 1.16 0.79 1960 ± 21
30 154 117 72 0.76 1.8E−05 5.8492 1.61 0.35238 1.54 0.12039 0.50 0.95 1962 ± 9
31 105 69 48 0.66 6.3E−05 5.9079 1.73 0.35433 1.51 0.12093 0.84 0.87 1970 ± 15
32 95 33 40 0.35 8.2E−06 5.7333 1.61 0.34924 1.50 0.11906 0.59 0.93 1942 ± 11
33 210 167 99 0.79 1.3E−05 5.8902 1.56 0.35464 1.50 0.12046 0.40 0.97 1963 ± 7
34 115 93 53 0.81 1.6E−05 5.6641 1.60 0.34578 1.50 0.11880 0.55 0.94 1938 ± 10
35 136 105 64 0.78 0 5.8566 1.66 0.35340 1.50 0.12019 0.70 0.91 1959 ± 12
36 226 171 106 0.75 4.9E−06 5.8547 1.55 0.35326 1.50 0.12020 0.39 0.97 1959 ± 7
37 118 81 53 0.68 3.5E−06 5.7463 1.76 0.34775 1.55 0.11984 0.83 0.88 1953 ± 15
38 (rim) 37 11 16 0.28 3.2E−05 5.7739 1.80 0.35482 1.50 0.11802 0.99 0.84 1926 ± 18
39 138 78 62 0.57 1.1E−05 5.8051 1.58 0.35168 1.50 0.11972 0.50 0.95 1952 ± 9
40 116 92 56 0.80 1.6E−05 5.9495 1.83 0.36040 1.56 0.11973 0.97 0.85 1952 ± 17

Notes: Pbc and Pb* indicate the common and radiogenic portions, respectively. Common Pb is corrected using measured 204Pb. � represents error correlation coefficient.
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Table 2
Lu–Hf analyses for zircon grains of the Xuwujia and Hongmiaozi dykes (Xuwujia gabbronorites) and the Xigou gabbro.

Sample 176Lu/177Hf 176Hf/177Hf (2�) 207Pb/206Pb age, Ma 176Hf/177Hfi �Hft1 �Hft2 TDM (Ma) fLu/Hf

02SX021 (Xuwujia gabbronorite dyke)
−4 0.001093 0.281562 ± 15 1904 0.281523 −1.8 −1.2 2373 −0.97
−5 0.000741 0.281615 ± 16 1920 0.281588 0.9 1.2 2279 −0.98
−7 0.000441 0.281670 ± 20 1937 0.281654 3.7 3.5 2187 −0.99
−8 0.000681 0.281652 ± 19 1920 0.281627 2.3 2.6 2224 −0.98
−9 0.000459 0.281527 ± 16 1928 0.281511 −1.6 −1.6 2381 −0.99
−10 0.000323 0.281642 ± 26 1915 0.281630 2.3 2.6 2218 −0.99
−11 0.000589 0.281583 ± 17 1948 0.281561 0.6 0.2 2314 −0.98
−12 0.000244 0.281601 ± 16 1912 0.281592 0.9 1.3 2268 −0.99
−13 0.000533 0.281577 ± 15 1942 0.281557 0.4 0.1 2318 −0.98
−14 0.000794 0.281633 ± 16 1937 0.281604 1.9 1.7 2257 −0.98
−15 0.000314 0.281614 ± 19 1924 0.281602 1.5 1.7 2256 −0.99

06LC17 (Hongmiaozi gabbronorite dyke)
−1 0.000492 0.281529 ± 23 2001 0.281511 0.0 −1.6 2380 −0.99
−1.1 (rim) 0.000199 0.281552 ± 24 2080 0.281544 3.0 −0.4 2331 −0.99
−2 0.000416 0.281528 ± 19 1910 0.281513 −2.0 −1.5 2378 −0.99
−2.1 (rim) 0.000188 0.281585 ± 24 1750 0.281579 −3.3 0.8 2287 −0.99
−3 0.000732 0.281553 ± 25 1997 0.281525 0.4 −1.0 2363 −0.98
−3.1 (rim) 0.000340 0.281557 ± 24 2044 0.281544 2.2 −0.4 2334 −0.99
−4 0.000348 0.281563 ± 25 2038 0.281550 2.3 −0.2 2326 −0.99
−4.1 (rim) 0.000205 0.281540 ± 25 1837 0.281533 −2.9 −0.8 2349 −0.99
−5 0.000835 0.281537 ± 23 1908 0.281507 −2.2 −1.7 2391 −0.97
−6 0.000541 0.281536 ± 20 2047 0.281515 1.3 −1.4 2374 −0.98
−6.1 (rim) 0.000225 0.281530 ± 24 1885 0.281522 −2.2 −1.2 2364 −0.99
−7 0.000718 0.281558 ± 21 1980 0.281531 0.3 −0.8 2355 −0.98
−7.1 (rim) 0.000257 0.281552 ± 17 1853 0.281543 −2.2 −0.4 2335 −0.99
−8 0.000506 0.281513 ± 21 1922 0.281494 −2.3 −2.2 2404 −0.98
−8.1 (rim) 0.000268 0.281545 ± 19 1868 0.281535 −2.1 −0.7 2346 −0.99
−9 0.000611 0.281611 ± 21 1873 0.281589 −0.1 1.2 2277 −0.98
−9.1 (rim) 0.000199 0.281536 ± 19 1908 0.281529 −1.5 −0.9 2354 −0.99
−10 0.000480 0.281541 ± 17 1922 0.281524 −1.3 −1.1 2363 −0.99
−11 0.000833 0.281652 ± 21 2025 0.281620 4.5 2.4 2233 −0.97
−13 0.000412 0.281511 ± 21 1975 0.281496 −1.1 −2.1 2400 −0.99
−14 0.000564 0.281578 ± 27 1974 0.281556 1.1 0.1 2319 −0.98
−15 0.000527 0.281512 ± 22 1967 0.281492 −1.4 −2.2 2406 −0.98
−16 0.000273 0.281484 ± 18 1973 0.281473 −1.9 −2.9 2428 −0.99
−18 0.000832 0.281529 ± 20 1959 0.281498 −1.4 −2.0 2402 −0.97
−19 0.000733 0.281513 ± 22 1936 0.281486 −2.3 −2.5 2418 −0.98
−20.1 (rim) 0.000235 0.281531 ± 19 1845 0.281523 −3.1 −1.2 2362 −0.99

06JN05 (Xigou gabbro)
−1 0.000779 0.281435 ± 17 1850 0.281408 −7.0 −5.3 2526 −0.98
−2 0.001290 0.281482 ± 24 1849 0.281437 −6.0 −4.3 2495 −0.96
−3 0.000496 0.281455 ± 23 1853 0.281438 −5.9 −4.2 2481 −0.99
−4 0.000753 0.281461 ± 16 1857 0.281434 −6.0 −4.3 2490 −0.98
−5 0.000784 0.281475 ± 21 1860 0.281447 −5.4 −3.9 2473 −0.98
−6 0.000316 0.281515 ± 28 1842 0.281504 −3.8 −1.9 2389 −0.99
−7 0.000745 0.281503 ± 18 1864 0.281476 −4.3 −2.8 2432 −0.98
−8 0.000773 0.281485 ± 15 1852 0.281458 −5.2 −3.5 2458 −0.98
−10 0.000726 0.281483 ± 18 1867 0.281457 −4.9 −3.5 2458 −0.98
−11 0.000789 0.281481 ± 18 1861 0.281454 −5.2 −3.6 2464 −0.98
−12 0.000732 0.281425 ± 19 1866 0.281399 −7.0 −5.6 2537 −0.98
−13 0.000531 0.281483 ± 28 1848 0.281465 −5.1 −3.3 2445 −0.98
−13.1 (rim) 0.001059 0.281461 ± 26 1881 0.281424 −5.8 −4.7 2509 −0.97
−14 0.000925 0.281458 ± 21 1857 0.281425 −6.3 −4.7 2505 −0.97
−15 0.001169 0.281471 ± 20 1859 0.281430 −6.1 −4.5 2503 −0.96

N f/177H
− e/(176L
a 8325
� 207Pb/

d
g

a
o
U
a
o
Z
n
t
2

otes: �Hft = 10000 × {[(176Hf/177Hf)sample − (176Lu/177Hf)sample × (e�t − 1)]/[(176H
(176Hf/177Hf)DM]/[(176Lu/177Hf)sample − (176Lu/177Hf)DM]}. fLu/Hf = (176Lu/177Hf)Sampl

nd depleted mantle (DM) at the present day are 0.282772 and 0.0332, and 0.2
= 1.867 × 10−11 A−1 (Söderlund et al., 2004). �Hft1 is calculated using the SHRIMP

alite samples are all from homogeneous rocks, while the Xigou
abbro samples are from representative gabbroic parts of this body.

Zircon U–Pb and Lu–Hf analyses, and bulk whole-rock major
nd trace element and Sr–Nd isotopic analyses were performed
n selected samples (Tables 1–5). Except for the SHRIMP zircon
–Pb analyses, which were done at the Beijing SHRIMP Center,
ll other analyses were performed in the State Key Laboratory
f Lithospheric Evolution, Chinese Academy of Sciences, Beijing.

ircon grains were separated using standard heavy liquid and mag-
etic techniques, and were selected and mounted in an epoxy resin
ogether with standard Temora 1 zircons (conventional ID-TIMS
06Pb/238U age = 417 Ma, Black et al., 2003). The mount was pol-
f)CHUR − (176Lu/177Hf)CHUR × (e�t − 1)] − 1}. TDM = 1/� × ln{1 + [(176Hf/177Hf)sample

u/177Hf)CHUR − 1. The 176Hf/177Hf and 176Lu/177Hf ratios of chondrite (CHUR)
and 0.0384, respectively (Blichert-Toft and Albarède, 1997; Griffin et al., 2000).
206Pb age of each spot, and �Hft2 is calculated to 1930 Ma.

ished to expose the centers of the grains, and then gold coated.
Optical microscope images were taken to obtain information on
the shapes of the grains and their positions in the mount. Cathodo-
luminescence and backscattered electron images were acquired,
using a scanning electron microscope at the Beijing SHRIMP Center
in order to examine their internal structures.

Zircon U–Pb isotope analyses (Table 1) were carried out using
both CAMECA IMS 1280 and SHRIMP-II instruments. The diameter

of the analytical ion beam at the sample surface was approximately
30–40 �m with the SHRIMP and ∼20 �m with the CAMECA ion
probe. For both methods, common Pb was corrected using the
measured 204Pb. All data were processed using the Squid 1.02 and
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Table 3
Selected whole-rock major element data (wt.%) and calculated norms for the Xuwujia gabbronorites and associated rocks.

