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Abstract—The occurrence of both Archean granulite terrains and granulite xenoliths in Cenozoic basalts from
the Sino-Korean Craton (SKC) provides an ideal opportunity to define composition and evolution of
continental lower crust of eastern China. The granulite xenoliths in Quaternary basanites from Nushan
(southeastern SKC) show a basic-intermediate composition that is distinctly different from mafic granulites
from Hannuoba (western SKC). They instead resemble the Archean granulite terrains in terms of mineral and
whole rock compositions. Trace element modeling suggests that the “protoliths” of the Nushan granulites were
likely subjected to fractional crystallization and assimilation of old crustal components. Zircon SHRIMP U-Pb
dating shows at least two episodes in the formation of the lower crust at Nushan. The protoliths of the Nushan
granulites were most likely formed at ca. 2.5 Ga and metamorphosed at 1.9 Ga. This late Archean crustal
growth was followed by Mesozoic+(140 Ma) basaltic underplating, which was probably coeval with the
widespread thermo-tectonic lithospheric reactivation in eastern China. The Nushan granulites are therefore
interpreted as dominantly derived from the late Archean crystalline basement and subordinately from the mafic
layer that was accreted to the basement during late Mesozoic lithospheric thinning. The consistencies between
the depth to seismic Moho and the depth to crust-mantle boundary, and between the cal¢atestly <

7.0 km/s) for granulite xenoliths and the observed velocity structure strongly suggest no obvious high-velocity
lowermost crust beneath Nushan and the granulite xenoliths as the dominant components in the lower crust
at this locality. The modeled composition of the Nushan lower crust has@i€a. 52%, which is more basic

than that at Hannuoba (SiG= 58%, Liu et al., 2001). Such a compositional difference, in conjunction with
contrasting age and seismic velocity structure of the lower crust at the two localities, highlights two
fundamentally distinct tectonic domains in the SKC. The data presented in this study also yield implication

for the origin of the compositional difference between granulite xenoliths and terra@opyright © 2004
Elsevier Ltd

1. INTRODUCTION craton (Jahn et al., 1987; Jahn, 1990; Xu et al., 1998; Chen et
al., 2001; Liu et al., 2001; Zhou et al., 2002). Granulitic
The nature of the lower crust can be defined through inves- gneisses or granulites of Archean or early Proterozoic (e.g.,
tigating granulite xenoliths entrained in basalts and granulite Qjanxi Formation; Huai'an granulite terrain) are widely dis-
terrains mainly exposed in Archean-Proterozoic crustal prov- triputed in the northern part of the craton (Jahn, 1990; Zhai et
inces (Rudnick, 1992). These two types of lower crustal sam- 5|, 1996). A wealth of data has been accumulated on the age
ples show significant difference in age, composition, equilib- anq composition of the granulites terrains, some of which are
rium pressure and occurrence. For example, granulite xenoliths, interpreted as exposed lower crustal sections (Zhai et al., 1996).
which are mostly found in Mesozoic-Cenozoic basalts, aré ann0ba basalts, situated at the northern boundary of the
characterized by dominantly mafic compositions and are equil- SKC, carry abundant peridotite, pyroxenite and granulite xeno-

ibratfsd at 10-15 kbar, whereas granulite .terrains,. W,hiCh € |iths. This has stimulated a number of recent studies (e.g., Fan
dominantly %f A“’hear,‘l.gge‘ Sa"e '“Lerlrlne‘j'atle 0 SZ'S'C'; €O™ ‘and Liu, 1996; Fan et al., 1998, 2001; Chen et al., 2001; Liu et
positions and are equilibrated at a shallower level (68 Kbar) al., 2001; Zhou et al., 2002) which all have emphasized basaltic

(Griffin and O'Reilly, 1987; Bohlen and Mezger, 1989; . )
- . : . underplating at the base of the crust and crust-mantle interac-
Downes, 1993; Rudnick and Fountain, 1995). Despite decades . . : .
tion as mechanisms for crustal growth and evolution. Single

of efforts, c_onS|derabIe controversy StI-|| remains as tothe origin zircon U-Pb dating (Fan et al., 1998; Liu et al., 2001) further
of these differences between granulite terrains and granulite ; . .
xenoliths and in a more general term, the evolution and com- suggested that .th's basa.ltlc qndgrplatlng may b.e related to the
position of the continental lower crust. late Mesozop Ilthospherlc thinning that dramatically gffected
The Sino-Korean Craton (SKC) in eastern China (Fig. 1) the Ilthos_pljerlc architecture beneath the SKC (Menzies et al.,
provides a rare opportunity to unravel this long-lasting issue 1993; Gr|ff|_n etal., 1998; Xu, 2001). . .
because both Archean granulite terrains and Cenozoic basalts, Anether important but less known locality of granulite xeno-
some of which bear granulite xenoliths, are present in this liths is situated at the southern edge of the SKC (i.e., Nushan;
Fig. 1). The granulite xenoliths from Nushan have been se-
lected as target of this study for the following reasons: (1) The
*Author to whom correspondence should be addressed Peculiar geographic position makes the Nushan granulites as an
(xlhuang@gig.ac.cn). important source in addition to the Hannuoba xenoliths to
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Fig. 1. Sketch map showing simplified tectonic units and location of granulite xenoliths in eastern China (modified after
Li, 1994; Xu et d., 1998 and Menzies and Xu, 1998). The distribution of Cenozoic basalts and of Archean terrains in the
Sino-Korean Craton is after Liu et a. (1994) and Jahn (1990). The inset illustrates a new tectonic classification of