Sample Group

Xuwujia gabbronorites (high-Mg group) Xuwujia gabbronorites (low-Mg group)

99XBY-4 99XBY5-1 99XBY5-2 99XBY6-1 99XBY6-2 99XBY6-4 99XBY-8 07XBY02 99XBY6-3 07XBY08 99XW-3 99XW-7 06LC07 06LC17 99XW9 99LC1 99LC2 99LC3 99LC4 99LC5 99LC6

SiO2 50.3 47.6 46.7 46.4 45.4 46.7 47.2 49.2 46.9 50.6 48.0 50.1 53.8 49.6 49.5 54.2 54.3 54.5 55.1 55.4 49.8
TiO2 0.42 0.62 0.75 1.02 0.52 0.90 0.57 0.34 0.42 0.39 0.63 0.42 1.56 2.68 1.36 1.62 1.85 2.50 1.70 1.37 3.05
Al2O3 6.61 16.77 13.46 18.81 12.39 17.95 8.93 8.79 8.82 8.02 13.94 9.45 15.42 15.45 18.12 19.28 19.14 17.24 18.00 19.05 15.02
Fe2O3t 12.9 9.8 11.9 12.1 13.6 12.6 13.1 10.9 8.9 12.2 11.8 10.6 13.5 13.8 9.7 10.3 10.0 10.2 10.7 9.5 15.8
MnO 0.26 0.18 0.21 0.21 0.23 0.21 0.23 0.14 0.18 0.19 0.24 0.24 0.19 0.18 0.16 0.15 0.16 0.17 0.16 0.15 0.21
MgO 19.00 12.00 13.30 7.10 17.80 6.20 18.10 22.85 13.30 19.33 9.73 18.32 4.43 5.49 5.39 2.70 2.72 2.50 2.60 2.20 4.30
CaO 7.30 9.60 9.62 11.10 6.80 10.70 7.40 6.03 16.90 7.90 10.33 7.63 8.10 8.27 8.47 5.20 5.30 5.32 5.30 4.90 5.20
Na2O 0.44 0.96 0.94 1.21 0.50 1.08 0.57 0.92 0.47 0.69 0.86 0.37 1.83 2.69 2.73 2.64 2.67 2.65 2.63 3.00 1.83
K2O 0.19 0.38 0.39 0.19 0.26 0.10 0.34 0.48 0.64 0.50 1.37 0.85 1.25 0.95 1.36 1.59 1.71 1.83 1.68 1.99 1.57
P2O5 0 0 0.20 0.23 0 0.01 0.01 0.05 0 0.04 0.08 0.09 0.21 1.17 0.69 0.57 0.73 1.10 0.67 0.63 1.23
LOI 0.35 0.40 0.66 0.47 1.00 1.10 1.40 0.30 0.50 0.08 2.93 1.92 -0.60 -0.03 2.26 1.20 1.10 1.30 1.10 1.30 1.20
Total 97.8 98.3 98.1 98.8 98.5 97.6 97.9 100.0 97.0 99.9 99.9 100.0 99.7 100.3 99.7 99.5 99.7 99.3 99.6 99.5 99.2
Mg# 75 72 71 56 74 51 75 82 76 77 64 79 44 48 57 38 39 37 36 35 39
Q 0 0 0 0.2 0 3.1 0 0 0 0 0 0 10.1 2.7 0.3 14.5 14.4 16.0 15.1 13.9 12.0
Or 1.2 2.3 2.4 1.2 1.6 0.6 2.1 2.9 4.0 3.0 8.5 5.2 7.5 5.7 8.3 9.7 10.4 11.1 10.2 12.1 9.6
Ab 3.9 8.4 8.2 10.5 4.4 9.6 5.1 7.9 3.9 5.9 7.6 3.2 15.6 23.0 23.9 22.9 23.1 23.1 22.8 26.0 16.0
An 16.1 41.5 32.5 46.5 31.9 45.9 21.8 18.7 20.9 17.5 31.4 22.2 30.4 27.5 34.3 23.1 22.5 20.5 22.9 21.2 19.2
Ne 0 0 0 0 0 0 0 0 0.1 0 0 0 0 0 0 0 0 0 0 0 0
C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5.1 4.9 3.7 3.7 4.5 3.6
Di 17.3 6.1 12.7 7.1 2.5 8.0 13.4 9.0 53.4 17.6 17.6 13.0 7.5 5.8 4.1 0 0 0 0 0 0
Hy 57.8 33.5 30 29.3 37.1 28.0 41.9 36.0 0 43.7 28.5 48.9 22.6 24.6 22.8 18.0 17.2 15.9 18.1 16.1 27.2
Ol 0.1 4.8 9.5 0 18.4 0 11.6 22.4 14.9 8.9 2.5 4.2 0 0 0 0 0 0 0 0 0
Mt 2.9 2.2 2.7 2.7 3.1 2.9 3.0 2.4 2.0 2.7 2.7 2.4 3.0 3.0 2.2 2.3 2.2 2.3 2.4 2.1 3.6
Il 0.8 1.2 1.5 2.0 1.0 1.8 1.1 0.7 0.8 0.8 1.3 0.8 3.0 5.1 2.7 3.2 3.6 4.9 3.3 2.7 6.0
Ap 0 0 0.5 0.5 0 0 0 0.1 0 0.1 0.2 0.2 0.5 2.6 1.6 1.3 1.6 2.5 1.5 1.4 2.8
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Table 3 (Continued)

Sample Group

Xuwujia gabbronorites (low-Mg group) Xigou gabbro

99LC7 99LC20 99XW5 03JN03 99XW1-1 99XW1-2 99XW6 06LC13 02SX021 06LC01 99LC15 99LC16-1 99LC18 99LC21 06JN03 06JN05 06JN06 99JN2-1 99JN2-2 99JN2-3 99JN2-4

SiO2 48.9 57.6 49.6 48.9 49.3 53.7 55.1 59.7 55.0 57.9 57.8 59.0 58.6 58.4 51.1 50.1 49.0 46.2 51.0 48.8 48.9
TiO2 3.20 1.34 1.64 1.59 1.62 1.09 1.81 1.24 1.47 1.34 1.29 1.28 1.26 0.98 0.34 0.35 0.35 0.48 0.31 0.38 0.31
Al2O3 14.88 16.58 18.14 17.28 18.20 17.61 16.59 16.02 17.27 16.35 16.60 17.17 16.48 17.58 15.62 16.52 17.00 15.92 17.80 16.52 16.60
Fe2O3t 15.0 8.6 10.5 11.3 10.4 9.2 9.4 8.4 9.9 9.1 8.1 7.4 8.3 6.8 8.0 6.7 6.6 11.6 7.3 8.0 6.9
MnO 0.23 0.16 0.19 0.13 0.14 0.18 0.14 0.08 0.12 0.11 0.15 0.13 0.14 0.12 0.15 0.12 0.12 0.21 0.18 0.17 0.18
MgO 4.90 3.23 5.26 5.71 4.78 5.06 2.87 2.95 4.15 3.70 3.23 3.07 3.10 2.85 10.11 8.90 8.74 8.10 7.51 8.82 8.40
CaO 5.80 5.50 7.65 8.61 7.55 7.47 5.53 4.91 6.84 5.28 5.31 5.30 5.13 5.03 11.81 11.60 11.25 11.41 11.92 12.50 11.88
Na2O 1.85 3.06 3.04 3.00 3.05 3.21 2.83 3.08 2.35 2.85 2.68 2.32 2.76 2.79 2.39 2.67 2.55 2.76 2.47 2.06 2.90
K2O 1.59 2.05 1.57 1.15 1.76 0.72 3.23 1.82 0.68 2.21 2.54 2.32 2.39 2.87 0.25 0.82 1.44 0.82 0.31 0.36 0.69
P2O5 1.63 0.48 0.70 0.93 0.86 0.27 0.95 0.25 0.63 0.45 0.46 0.41 0.40 0.39 0.04 0.04 0.05 0.01 0.05 0.08 0.04
LOI 0.89 1.10 1.45 1.02 1.91 1.44 1.42 0.43 0.68 −0.45 1.23 0.98 1.05 1.56 −0.07 1.27 1.61 2.06 1.18 1.83 2.86
Total 98.9 99.7 99.7 99.6 99.6 100.0 99.9 98.9 99.1 98.8 99.4 99.4 99.6 99.4 99.7 99.1 98.7 99.6 100.0 99.5 99.7
Mg# 43 47 54 54 52 56 42 45 50 49 48 49 47 50 75 76 76 62 71 72 74

Q 10.3 12.7 0 0 0 21.9 8.5 16.9 15.1 12.9 13.9 18.7 15.1 14.2 0 0 0 0 0 0 0
Or 9.7 12.4 9.5 7.0 10.8 4.4 19.6 11.0 4.1 13.3 15.4 14.0 14.5 17.5 1.5 5.0 8.8 5.0 1.9 2.2 4.2
Ab 16.2 26.4 26.4 26.0 26.6 27.8 24.5 26.6 20.4 24.5 23.2 20.1 23.9 24.3 20.4 23.2 20.1 15.7 21.3 18.0 22.8
An 19.9 25.0 32.0 31.0 31.8 4.3 22.4 23.4 31.0 23.9 24.3 24.4 23.6 23.3 31.4 31.5 31.7 29.6 37.2 35.8 31.4
Ne 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.2 4.6 0 0 1.5
C 3.2 0.4 0 0 0 0 0.4 0.6 1.6 0.6 0.8 2.1 0.9 1.6 0 0 0 0 0 0 0
Di 0 0 2.3 5.9 1.5 26.3 0 0 0 0 0 0 0 0 22.1 22.0 20.7 23.7 18.4 22.3 23.9
Hy 27.5 17.5 19.8 17.9 19.5 10.6 16.9 16.6 21.3 19.2 17.1 15.7 16.9 14.9 15.1 4.0 0 0 17.4 10.8 0
Ol 0 0 2.9 4.5 2.5 0 0 0 0 0 0 0 0 0 7.1 12.0 15.1 17.7 1.5 8.2 14.0
Mt 3.4 1.9 2.3 2.5 2.3 2.1 2.1 1.9 2.2 2.0 1.8 1.7 1.8 1.5 1.8 1.5 1.5 2.6 1.6 1.8 1.6
Il 6.3 2.6 3.2 3.1 3.2 2.1 3.5 2.4 2.9 2.6 2.5 2.5 2.5 1.9 0.7 0.7 0.7 1.0 0.6 0.7 0.6
Ap 3.7 1.1 1.6 2.1 1.9 0.6 2.1 0.6 1.4 1.0 1.0 0.9 0.9 0.9 0.1 0.1 0.1 0 0.1 0.2 0.1
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Table 3 (Continued)

Sample Group

Xigou gabbro Liangcheng granitoids Khondalite

99JN4 99JN5 99JN2-5 06LC27 06ZZ01 06LC01 06LC09 06LC10 06LC15 06LC21 06LC25 06TG01 06ZZ02 BSH-6 BSH-5-2 TG402 HL401 HL402-1 HL402-2 HL403-2 02SX008

SiO2 50.0 50.7 48.6 63.3 65.1 66.2 61.0 64.0 61.7 73.3 71.8 61.1 62.4 61.6 62.5 61.6 66.7 65.7 65.3 74.5 75.3
TiO2 0.35 0.36 0.34 1.21 1.13 1.02 0.82 0.54 1.09 0.17 0.28 0.84 0.93 1.16 0.97 1.02 0.51 0.82 0.88 0.66 0.02
Al2O3 17.49 17.11 17.05 15.81 13.79 15.63 20.50 17.88 16.88 15.15 14.69 19.38 17.53 16.48 15.92 18.10 16.27 15.75 16.30 13.45 14.21
Fe2O3t 6.7 6.3 6.7 6.8 7.7 7.1 9.6 4.2 8.9 1.2 2.5 9.4 7.3 8.2 8.4 5.6 6.0 5.9 6.1 4.6 0.1
MnO 0.19 0.19 0.16 0.07 0.08 0.07 0.10 0.04 0.11 0.01 0.05 0.13 0.08 0.09 0.10 0.06 0.06 0.08 0.07 0.05 0
MgO 8.25 8.41 9.02 2.02 0.64 2.30 3.38 1.25 2.58 0.29 0.64 3.27 2.66 2.49 2.40 2.89 1.54 2.99 1.74 1.42 0
CaO 12.54 12.62 12.00 4.19 3.35 2.67 0.49 1.67 3.25 1.32 1.02 1.69 3.55 3.64 3.26 3.94 2.84 2.95 2.96 1.26 0.96
Na2O 2.47 2.11 1.88 2.64 2.20 2.90 0.54 2.55 2.54 4.51 2.44 1.80 3.35 2.13 2.58 3.03 2.55 2.38 2.53 1.99 3.54
K2O 0.26 0.27 0.97 3.72 4.60 1.25 3.17 7.10 2.21 3.48 5.79 1.88 1.68 2.98 3.00 3.01 3.25 4.07 3.72 2.56 5.47
P2O5 0.05 0.06 0.06 0.42 0.50 0.04 0.03 0.13 0.04 0.05 0.10 0.05 0.07 0.28 0.07 0.19 0.14 0.15 0.15 0.07 0.09
LOI 1.36 1.40 2.85 −0.45 −0.15 0.57 0.33 0.27 0.50 0.22 0.48 0 0.22 0.32 0.22 0.64 0.64 0.35 0.25 0.16 0.33
Total 99.7 99.5 99.6 99.7 98.9 99.8 100.0 99.6 99.8 99.7 99.8 99.5 99.8 99.4 99.4 100.1 100.5 101.1 100.0 100.7 100.0
Mg# 74 76 76 41 16 43 45 41 41 37 38 45 46 42 40 55 38 54 40 42 0

Q 0 0 0 19.8 24.5 32.7 35.2 15.0 23.8 30.3 31.6 30.7 21.9 21.7 23.4 17.9 28.5 22.9 25.0 46.2 31.9
Or 1.6 1.6 6.0 22.1 27.6 7.5 19.0 42.4 13.3 20.7 34.6 11.3 10 18.0 17.9 18.0 19.4 24.0 22.2 15.1 32.5
Ab 21.4 18.3 16.5 22.4 18.9 24.9 4.6 21.8 21.8 38.4 20.8 15.4 28.6 22.1 18.3 25.9 21.7 20.1 21.6 16.8 30.1
An 36.7 37.3 36.6 18.4 13.9 13.2 2.3 7.6 16.1 6.3 4.5 8.2 17.4 16.0 16.7 18.6 13.4 13.7 13.9 5.8 4.8
C 0 0 0 0.7 0.2 4.8 15.5 3.3 4.5 1.7 2.8 11.6 3.9 2.7 3.8 3.1 3.7 2.4 3.1 5.3 0.7
Di 21.5 21.3 20.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Hy 9.8 19.2 8.7 12.0 9.9 13.1 19.5 7.6 16.0 1.9 4.3 19.0 14.4 15.6 15.2 12.9 10.8 13.8 11.0 8.4 0
Ol 6.8 0.1 9.9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Mt 1.5 1.4 1.5 1.5 1.7 1.8 2.3 1.1 2.2 0.3 0.6 2.3 1.8 1.9 1.8 1.2 1.3 1.3 1.3 1.0 0.1
Il 0.7 0.7 0.7 2.3 2.2 2.0 1.6 1.0 2.1 0.3 0.5 1.6 1.8 1.9 2.2 2.0 1.0 1.6 1.7 1.3 0
Ap 0.1 0.1 0.1 0.9 1.1 0.1 0.1 0.3 0.1 0.1 0.2 0.1 0.2 0.2 0.6 0.4 0.3 0.3 0.3 0.2 0

Notes: Fe2O3t: total iron. LOI: loss-on-ignition. Mg#: Mg number. Q: quartz, Or: orthoclase, Ab: albite, An: anorthite, Ne: nepheline, C: corundum, Di: diopside, Hy: hypersthene, Ol: olivine, Mt: magnetite, Il: ilmenite, Ap: apatite.
Data of samples BSH-6, BSH-5-2, TG402, HL401, HL402-2 and HL403-2 are from Zhong et al. (2006).
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Table 4
Selected whole-rock trace element data (ppm) of the Xuwujia gabbronorites and associated rocks.

Sample Group

Xuwujia gabbronorites (high-Mg group) Xuwujia gabbronorites (low-Mg group)

99XBY-4 99XBY5-1 99XBY5-2 99XBY6-1 99XBY6-2 99XBY6-4 99XBY-8 07XBY02 99XW-3 06LC07 06LC17 99XW9 99LC1 99LC2 99LC3 99LC4 99LC5 99LC6 99LC7 99XW1-1 99XW1-2 99XW6 06LC13

Rb 2.27 4.80 4.71 1.79 3.53 1.37 3.67 11.4 33.3 36.0 13.21 63.7 31.7 34.5 48.7 31.9 50.2 42.4 40.6 29.7 36.3 8.97 40.1
Sr 30.32 65.1 65.2 120 178 117 38.8 31.0 115 270 650 2407 445 436 336 406 343 376 376 1584 1631 1883 298
Ba 26.5 49.4 45.5 220 88.9 143 116 97.0 241 643 624 1493 1049 1152 898 1152 780 920 904 1498 2366 922 621
Th 0.06 0.07 0.07 0.07 0.04 0.08 0.03 1.41 0.15 0.73 0.64 0.93 1.80 2.18 2.87 2.49 1.79 3.28 2.93 1.67 1.69 0.70 0.72
U 0.05 0.04 0.03 0.10 0.04 0.17 0.02 0.58 0.08 0.25 0.14 0.25 0.30 0.36 0.31 0.41 0.21 0.46 0.43 1.08 0.69 0.11 0.22
Pb 2.34 2.24 2.40 3.96 3.74 6.87 2.78 2.92 3.49 7.35 6.47 19.5 12.3 13.9 14.1 14.2 15.9 10.8 11.1 11.0 11.51 11.4 12.1
Zr 28.3 39.8 40.8 69.4 26.7 102 24.6 47.2 42.7 178 137 237 278 247 280 289 276 297 285 93.4 69.9 108 273
Hf 0.96 1.40 1.40 2.12 1.02 2.90 0.97 1.50 1.47 5.07 3.41 6.38 6.87 6.22 6.88 7.99 7.25 7.68 7.43 2.77 2.30 3.09 7.85
Nb 1.26 2.63 2.49 3.98 1.66 4.69 1.76 2.37 2.67 5.25 17.7 25.4 22.1 23.8 36.2 23.7 20.9 35.2 34.5 10.4 12.7 14.1 1.69
Ta 0.09 0.16 0.14 0.21 0.09 0.27 0.09 0.18 0.13 0.19 0.80 1.21 1.09 1.23 1.84 1.33 1.10 1.73 1.69 0.50 0.56 0.67 0.10
Sc 33.5 36.5 37.6 34.4 35.4 34.1 37.1 24.0 36.6 45.8 25.3 37.9 26.2 25.7 23.9 24.9 22.8 36.0 33.7 20.4 28.0 15.6 18.6
V 228 263 265 301 247 327 253 179 268 200 213 310 138 145 174 137 121 314 301 173 191 193 122
Cr 2116 1430 1410 254 2639 120 2680 3476 709 18.6 86.4 409 52.1 48.3 35.1 38.9 60.5 117 123 203 202 262 57.5
Co 91.3 76.3 77.8 65.5 89.5 65.0 88.9 94.9 61.4 35.3 36.1 60.2 24.9 25.2 26.5 24.1 23.7 45.0 43.8 25.7 30.3 29.5 20.2
Ni 406 304 310 156 576 135 566 1325 170 9.79 34.2 168 18.7 20.0 16.6 17.4 24.3 25.7 26.9 77.8 81.7 136 15.2
Cu 27.3 11.1 11.1 47.5 48.9 42.3 88.4 19.46 59.0 31.2 33.3 67.1 33.4 35.6 34.0 36.0 34.2 47.6 46.7 23.8 40.6 38.4 21.2
Be 0.33 0.51 0.52 0.82 0.41 0.97 0.43 0.47 0.57 1.46 1.57 2.72 1.91 2.14 2.80 1.92 1.49 4.69 4.65 1.60 1.53 2.07 1.25
Ga 9.42 13.8 13.5 19.4 10.8 20.7 10.5 12.03 15.9 21.8 22.5 46.6 23.2 22.9 24.3 21.3 24.6 18.9 19.1 23.5 23.1 23.2 25.8
Cs 0.02 0.11 0.12 0.03 0.05 0.04 0.04 0.19 0.17 0.66 0.19 0.27 0.33 0.31 0.37 0.27 0.19 0.90 0.95 1.43 0.65 0.08 2.42
Li 10.1 7.24 8.00 6.77 14.2 15.6 12.1 9.90 47.8 14.1 18.5 27.2 11.7 12.9 14.3 10.7 11.2 14.6 14.9 16.9 12.6 14.3 11.9
La 3.41 6.06 6.20 7.98 6.25 9.53 3.44 8.28 6.87 24.7 58.9 79.6 52.3 59.3 101 59.0 61.4 67.2 66.4 66.4 72.1 77.9 56.9
Ce 11.2 18.6 19.1 23.3 20.2 24.5 11.5 16.5 20.5 55.5 133 180 115 134 238 132 137 162 158 155 175 179 115
Pr 1.30 2.46 2.31 3.22 1.74 3.25 1.74 1.97 2.80 7.71 17.1 21.6 13.8 16.5 33.2 16.1 16.3 20.7 20.5 18.7 22.1 21.9 13.9
Nd 5.38 10.1 9.56 14.1 7.04 14.1 7.45 7.76 12.1 33.1 70.4 86.6 57.6 68.0 140 66.5 65.7 89.2 88.6 76.1 91.9 86.2 51.6
Sm 1.54 2.62 2.81 3.85 1.96 4.12 2.44 1.83 3.44 7.74 13.3 16.5 12.1 14.1 29.4 14.7 12.6 18.5 18.05 13.9 17.5 15.0 8.47
Eu 0.34 0.53 0.54 0.90 0.44 0.96 0.40 0.39 0.76 1.76 3.01 3.69 2.61 2.66 2.25 2.81 2.08 2.75 2.70 2.43 2.94 2.34 1.79
Gd 1.62 2.76 2.63 3.99 2.16 4.03 2.12 2.17 3.21 7.18 10.5 11.2 9.22 11.2 20.8 11.4 8.55 13.5 13.3 8.47 10.9 9.06 5.41
Tb 0.32 0.50 0.47 0.70 0.37 0.78 0.40 0.39 0.65 1.22 1.39 1.53 1.40 1.70 2.94 1.64 1.24 1.94 1.87 0.95 1.42 1.05 0.62
Dy 2.14 3.30 3.35 4.65 2.53 4.98 2.60 2.49 4.08 7.55 7.14 7.67 8.12 9.53 16.1 9.79 6.84 10.9 10.1 4.96 6.81 5.03 2.92
Ho 0.41 0.69 0.67 0.95 0.51 1.00 0.55 0.53 0.83 1.62 1.37 1.37 1.62 1.90 2.90 1.98 1.35 2.07 1.93 0.81 1.15 0.84 0.55
Er 1.35 1.97 2.02 2.75 1.56 2.76 1.68 1.45 2.50 4.29 3.57 3.55 4.53 5.34 8.19 5.73 3.95 5.68 5.56 2.18 3.08 2.20 1.45
Tm 0.20 0.29 0.29 0.38 0.23 0.43 0.23 0.22 0.34 0.63 0.49 0.44 0.63 0.74 1.03 0.81 0.55 0.76 0.74 0.26 0.33 0.25 0.21
Yb 1.34 1.81 1.82 2.54 1.35 2.64 1.51 1.34 2.18 4.06 3.00 2.93 4.10 4.77 6.20 5.01 3.95 4.82 4.64 1.54 1.82 1.49 1.42
Lu 0.20 0.29 0.30 0.39 0.23 0.42 0.23 0.20 0.35 0.61 0.45 0.44 0.68 0.76 0.90 0.76 0.62 0.72 0.72 0.22 0.26 0.22 0.22
Y 10.4 16.6 16.4 22.6 12.6 23.8 13.1 13.2 19.8 41.0 34.5 31.8 42.2 48.7 78.7 45.0 33.8 51.6 48.8 19.4 26.4 19.8 15.5
REE 41.2 68.6 68.5 92.4 59.1 97.2 49.4 58.7 80.4 199 358 449 326 379 681 373 356 452 442 371 433 422 276
La/YbN 0.63 0.83 0.84 0.78 1.15 0.89 0.56 1.53 0.78 1.51 4.85 6.74 3.16 3.07 4.01 2.91 3.85 3.45 3.54 10.7 9.78 12.9 9.89
Gd/YbN 1.00 1.26 1.19 1.30 1.32 1.26 1.16 1.34 1.22 1.46 2.90 3.17 1.86 1.93 2.77 1.88 1.79 2.31 2.37 4.55 4.93 5.02 3.14
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Table 4 (Continued)

Sample Group

Xuwujia gabbronorites (low-Mg group) Xigou gabbro Liangcheng granitoids Khondalite

99LC20 02SX021 06LC01 99LC15 99LC16-1 99LC18 03JN03 06JN03 06JN05 06JN06 99JN2-1 99JN2-2 99JN2-3 99JN2-4 99JN4 99JN5 06LC27 06ZZ01 BSH-6 TG402 HL401 HL402-2 HL403-2 08SX008

Rb 93.6 9.83 72.3 57.9 69.6 66.7 15.0 6.77 43.4 80.0 22.8 6.40 36.6 1.32 17.6 3.00 87.8 127 66.9 129 116 111 78.2 124
Sr 384 1217 366 347 394 401 1738 444 386 365 479 479 417 399 487 409 358 299 222 384 177 249 204 138
Ba 1393 734 825 1007 908 1483 1017 498 141 227 257 111 286 150 190 91.6 1471 2002 889 1122 682 707 738 362
Th 6.71 2.62 0.27 0.14 0.12 0.08 0.92 0.26 1.39 0.40 1.48 0.22 0.51 0.02 4.81 0.03 0.80 1.06 3.56 6.38 10.9 7.17 13.9 0.07
U 0.65 0.21 0.18 0.13 0.17 0.16 0.21 0.12 0.35 0.22 0.35 0.23 0.11 0.02 0.41 0.01 0.25 0.23 0.26 0.75 0.6 0.41 2.4 0.19
Pb 15.4 7.37 9.58 10.2 10.1 10.8 9.4 2.32 7.16 7.66 9.70 6.80 3.91 2.97 10.7 2.90 14.8 18.6 – – – – – 47.2
Zr 287 255 209 251 254 266 63.0 27.9 31.8 29.1 27.1 11.6 34.1 43.0 18.0 40.8 401 668 280 316 301 250 406 15.2
Hf 8.21 6.54 5.79 6.52 6.32 7.09 1.70 0.94 1.12 1.02 0.92 0.45 1.16 1.41 0.71 1.36 9.33 16.3 8.26 8.11 7.96 6.64 9.91 0.68
Nb 9.59 10.40 10.9 15.0 18.2 12.1 9.12 2.14 3.82 2.03 1.81 0.79 2.23 1.72 1.92 1.91 17.4 5.49 13.4 13.9 16.4 9.24 78.2 0.12
Ta 0.35 0.72 0.53 0.65 0.88 0.51 0.70 0.07 0.17 0.06 0.10 0.03 0.09 0.05 0.08 0.07 0.64 0.18 0.76 0.63 0.81 0.60 0.62 0.18
Sc 13.1 16.6 19.7 18.6 20.7 17.1 0 42.1 36.0 34.3 32.7 45.6 36.9 35.3 43.7 35.0 15.4 18.1 20.3 13.6 15.9 17.7 13.5 0.19
V 108 151 141 122 150 101 0 145 134 138 129 451 154 150 494 152 124 54.5 88.6 113 85.5 79.6 80.6 0.67
Cr 134 28.4 71.4 85.9 233 132 48.7 16.7 50.7 49.1 192 106 276 210 36.8 206 27.9 3.39 94.9 85.2 61.4 55.5 79.6 0.90
Co 16.6 23.7 23.6 23.9 27.5 22.3 25.3 47.0 38.7 38.2 39.1 68.3 45.9 46.2 64.1 48.9 15.6 9.21 23.1 14.0 13.8 11.8 10.6 0.09
Ni 50.9 8.50 21.9 19.1 92.7 48.0 22.0 31.7 60.3 59.2 104 71.4 145 110 34.1 109 8.48 0.17 18.0 14.6 17.5 14.3 11.4 0
Cu 13.8 25.5 18.9 22.4 27.1 21.9 27.7 37.0 39.0 55.5 30.4 22.9 37.6 44.3 19.2 94.1 19.6 7.17 – – – – – 6.80
Be 0.99 1.62 2.01 1.23 1.65 1.01 0 0.43 1.09 1.03 0.28 0.39 0.40 0.38 0.47 0.40 1.27 1.35 – – – – – 0.29
Ga 21.0 19.7 24.3 22.6 24.5 21.1 22.3 16.0 16.5 16.3 15.3 15.6 15.1 15.7 16.0 15.7 21.5 23.7 – – – – – 12.1
Cs 2.44 0.07 0.44 0.07 0.09 0.05 0.44 0.22 0.36 0.60 0.28 0.26 0.30 0.22 0.40 0.32 1.16 0.75 2.27 0.88 1.55 0.67 0.20 0.25
Li 14.9 32.4 19.0 15.3 16.6 14.2 0 9.07 21.4 15.0 9.20 4.82 14.9 8.89 7.15 5.31 18.4 4.12 – – – – – 12.1
La 94.0 63.8 28.5 37.7 30.6 35.7 64.9 6.48 9.03 9.84 11.9 3.52 6.63 7.00 6.98 6.60 51.7 71.7 53.3 46.2 72.7 51.5 48.6 12.2
Ce 189 122 61.8 82.9 71.9 77.4 142 15.3 22.1 21.6 16.9 7.22 18.3 19.0 13.2 18.1 107 153 113 79.2 159 97.6 81.1 18.6
Pr 24.0 15.6 8.04 9.90 8.76 8.96 17.4 2.02 3.00 2.80 2.23 0.99 2.33 2.48 1.56 2.24 13.4 19.5 13.9 8.78 18.3 11.7 8.66 1.84
Nd 95.4 60.3 31.9 40.2 37.7 38.0 67.5 8.50 12.8 11.0 8.30 3.76 9.84 10.5 6.08 9.85 50.9 77.3 54.1 32.1 69.8 47.0 31.7 5.72
Sm 15.9 9.33 6.46 7.81 7.93 7.36 10.9 1.86 2.86 2.24 1.87 1.01 2.41 2.57 1.39 2.52 9.18 14.5 10.9 5.60 12.4 9.6 5.36 0.66
Eu 1.94 2.33 1.90 1.98 1.89 2.06 2.15 0.73 0.74 0.72 0.57 0.40 0.70 0.66 0.48 0.72 2.36 2.98 1.65 0.94 1.49 1.27 1.06 1.08
Gd 9.44 6.56 4.80 5.41 6.07 5.16 7.99 1.74 2.59 2.01 1.61 1.02 1.99 2.10 1.39 2.13 6.91 12.5 9.41 4.00 8.45 6.71 4.26 0.31
Tb 1.13 0.85 0.66 0.67 0.81 0.69 1.08 0.28 0.41 0.31 0.26 0.18 0.33 0.33 0.21 0.36 0.86 1.77 1.40 0.67 1.23 1.04 0.73 0.03
Dy 5.81 4.09 3.09 3.72 4.38 3.33 4.55 1.63 2.31 1.75 1.63 1.17 1.95 2.14 1.33 2.16 4.15 9.87 8.36 3.89 5.89 6.11 4.35 0.10
Ho 0.97 0.75 0.56 0.63 0.74 0.60 0.73 0.34 0.45 0.35 0.31 0.22 0.42 0.38 0.28 0.44 0.78 1.88 1.67 0.78 1.08 1.17 0.86 0.02
Er 2.20 2.05 1.42 1.81 1.98 1.53 1.90 0.88 1.19 0.96 0.87 0.67 1.17 1.14 0.80 1.24 2.02 4.94 5.41 2.42 3.08 3.32 2.67 0.06
Tm 0.26 0.30 0.20 0.24 0.25 0.20 0.23 0.14 0.18 0.15 0.13 0.10 0.17 0.16 0.12 0.18 0.29 0.67 0.73 0.36 0.40 0.44 0.38 0.01
Yb 1.53 1.90 1.27 1.39 1.51 1.34 1.34 0.93 1.20 0.99 0.85 0.59 1.07 1.04 0.73 1.20 1.93 4.20 4.79 2.42 2.64 2.89 2.71 0.09
Lu 0.22 0.28 0.19 0.22 0.25 0.22 0.20 0.13 0.16 0.15 0.14 0.09 0.17 0.16 0.11 0.18 0.29 0.63 0.72 0.38 0.38 0.41 0.41 0.02
Y 23.6 18.7 16.4 15.2 20.3 14.0 18.7 9.34 12.6 9.98 7.39 5.31 9.63 9.64 6.22 10.1 20.7 46.7 46.5 22.7 28.4 32.9 24.8 0.32
REE 465 308 167 209 195 196 341 50.3 71.6 64.9 55.0 26.3 57.1 59.1 40.9 58.0 273 422 326 210 385 274 218 41.1
La/YbN 15.2 8.31 5.54 6.72 5.00 6.58 12.0 1.73 1.87 2.46 3.45 1.48 1.53 1.67 2.37 1.36 6.62 4.22 2.75 4.72 6.81 4.41 4.44 33.5
Gd/YbN 5.11 2.86 3.12 3.22 3.32 3.18 4.93 1.55 1.79 1.68 1.57 1.44 1.53 1.67 1.58 1.47 2.96 2.46 1.63 1.37 2.65 1.92 1.30 2.85

Notes: La/YbN and Gd/YbN values are La/Yb and Gd/Yb ratios normalized to chondrite values after Sun and McDonough (1989). Entries with “–” refer to data undetermined. Data of samples BSH-6, TG402, HL401, HL402-2 and
HL403-2 are from Zhong et al. (2006).
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Table 5
Selected whole-rock Nd isotopic data of the Xuwujia gabbronorites and associated rocks.

Sample Group

Xuwujia
gab-
bronorites
(high-Mg
group)

Xuwujia
gab-
bronorites
(low-Mg
group)

99XBY-4 99XBY5-1 99XBY5-2 99XBY6-1 99XBY6-2 99XBY6-4 99XBY-8 99XW-3 99XW-7 99XW15 99XW16 06LC07 06LC17 99XW9 99LC1 99LC2 99LC3 99LC4

Sm (ppm) 1.261 2.282 2.272 3.472 1.652 3.787 1.807 2.858 2.843 1.931 1.665 7.554 12.221 16.91 11.05 12.73 26.83 12.15
Nd (ppm) 4.948 9.367 9.357 13.48 6.567 14.61 7.101 11.67 17.08 9.248 7.098 32.10 66.011 98.78 57.37 65.49 138.9 62.75
147Sm/144Nd 0.1541 0.1474 0.1468 0.1558 0.1521 0.1567 0.1539 0.1482 0.1007 0.1263 0.141 0.1423 0.1119 0.1035 0.1165 0.1176 0.1168 0.1171
143Nd/144Nd 0.512194 0.512066 0.512107 0.512155 0.512089 0.512183 0.512217 0.512003 0.511313 0.51184 0.512053 0.51192 0.511487 0.511288 0.511545 0.511589 0.511564 0.511588
error, 2� 0.000011 0.000009 0.000008 0.000008 0.000008 0.000009 0.000007 0.00001 0.000009 0.000009 0.000009 0.000011 0.00001 0.000009 0.000007 0.000006 0.000007 0.000007
TDM, Ma 2433 2480 2365 2605 2611 2572 2367 2654 2466 2275 2291 2610 2478 2562 2504 2464 2482 2453
�Nd0 −8.6 −11.1 −10.3 −9.4 −10.7 −8.8 −8.2 −12.4 −25.8 −15.5 −11.4 −14.0 −22.5 −26.3 −21.3 −20.4 −20.9 −20.4

Sample Group
Xuwujia
gab-
bronorites
(low-Mg
group)

99LC5 99LC6 99LC7 99XW1-1 99XW1-2 99XW6 02SX021 99LC15 99LC16-1 99LC18 99LC20 99LC21 99XW4-1 99XW4-2 99XW5 99XW5-1 99XW5-2 99XW5-3

Sm (ppm) 11.67 16.46 16.2 10.88 14.12 12.16 10.375 6.339 8.902 7.446 9.187 4.317 18.678 16.892 3.167 6.964 2.68 2.653
Nd (ppm) 64.66 86.15 85.2 68.11 81.77 75.75 66.069 37.33 46.36 49.89 44.24 22.58 113.725 103.486 13.11 42.49 11.4 11.13
147Sm/144Nd 0.1092 0.1155 0.115 0.09661 0.1044 0.09712 0.0951 0.1027 0.1161 0.0903 0.1256 0.1157 0.09933 0.09872 0.1462 0.09914 0.1422 0.1441
143Nd/144Nd 0.511457 0.511527 0.511506 0.511279 0.511333 0.51124 0.511093 0.511379 0.511555 0.511279 0.511646 0.511518 0.511313 0.511325 0.511995 0.511287 0.511884 0.512043
error, 2� 0.000007 0.000008 0.000007 0.000009 0.000008 0.000008 0.000014 0.000007 0.000009 0.000006 0.000009 0.000009 0.000009 0.000009 0.000008 0.000017 0.000007 0.00001
TDM, Ma 2457 2506 2526 2424 2521 2485 2628 2420 2479 2300 2588 2525 2436 2408 2594 2467 2684 2413
�Nd0 −23.0 −21.6 −22.04 −26.5 −25.4 −27.2 −30.1 −24.5 −21.1 −26.5 −19.3 −21.8 −25.8 −25.6 −12.5 −26.3 −14.7 −11.6
�Ndt −1.4 −1.6 −1.9 −1.7 −2.6 −2.6 −5.0 −1.3 −1.2 −0.2 −1.7 −1.8 −1.7 −1.3 −0 −2.2 −1.2 1.4

Sample Group

Xuwujia
gab-
bronorites
(low-Mg
group)

Liangcheng
granitoids

Xigou gabbro Khondalite

99XW100 99XW101 99LC17 99XW1 06LC27 06JN03 06JN05 06JN06 99JN2-1 99JN2-2 99JN2-3 99JN2-4 99JN4 99JN5 99JN2-5 99JN3 HT2-9

Sm (ppm) 8.76 5.721 6.098 18.43 8.658 1.694 2.057 2.632 1.668 0.867 1.758 1.951 1.556 1.842 1.949 1.251 5.70
Nd (ppm) 49.72 36.384 34.12 111.786 49.997 7.472 9.757 11.161 8.184 3.565 8.263 9.34 7.512 8.371 9.092 5.941 27.50
147Sm/144Nd 0.1066 0.0951 0.1081 0.09971 0.1047 0.137 0.1275 0.1425 0.1233 0.1471 0.1287 0.1263 0.1261 0.1331 0.1296 0.1274 0.1251
143Nd/144Nd 0.511435 0.511328 0.511423 0.511329 0.511428 0.511703 0.511628 0.511741 0.511448 0.511723 0.511555 0.511488 0.511535 0.511574 0.51151 0.511563 0.511495
error, 2� 0.000007 0.000007 0.000007 0.000008 0.000011 0.000018 0.000009 0.000011 0.000009 0.000009 0.000012 0.000007 0.000011 0.000009 0.000008 0.000017 0.000007
TDM, Ma 2429 2331 2480 2423 2396 2859 2674 2998 2852 3242 2843 2880 2793 2961 2953 2786 2830
�Nd0 −23.4 −25.5 −23.7 −25.5 −23.6 −18.2 −19.7 −17.5 −23.2 −17.8 −21.1 −22.4 −21.5 −20.7 −22.0 −20.9 −22.3
�Ndt −1.2 −0.4 −1.8 −1.5 −0.8 −3.5 −2.6 −4.1 −5.1 −5.6 −4.3 −5.0 −4.0 −5.0 −5.4 −3.8 −4.6

Notes: TDM ages are calculated after DePaolo (1981).�Nd0 is the present day value, and �Ndt values are calculated back to 1930 Ma. Khondalite data (HT2-9) are after Wan et al. (2000).
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soplot 3.0 programs (Ludwig, 2002, 2003). The data in Table 1 are
iven with 1� errors. Analytical procedures of CAMECA and SHRIMP
on probes were similar to those described in Li et al. (2009) and

illiams (1998), respectively.
Zircon in situ Hf isotope analyses (Table 2) were determined

sing a Neptune MC-ICPMS. A 63-�m spot size was applied during
blation with a 193 nm laser, using a repetition rate of 10 Hz in most
ases. During analysis, isobaric interference corrections of 176Lu on
76Hf were not processed due to the extremely low 176Lu/177Hf in
ircon (normally <0.002), although 175Lu/176Lu = 0.02655 is used
or elemental fractionation correction. The isobaric interference of
76Yb on 176Hf was corrected using the mean fractionation index
roposed by Iizuka and Hirata (2005). A value of 0.5886 was used
or the 176Yb/172Yb ratio (Chu et al., 2002; Vervoort et al., 2004). The
ata reported here were corrected assuming a 176Hf/177Hf ratio of
.282305 for zircon 91500 (after Wu et al., 2006).

Major element determinations were performed by X-ray flu-
rescence (Shimadzu XRF-1700/1500) after fusion with lithium
etraborate. The analyses were corrected using Chinese national
tandard sample GBW07101-07114. The precision was better than
.2 wt.% in the analysis range. The loss-on-ignition was mea-
ured as the weight loss of the samples after 1 h baking under
constant temperature at 1000 ◦C. Trace element analyses were

etermined using an ELEMENT ICP-MS after HNO3 + HF digestion of
bout 40 mg sample powder in a Teflon vessel, with accuracy and
eproducibility monitored using Chinese national standard sam-
les GSR1 (granite), GSR2 (rhyolite) and GSR3 (basalt). The relative
tandard deviation was better than 5% above the detection lim-
ts. Nd isotope determinations were performed on a Finnigan MAT
62 spectrometer; Nd was measured as a metal. The data were
ormalized to 146Nd/144Nd = 0.7219 to correct for instrumental

ractionation. The Ames Nd standard reference material was used
o quantify analytical bias; however, no adjustment was applied to
he unknowns as the measurements for the standard agree with
he standard value, within error, during this analytical session
143Nd/144Nd = 0.512138 ± 17, 2�, n = 18, data of October, 2006).
rocedural blank for Sm–Nd isotope analyses were better than 50
g. The external precision (2�) of 147Sm/144Nd ratios was better
han 0.5%.

. Geochronology

.1. Samples 06LC17 (Hongmiaozi gabbronorite dyke) and
2SX021 (Xuwujia norite dyke)

This gabbronoritic dyke (part of the low-Mg group of Xuwujia
abbronorites, see Section 6) intruded the khondalite but is itself
ntruded by granitoids near Hongmiaozi village (GPS: N40◦35′,
112◦21′; Fig. 1). Zircon grains separated from this sample (06LC17)
ave lengths of 200 �m or larger. They have irregular shapes with
istinct large, dark cores and thin, light-coloured rims (Fig. 3a).
he rim domains have distinctly lower Th and U contents (mostly
100 ppm) and Th/U ratios (mostly 0.2–0.5) than the core domains
mostly >100 ppm and Th/U between 0.6 and 0.9, respectively)
Fig. 4a).

U–Th–Pb analyses were initially acquired using the SHRIMP
on probe. For the core domains of zircon grains, the 207Pb/206Pb
ges ranges from 2047 ± 21 to 1873 ± 23 Ma, with an average age
f 1964 ± 9 [2�] Ma (MSWD = 4.4, n = 19; Table 1A and Fig. 5a).
or the rim domains, the ages from different spots are not con-

istent: eight analyses yield a weighted mean 207Pb/206Pb age of
907 ± 37 [2�] Ma (MSWD = 3.6, n = 9; Table 1A and Fig. 5a). The
elatively large analytical spot size (30–40 �m) employed during
hese analytical sessions leaves open the possibility that some of
he analytical scatter is due to inadvertent overlapping of core
arch 183 (2010) 635–659

and rim domains, yielding mixed and geologically meaningless age
information. Therefore, the smaller diameter primary ion beam
capability of the CAMECA ion probe (∼20 �m) was employed on
these same zircons. Twenty-seven analyses from core domains
yield a weighted mean 207Pb/206Pb age of 1954 ± 6 [2�] Ma (2�,
MSWD = 2.3, n = 27; Table 1B and Fig. 5b); in contrast, 13 analyses
from the rims yield a weighted mean 207Pb/206Pb age of 1925 ± 8
[2�] Ma (2�, MSWD = 0.38, n = 13; Fig. 5b). There are several pos-
sibilities for the explanation of these ages, i.e. (1) 1925 Ma is the
age of a metamorphic event and 1954 Ma is close to the crystalliza-
tion age or an average of inherited ages or a mixture of both; (2)
1925 Ma represents the crystallization age and the 1954 Ma is an
average of inherited ages. In any case, this dyke is likely intruded
at an age no younger than 1.925 Ga and no older than 1.954 Ga.

Other ages have been reported from the Xuwujia dyke (GPS:
N40◦44′, E113◦15′). Guo et al. (2001) reported a weighted mean
207Pb/206Pb age at 1921 ± 1 Ma using TIMS methods and inter-
preted this as the magmatic age. But zircon grains from this dyke
are round and multifaceted, and likely have rim and core domains
(Fig. 3b). Peng et al. (2005) analyzed different domains of the zircon
grains using a SHRIMP ion probe, but they were averaged together
and gave a weighted mean 207Pb/206Pb age of 1929 ± 8 Ma, which
was interpreted as a metamorphic age (sample 02SX021, quartz
monzonorite, low-Mg group of Xuwujia gabbronorites, see Sec-
tion 6). Here we recalculated these data using only core domains,
yielding a weighted mean 207Pb/206Pb age of 1931 ± 8 [2�] Ma
(MSWD = 0.71, n = 14) (Fig. 5c). As these spots have very high
Th/U ratios, mostly around 2.0, which are more consistent with a
magmatic signature (e.g., Hoskin and Schaltegger, 2003), it is inter-
preted as the crystallization age of the dyke. In addition, two spot
analyses from rim domains are slightly younger (1862 ± 19 [1�] and
1891 ± 18 [1�] Ma), and could represent ages of overgrowth during
metamorphism and/or late neighboring intrusion of the Liangcheng
granitoids.

The Lu–Hf isotopes of different zircon domains were ana-
lyzed (Table 2). These data show different �Hft (t = 1.93 Ga) values
between rim and core domains of sample 06LC17, although there
are big variations in the cores (Fig. 4b). The core domains have
lower �Hft values that are more likely to be inherited from pre-
cursor rocks, whereas the rim domains have higher �Hft values,
similar to that of cores of the sample 02SX021, and are possibly
due to overgrowth from juvenile magma. Thus we would interpret
the ca. 1.93 Ga ages (1925 Ma of 06LC17 and 1931 Ma of 02SX021)
to be related to magmatism, although the possibility of a crys-
tallization age of ≤1.954 Ga but ≥1.925 Ga for Hongmiaozi dyke
(06LC17) remains open. These ca. 1.93 Ga ages are quite close
to the high-temperature metamorphic ages in the accompanying
metasediments (e.g., Santosh et al., 2006, 2007b; Liu et al., 2009a,b).

5.2. Sample 06JN05 (Xigou gabbro)

Sample 06JN05 is from the gabbro near the village of Xigou
(GPS: N41◦01′, E112◦59′; Fig. 1b). Zircon grains from this sample are
slightly elongate and subhedral showing cracked rims surround-
ing homogeneous center domains (Fig. 3b). They have high Th and
U contents up to 3057 and 7407 ppm, respectively (Table 1A and
Fig. 4a), and the cracks could be caused by radioactive damage
due to Th and U, or alternatively by differential expansion of cores
and rims during decompression. The Th/U ratios vary from 0.07
to 0.51, but are mostly around 0.1 (Fig. 4a). The discordance of
each spot is positively correlated with U content (Fig. 5d inset).

Similar high U bias by SHRIMP analysis is reported by Williams
and Hergt (2000) and it is thought to have no effect on the mea-
surement of 207Pb/206Pb ages. Fourteen analyses from cores give a
weighted mean 207Pb/206Pb age of 1857 ± 4 [2�] Ma (MSWD = 2.0,
n = 14; Table 1A and Fig. 5d). Two analyses from rim domains (spots
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ig. 3. Representative cathodoluminescence (CL) and backscattered electron (BSE)
00 �m or larger, and irregular shapes with distinct large, dark cores and thin, brig
BSE, Xigou gabbro): zircons are slightly elongate and subhedral showing cracked ri
robe for 06LC17 and SHRIMP ion probe for 02SX021 and 06JN05.

3.1 and 14.1) give 207Pb/206Pb ages at 1857 ± 5 [1�] and 1881 ± 8
1�] Ma, no younger than those from grain-center domains. As the
ock has experienced metamorphism, this age could represent a
etamorphic event. This agrees with the observation that the Xigou

abbro was intruded by the ca. 1.93–1.89 Ga Liangcheng granitoids,
nd thus should have an age no younger than ca. 1.90 Ga. Moreover,
hese rim ages may instead reflect isotopic disturbance rather than
obust metamorphic overgrowth ages because these domains are
istinguished by numerous cracks; further analysis is required to
etermine if the timing of centre and rim domain growth is statis-
ically distinct.

. Geochemistry

.1. Alteration, metamorphism and significance of whole-rock
ompositions

Low grade and/or fluid-assisted alteration processes have the
otential to modify whole-rock chemistry selectively, manifest
ost obviously by high loss-on-ignition (LOI) values, as well as

ome scattering (through variable mobility) of major elements,
nd addition or subtraction of the large-ion lithophile elements
LILE) (e.g., Rb, Sr, and Ba) (Chesworth et al., 1981; Wood et
l., 1979; Pandarinath et al., 2008). High-grade metamorphism
ay also result in significant element mobility. In contrast, high
eld-strength elements (HFSE) and rare earth elements (REE) are
elatively immobile during metamorphism, and in general tend to
eflect igneous processes (Wood et al., 1979; Middelburg et al.,
988). Analyses of samples from the study area exhibit low LOI
alues (mostly <2 wt.%). And although LILE mobilization is evident

Fig. 4. Zircon trace element and Hf isotopic results: (a) Th versu
s of selected zircons. (a) 06LC17 (CL, Hongmiaozi dyke): zircon grains have sizes of
s. (b) 02SX021 (CL, Xuwujia dyke): zircons are round and multifaceted. (c) 06JN05

rrounding homogeneous cores. The labeled age results are analyses by CAMECA ion

in some samples, most major elements, REEs and HFSEs exhibit
coherent variations among geological bodies and groups (Figs. 6–8),
and thus likely reflect original characteristics. We carefully selected
such relatively immobile elements for our interpretations; for
instance, we utilized immobile trace elements in variation dia-
grams (Fig. 7) and spidergrams (Fig. 8b).

It is important to mention here that different groups of the gab-
bronorites, irrespective of whether samples were collected from
fine- or coarse-grained portions, show parallel trace element pat-
terns (Fig. 8). As samples from fine-grained chilled margins could
represent parental compositions (see Latypov et al., 2007), and
because they have parallel trace element patterns with those from
other portions, we suggest that the whole-rock compositions of
most samples are close to the compositions of the liquid from which
these rocks crystallized.

6.2. The Xuwujia gabbronorites

The Xuwujia gabbronorites are composed mainly of gab-
bronorite, but also include some norite, olivine gabbronorite,
monzonorite, quartz gabbronorite, and quartz monzonorite. They
can be divided into two groups according to their MgO contents
and Mg# (Mg numbers, calculated as molar 100 × Mg/(Mg + Fe2+)):
a high-Mg gabbronoritic group (high-Mg group) with MgO con-
tent of 6.2–22.9 wt.% and Mg# of 51–82, and a relatively low-Mg

gabbronoritic group with MgO content of 2.2–5.7 wt.% and Mg# of
35–57 (Table 3). They are distinct in most chemical diagrams (e.g.,
Figs. 6–8). The high-Mg group is mostly seen as dykes and sills in
the khondalite, whereas the low-Mg group occurs more widely, in
the khondalite and adjacent rocks, as well as in the granitoids.

s U plot; (b) �Hft (t = 1930 Ma) versus 176Lu/177Hf diagram.



650 P. Peng et al. / Precambrian Research 183 (2010) 635–659

F 06JN
2 plot fo
d /206Pb

e
T
C
t
K
T
h
a
t
(
(
i

ig. 5. U–Pb zircon concordia diagrams for samples 06LC17 (Hongmiaozi dyke) and
07Pb/206Pb age versus Th/U plot; (c) SHRIMP data for 02SX021 (inset: Th versus U
ata for 06JN05, inset: U versus 206Pb/238U age plot. “Mean” refers to average 207Pb

The high-Mg rocks are composed of olivine, orthopyrox-
ne (hypersthene), clinopyroxene, hornblende, and plagioclase.
hey show variable SiO2 (45.4–50.6 wt.%), Al2O3 (6.61–17.95 wt.%),
aO (6.03–16.90 wt.%) and Fe2O3t (total iron, 8.9–13.6 wt.%) con-
ents. They have low TiO2 (0.39–1.02 wt.%), Na2O (0.44–1.21 wt.%),
2O (0.10–1.37 wt.%), and P2O5-contents (<0.23 wt.%) (Table 3).
he high-Mg rocks are chemically similar to komatiite or
igh-Mg tholeiite. Normalized to chondrite values of Sun

nd McDonough (1989), they generally have flat REE pat-
erns with slight light rare earth element (REE) enrichment
La/YbN = 0.56–1.53; Table 4) (Fig. 8a) and negative Eu-anomalies
Eu/Eu* = 0.53–0.72, Eu/Eu* = EuN/[(SmN)*(GdN)]−1/2). Accompany-
ng multi-element spidergrams, normalized to primitive mantle of

Fig. 6. (a) Na2O + K2O versus SiO2 diagram, and (b) FeOt–Na2
05 (Xigou gabbro). (a) SHRIMP data for 06LC17; (b) CAMECA data for 06LC17, inset:
r the analyzed spots; shaded circles represent rim compositions); and (d) SHRIMP
ages.

Sun and McDonough (1989), also show slightly negative anomalies
in HFSE (e.g., Th, Nb, Zr, and Ti) compared with the neighboring
elements (Fig. 8b). Their �Ndt (t = 1.93 Ga) values vary from +0.3 to
+2.4 (one outlier at −2.1), mostly between +1.0 and +2.0 (Table 5).

The low-Mg rocks are composed of hypersthene, clinopyrox-
ene, hornblende, and plagioclase, with or without quartz and/or
garnet. This group has large variation in SiO2 contents, varying
from 48.9 to 59.7 wt.%. It is also characterized by variable Al2O3

(14.88–19.28 wt.%), CaO (4.90–8.67 wt.%), Fe2O3t (6.8–15.8 wt.%),
K2O (0.68–3.23 wt.%) and P2O5 (0.21–1.23 wt.%) contents, but
high TiO2 (0.98–3.20 wt.%), and Na2O (1.83–3.21 wt.%) contents
(Table 3).The low-Mg samples mostly plot in the tholeiitic field,
with a few in the calc-alkaline field (Fig. 6b). In the covariant plots

O + K2O–MgO diagram (after Irvine and Baragar, 1971).
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ig. 7. Variation diagrams of selected major oxides and trace elements versus Mg
abbronorites.

etween MgO and other major/trace elements, some elements are
ell correlated (e.g., SiO2, CaO, and K2O; Fig. 7), whereas some

thers show considerable scatter (e.g., TiO2, Fe2O3t, P2O5, and Nb;
ig. 7). They have negative Eu-anomalies (Eu/Eu* = 0.48–1.05) and
istinct light REE enriched patterns (La/YbN = 1.51–12.0, with one
t 15.2) (Fig. 8a). The majority shows variable negative anomalies
n HFSEs (e.g., Th, Nb, Zr, and Ti) (Fig. 8b). Their �Ndt (t = 1.93 Ga)
alues vary from −5.0 to 0 (Table 5).

.3. The Liangcheng granitoids
The Liangcheng granitoids comprise garnet-bearing granite,
ranodiorite and quartz-rich granitic compositions. They have
iO2 contents of 65.0–74.5 wt.%, MgO contents of 0.3–3.4 wt.%
Mg# of 37–54, with one exception at 16), Al2O3 contents of
3.45–20.50 wt.%, Fe2O3t contents of 1.2–8.9 wt.%, CaO contents of
t.%). The red curves portray the possibly differentiation trend of the liquid of the

0.40–4.19 wt.%, TiO2 contents of 0.98–3.20 wt.%, K2O contents of
0.28–2.21 wt.%, Na2O contents of 0.54–4.51 wt.% (mostly around
2.50 wt.%), and P2O5-contents of less than 0.50 wt.% (data of Zhong
et al., 2006, Lan, 2006 and this study; Fig. 7 and Table 3). They are
calc-alkaline (Fig. 6b) and peraluminous, and were identified as S-
type granites by previous workers (e.g., Zhai et al., 2003; Zhong et
al., 2006; Lan, 2006). Most major oxides and some minor and trace
elements show continuous variations (Fig. 7). They are enriched
in light REEs (La/YbN = 1.18–6.81) with negative to positive Eu-
anomalies (Eu/Eu* = 0.14–1.23) (Fig. 8a). They show large variations
in behaviour in the HFSEs, for instance, negative anomalies for Nb

and Ti, variable Th anomalies, and slight positive anomalies for Zr
(Fig. 8b). The single sample analyzed for Sm–Nd isotopes has an ini-
tial �Nd (1.93 Ga) value of −0.8 (Table 5). They have trace element
patterns similar to the low-Mg group of gabbronorites (Fig. 8a and
b).
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un and McDonough (1989).

.4. The Xigou gabbro

The rocks of the Xigou gabbro have high Mg# (56–72) (Table 3).
hey have high MgO (7.5–10.1 wt.%), Al2O3 (13.45–20.50 wt.%),
aO (11.25–12.62 wt.%, and Na2O (2.11–2.90 wt.%) contents, low
iO2 (46.2–51.1 wt.%), TiO2 (0.31–0.48 wt.%), K2O (0.25–1.44 wt.%),
nd P2O5 (∼0.05 wt.%) contents, and varied Fe2O3t contents
6.3–11.6 wt.%) (Fig. 7 and Table 3). On the covariant element
lots (Fig. 7) they show a restricted range. They have moderately
nriched light REEs (La/Yb = 1.48–3.45) with small Eu-anomalies
N

Eu/Eu* = 0.83–1.23) (Fig. 8a). They show negative anomalies for
ost HFSEs (e.g., Nb, Zr, and Ti), with variable anomalies in Th-

ontent (Fig. 8b). Their �Ndt (t = 1.93 Ga) values vary from −5.6 to
2.6 (Table 5).

ig. 9. Model calculation for the Liangcheng granitoids, the Xigou gabbro and the Xuwujia
urve 2 is the composition of a solid assemblage composed of 0.05 (mol proportion) magne
igou gabbro, Table 3), which is in equilibrium with a magma composition represented by
composition after fractional crystallization of 45 vol.% portion of melt from a liquid repres
ypersthene; and curve 5 refers to a composition after 71 vol.% portion of fractional cryst
liquid represented by curve 4. Curve 6 is a mix composition of 70 vol.% of curve 5 and 3

oefficients for granitoids are from Luhr and Carmichael (1980) (REE and Th of clinopyro
r and Nb of clinopyroxene), Dunn and Sen (1994) (Y, Zr and Nb of plagioclase), Ewart
linopyroxene and plagioclase), and Shimizu and Kushiro (1975) (Nb, Ti of magnetite). Par
ollison (1995, all other coefficients).
ment spidergrams (b). Chondrite and primitive mantle-normalized values are from

7. Discussions

7.1. The Liangcheng granitoids and the Xigou gabbro: melts and
cumulate

The weight of field and petrological studies suggest that the
Liangcheng granitoids are mostly derived from metasediments (the
khondalite, e.g., Zhai et al., 2003; Lan, 2006; Zhong et al., 2006,
2007). These granitoids range up to relatively high Mg numbers
(up to 54), and show some chemical affinities with the low-

Mg gabbronorites (Fig. 8a and b). This could have resulted from
local mixing with gabbronoritic melts. The Xigou gabbro contains
magnetite-layers, as well as gabbroic parts (clinopyroxene and
plagioclase). It can be considered as a cumulate. The narrow com-

gabbronorites. Curve 1 shows the pattern of sample TG402 (Liangcheng granitoid);
tite, 0.35 clinopyroxene, and 0.60 plagioclase (an assemblage similar to those in the

curve 1; curve 3 is the pattern of sample 07XBY02 (high-Mg group); curve 4 presents
ented by curve 3 with fractional components including 62 mol% olivine and 38 mol%
allization of 17 mol% olivine, 22 mol% clinopyroxene and 61 mol% plagioclase from
0 vol.% of khondalite melt represented by sample 02SX008 (Tables 3, 4). Partition

xene and plagioclase), Beattie (1993b) (REE and Th of magnetite), Larsen (1979)(Y,
and Griffin (1994) (Y and Zr of magnetite), McKenzie and O’Nions (1991) (Ti of

tition coefficients for gabbronorites follow those of Fujimaki et al. (1984, REEs) and
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ositional variations in these rocks (Fig. 7) are not incompatible
ith this interpretation. The Xigou gabbro rocks have extremely

ow compatible element concentrations (e.g., Ni 34–110 ppm, Cr
9–276 ppm); this indicates low compatible contents in the parent
agma. Plagioclase in these rocks has an extremely low anor-

hite content (<10 mol%), incompatible with those crystallized from
gabbroic liquid but similar to those accumulated from a felsic
agma. A mode calculation was attempted (Fig. 9), and this shows

hat a cumulate composed of 5 mol% magnetite, 35 mol% clinopy-
oxene, and 60 mol% plagioclase in equilibrium with the Liangcheng
ranitoids could match the trace element variations in the Xigou
abbro. This modeled mode is similar to the normative modes cal-
ulated for the Xigou gabbro (Table 3). We suggest that the Xigou
abbro is an early mafic cumulate of the parental magma of the
iangcheng granitoids.

.2. The Xuwujia gabbronorites: origin, differentiation and
ssimilation

.2.1. Fractional crystallization
Both the high-Mg and low-Mg rocks of the Xuwujia gab-

ronorites show well correlated trends in most variation plots
Fig. 7). For example, in a CaO versus MgO plot (Fig. 7), CaO cor-
elates negatively with MgO for samples with MgO-concentrations
6.0 wt.% (high-Mg group), but positively for those <6.0 wt.% (low-
g group). The negative correlation could be due to differentiation

f olivine and low-CaO pyroxene (e.g., hypersthene), whereas pos-
tive correlations could be caused by the fractionation of high-CaO
yroxene (clinopyroxene) and plagioclase. This is consistent with
he fractional crystallization trends shown in the variation dia-
rams (Fig. 10), which indicate that olivine is also a potential
rystallizing phase for the low-Mg group.

A simplified two-stage differentiation model, including frac-
ionation of olivine + hypersthene in the high-Mg group and
livine + plagioclase + clinopyroxene in the low-Mg group, is sug-
ested. Fraction (F, vol.%) of magma and proportion (p, mol%) of each
ineral is calculated. Three samples are selected as the end mem-

ers: 07XBY02 as the least evolved, 06LC13 as the most evolved,
nd 99XBY6-4 as transitional (i.e. the most evolved in the high-
g group but the primitive component of the low-Mg group; all

he concentrations in Table 3 are recalculated to 100 wt.% totals
or the major elements. The formulas of the mafic phases are
ssumed using Mg–Fe equilibrium between minerals and prim-
tive melt (whole-rock). Partition coefficients (Kd Fe–Mg) of 0.33
olivine) and 0.36 (pyroxene) are used after Kinzler (1997). Accord-
ngly, the formulas of olivine and hypersthene in the first stage are
Mg0.9Fe0.1)2SiO4 and (Mg0.85Fe0.15)2Si2O6, whereas olivine and
linopyroxene in the second stage (low-Mg) are (Mg0.7Fe0.3)2SiO4)
nd Ca(Mg0.7Fe0.3)Si2O6, respectively. For plagioclase, we take
a0.75Na0.5Al2Si2O8, similar to the analyzed composition of rep-
esentative plagioclase in sample 99XBY6-4.

In the first stage (high-Mg), as chemical variations of CaO
nd MgO show the best correlations in Fig. 7, balances of
hem are used to establish the following two equations: (CaO
r MgO content in melt, wt.%)primitive = (1 − F1) × (CaO or MgO
ontent in melt, wt.%)evolved + F1 × [pol1 × (CaO or MgO in hyper-
thene, wt.%)fractionated + (1 − pol1) × (CaO or MgO in hypersthene,
t.%)fractionated]. Here pol1 and (1 − pol1) refer to proportions of

livine and hypersthene, respectively. As assumed above, samples
7XBY02 and 99XBY6-4 represent the primitive and evolved com-

ositions of the magma, respectively. Solving the two equations
ields: F1 = 0.45; pol1 = 0.62; (1 − pol1) = 0.38. This means that frac-
ional crystallization of 45 vol.% of the magma with 62 mol% olivine
nd 38 mol% hypersthene, can explain the CaO and MgO variations
n the high-Mg group.
arch 183 (2010) 635–659 653

In the second stage (low-Mg), as chemical variations of CaO,
SiO2 and MgO show the best correlations in Fig. 7, balances
of them are used to establish the following equations: (SiO2,
CaO, or MgO content in melt, wt.%)primitive = (1 − F2) × (SiO2, CaO,
or MgO in melt, wt.%)evolved + F2 × [pol2 × (SiO2, CaO, or MgO
in olivine, wt.%) + ppy2 × (SiO2, CaO, or MgO in clinopyroxene,
wt.%) + (1 − pol2 − ppy2) × (SiO2, CaO, or MgO content in plagioclase,
wt.%)]. Here F2 refers to the fraction of the separated magma
during this stage. And pol2, ppy2 and (1 − pol2 − ppy2) are propor-
tion of olivine, clinopyroxene and plagioclase in the separated
assemblage. Primitive and evolved compositions are assumed as
those of 99XBY6-4 and 06LC13, respectively. The equations give:
F2 = 0.71; pol2 = 0.17; ppy2 = 0.22; (1 − pol2 − ppy2) = 0.61. This means
that 71 vol.% of magma separation through fractional crystallization
with 17 mol% olivine, 22 mol% clinopyroxene and 61 mol% plagio-
clase can explain the CaO, MgO and SiO2 variations in the low-Mg
group.

Fig. 9 shows the predicted trace element variations in the Xuwu-
jia gabbronorites using the above modeling results. Curve 4 tracks
the predicted compositions of liquid after differentiation of the first
stage. It fits well with the compositional variation of the high-Mg
group. Curve 5 is the prediction of the second stage of fractional
crystallization. It predicts well the concentration of some trace ele-
ments, but fails for some others (e.g., the heavy REEs).

7.2.2. Assimilation and contamination
Although fractional crystallization can explain some of the trace

element variations (e.g., Fig. 9), it fails to explain some irregular
variations in concentrations of TiO2, Fe2O3t, P2O5 and Nb contents
at a constant MgO content (Fig. 7), variations of Nb, Ti, Zr and heavy
REE concentrations in spidergrams (Fig. 8b), and variations of �Ndt

values (Fig. 11). These characteristics cannot easily be interpreted
by fractionation alone, but could be the result of assimilation and/or
contamination by crust. The khondalite is suggested as the most
important contaminant, as it directly hosts these igneous rocks.
Fig. 11 shows the variations of �Ndt (t = 1.93 Ga) values versus SiO2
and some incompatible elemental ratios, as well as two-member
mixing modeling between a potential gabbronorite reservoir rep-
resented by the most primitive gabbronorite sample (�Ndt = 2.4,
SiO2 = 47.2 wt.%, Yb = 1.76 ppm, La = 3.44 ppm, Nb = 1.51 ppm and
Zr = 24.6 ppm) and crustal contaminant represented by the khon-
dalite (�Ndt = −4.6, SiO2 = 75.3 wt.%, Yb = 0.09 ppm, La = 12.2 ppm,
Nb = 0.12 ppm and Zr = 15.2 ppm). Variations in ratios between dif-
ferent incompatible elements can rule out the effects of fractional
crystallization. These diagrams suggest that mixing of up to 70 vol.%
of a khondalite with the gabbronorite magma could explain most
observed variations. Fig. 11b also shows that the relatively heavy
REE depletion (represented by lower Yb/La ratios) in the low-Mg
rocks of the Xuwujia gabbronorites could be interpreted by assim-
ilation of crust. Curve 6 in Fig. 9 is a composition mixed by 30 vol.%
khondalite represented by sample 02SX008 and 70 vol.% of differ-
entiates represented by curve 5. The diagrams also indicate that
there is a possible second contaminant besides the khondalite. We
suggested that the Paleoproterozoic basement and/or protoliths of
the khondalite (metasediments), which is poorly known so far (e.g.,
ca. 2.0 Ga granites in the very northwest part of the study area, Guo
et al., 2001), or Archean TTG gneisses from either south or north of
the study area (Zhao et al., 2008; Liu et al., 2009a), could be potential
candidates.

7.2.3. Primary magma and melting conditions in the source

region

The high-Mg group of the Xuwujia gabbronorites has Mg num-
bers of ∼70, Cr mostly >1000 ppm (up to 3479 ppm), and Ni mostly
>300 ppm (up to 1325 ppm). This is similar to experimental results
from lherzolite melts. It could be argued that these samples reflect
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ig. 10. Elemental variation diagrams showing fractional crystallization trends: (a)
b: hornblende; Ol: olivine; Bi: biotite; and Pl: plagioclase.

ccumulation of olivine and/or orthopyroxene as some are not from
hilled margins. But accumulation of these minerals will cause
lightly fractionated light and heavy REE patterns, which is not
hown in this group (Fig. 8). Some may still argue that there could
e felsic mineral-dominated fractionation (mainly feldspar) during
he earliest stages, which increased the MgO concentrations in the

iquid, as there are negative Eu-anomalies (Fig. 8a). But there are
everal possibilities for the negative Eu-anomalies, such as mixing
f melts or metasomatism of elements from wall rocks, magmatic
ifferentiation (e.g., fractionation of feldspar, Alderton et al., 1980;
anson, 1980), alteration and fluid-rock interaction (e.g., White

ig. 11. �Ndt versus SiO2 (a), Yb/La (b), Nb/La (c), and Zr/La (d) diagrams. Magma mixing
nd the khondalite are calculated. Sample 99XBY-3 is selected as the composition of pri
isotopes) are representatives of khondalite melt. Lines with stars show different degrees
rsus Cr; (b) Y versus Zr; (c) Nb versus Zr. Opx: orthopyroxene; Cpx: clinopyroxene;

and Martin, 1980; Dawood et al., 2004), or high-temperature meta-
morphism (reduction of Eu3+ to Eu2+ and fractionation from other
REEs with the increase of temperature, e.g., Bau, 1991). As these
samples have extremely high MgO but low SiO2 content, the nega-
tive anomalies in the gabbronorites are unlikely to have originated
from crustal contamination. In addition, the potential contami-

nant, khondalite, typically has positive Eu-anomalies (Wan et al.,
2000; e.g., sample 02SX008). Thus, either Eu fractionation under
high-temperature metamorphism, or fractionation of feldspar is
the likely cause of the negative Eu-anomalies for the samples in
this group. Based on calculation, about 5 vol.% fractionation of pla-

curves between the proposed primary compositions of the Xuwujia gabbronorites
mitive gabbronoritic melt, whereas samples 02SX008 (trace elements) and HT2-9
of mixing between these two end members.
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ioclase alone from a liquid without Eu-anomalies could cause the
orresponding Eu-anomalies in Fig. 8a (partition coefficients after
ujimaki et al., 1984). This small amount of fractionation will have
o substantial influences on major elements, especially MgO con-
entrations. We suggest the least evolved gabbronorite samples
ith MgO contents between 18 and 23 wt.% (high-Mg group) could

e close to the primary composition of the Xuwujia gabbronorite
agmas.
Thus the MgO concentration of these most primitive samples

s used as estimations of MgO concentration of the primary liquid
f the Xuwujia gabbronorites, and to constrain the melting condi-
ions in the source region. The melting temperature is calculated at
500–1600 ◦C using the equation T (◦C) = 2000 × MgO/(MgO + SiO2)
wt.%) + 969 (Albarède, 1992), similar to model of Putirka (2005);
he melting pressure for the primary sample is ∼3.0 GPa using the
quation ln P (kbar) = 0.00252 × T (◦C) − 0.12 × SiO2 (wt.%) + 5.027
Albarède, 1992); the mantle potential temperature is about
550 ◦C (TP (◦C) = 1463 + 12.74 × MgO − 2924/MgO, after Herzberg
nd O’Hara, 2002; even higher based on other models); and
he primary eruption temperature would be about 1400 ◦C (T
◦C) = 935 + 33 × MgO − 0.37MgO2, after Beattie, 1993a) (Fig. 12).
his potential temperature is higher than the Paleoproterozoic
mbient mantle (at ∼1500 ◦C estimated from a secular Earth cool-
ng model of 50–100 ◦C/Ga, after Pollack, 1997; even lower after
omiya, 2004). The high eruption temperature could be responsi-
le to the ultra-high-temperature metamorphism in the metapelite
long these Xuwujia intrusions.

.3. The Xuwujia gabbronorites and Liangcheng granitoids:
roducts of the same thermal event?

Postulating the geodynamic environment of the Xuwujia gab-
ronorites is beyond the scope of this paper, although melting
rom a source region with anomalously high potential tempera-
ures is considered to be characteristic of mantle plume regions

e.g., Campbell and Griffiths, 1992), or to be typical of melting of
elatively shallow mantle at less extreme but still high tempera-
ures caused by water fluxing in subduction zones (Parman et al.,
997), perhaps following ridge subduction (e.g., Osozawa, 1992;
inoshita, 1995; Yang et al., 1996). We favour a ridge subduction

ig. 13. Petrogenetic model for the Xuwujia gabbronorites and Liangcheng granitoids. The
igh potential temperature intruded into the lower crust, whereas the granitoids melt w

rom the underplating gabbronorite magma. The gabbronorite liquid intruded into the k
artial mixing. The gabbronoritic magmatism could be occurred at ca. 1.95–1.93 Ga, wher
Herzberg et al., 2007) and calculated here as TP, ◦C = 1463 + 12.74 × MgO − 2924/MgO
(Herzberg and O’Hara, 2002). Primary eruption temperatures are of Beattie (1993a)
(T, ◦C = 935 + 33 × MgO − 0.37MgO2).

over a plume model in that (1) the magmas show a belt-like dis-
tribution with small scale (∼250 km, see Fig. 1b), and (2) the rocks
show arc-affinities (e.g., Nb- and Zr-depletion; Fig. 8b).

However, the observed high-temperature magmatism must be
compatible with a magma mingling and mixing model to explain
the related occurrences of the Liangcheng granitoids and Xuwu-
jia gabbronorites (Fig. 13). This model is similar to case studies
by Cole et al. (2001), Kuşcu and Floyd (2001) and Arvin et al.
(2004), and numerical modeling by Annen et al. (2008). Firstly,
the high-temperature gabbronoritic magma (primary magma of
Xuwujia gabbronorites) originated from the mantle and ascended
to underplate khondalite (the lower crust) at ca. 1.95 Ga. This high-

temperature magmatism subsequently triggered extensive melting
of the crust to produce granitoid melts (parental magma of the
Liangcheng granitoids). The gabbronoritic liquid intruded into the
crust as dykes, sills and plutons, and partly injected into the grani-

gabbronorite liquid could have ascended from a deeply rooted mantle region with
as generated from the crust (represented by the khondalite) by the heat supplied
hondalite and was also injected into the granitoid magma, causing mingling and
eas the youngest granitoids solidified at ca. 1.90 Ga or even later.
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ig. 14. Cartoons showing the late Paleoproterozoic (2.0–1.8 Ga) evolution of the st
ines A and B.

oid region, causing mingling and partial mixing: the gabbronoritic
ntrusives would have cooled and solidified quickly as they were
mplaced in cooler granitoid magma and crust, with partial melt
ixing between the granitoid and gabbronoritic melts. Then the

ranitoid magmas started crystallization. The Xigou gabbro repre-
ents early crystal accumulation located along the margin of one of
he granitoid plutons. The latest granitoids solidified much later
at ca. 1.90 Ga or even later) due to slow heat diffusion in the
eep crust. This model can explain the occurrences of the Xuwujia
abbronorites and Liangcheng granitoids: some gabbronorites are
reserved as entrained bodies and “pillows” in the granitoids; while
here are also “blobs” of granitoids in the gabbronorites (Fig. 2).
he high-Mg rocks of the Xuwujia gabbronorites are mostly seen
n the khondalite, but not in the granitoids. This observation can be
nderstood if high-Mg melts also intruded into the granitoid melts
ut mixed with them and were preserved chemically as low-Mg
ocks.

.4. Possible geological scenario of the study area

Two high-grade metamorphic events, one at ca. 1.96–1.95 Ga
Wan et al., 2008; Yin et al., 2008) and another at ca. 1.93–1.92 Ga
Santosh et al., 2006, 2007a; Guo et al., 2006; Liu et al., 2009b), are
ecorded in the khondalite. The ca. 1.93–1.92 Ga high-temperature
etamorphism is possibly related to the gabbronoritic magmatism

with high eruption temperature, see Section 7.3), as these events
ave very similar ages. This agrees with the observation that all

ocalities of high-temperature metamorphism in the metasedimen-
ary rocks are accompanied by gabbronoritic dykes. Subsequent

etamorphism recorded in the Xuwujia gabbronorites could have
appened during the late orogenic processes in the central NCC
e.g., Zhao et al., 2005) or during a subsequent uplift of the study

rea. The Xigou gabbro records a 1.86 Ga metamorphism at an
pper crustal level, distinct from the ca. 1.93–1.92 Ga regional
etamorphism in the lower crust (e.g., Santosh et al., 2006). This

uggests an exhumation from lower (∼1.93–1.92 Ga) to upper
∼1.86 Ga) crustal levels during the 1.92–1.86 Ga interval. The uplift
ea. Inset: tectonic subdivision of the study area (Fig. 1b) and the position of section

event possibly resulted in the final stability of the Fengzhen belt and
the western part of the NCC.

Thus, a possible geological scenario for the study area includes
(Fig. 14): (1) deposition of the sedimentary precursors to the khon-
dalite between 2.0 and 1.96 Ga (Wan et al., 2006), possibly in the
shelf of a “juvenile” block or a back-arc basin (Fig. 14A); (2) burial of
the sediments to lower crustal levels at ca. 1.96–1.95 Ga, possibly
due to continent–continent (arc?) collision (e.g., Wan et al., 2006;
Yin et al., 2008) (Fig. 14B); (3) intrusion of crustal carbonatite dykes
(Wan et al., 2008), possibly due to the ponding of mantle-derived
gabbronoritic magmas at the crust–mantle boundary, and intru-
sion of some gabbronoritic dykes into the crust at ca. 1.96–1.92 Ga
(∼1.93 Ga; Fig. 14C); (4) crustal anatexis, genesis of granitoid melts,
and high-temperature metamorphism in the khondalite (at ultra-
high-temperature proximal to some gabbronoritic dykes) (e.g., Guo
et al., submitted for publication), and possible delamination of parts
of the refractory lower crust (Fig. 14D); (5) emplacement of grani-
toids between 1.93 and 1.89 Ga (e.g., Zhong et al., 2007) (Fig. 14E);
and (6) uplift (exhumation) and collision with the Huai’an terrane
to the east during 1.89–1.80 Ga (Fig. 14F).

8. Concluding remarks

Intrusion of the Xuwujia gabbronorites in the northern mar-
gin of the NCC likely occurred at ca. 1.96–1.92 Ga (∼1.93 Ga),
followed by the Liangcheng granitoids at ca. 1.93–1.89 Ga. These
gabbronorites experienced assimilation of crust and fractional
crystallization of olivine and hypersthene, followed by olivine,
clinopyroxene, and plagioclase. They have a mantle origin, from
a source region with a high potential temperatures (∼1550 ◦C),
and could result in extremely high primary intrusive tempera-
ture (∼1400 ◦C). The elevated mantle temperatures could have

been caused by a mantle plume, or more likely an astheno-
spheric upwelling in response to ridge-subduction. Underplating
and injection of the high-temperature melts resulted in extensive
crustal anatexis, producing large volumes of calc-alkaline gran-
itoids (Liangcheng granitoids), and local ultra-high-temperature
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etamorphism. This extensive crust–mantle interaction could
ave happened after ca. 1.95 Ga continent–continent (arc?) jux-
aposition in the northern margin of the NCC, and was followed
t 1.90–1.80 Ga by regional uplift with the exhumation of the
tudy area from lower to upper crustal levels and collision to the
ast.
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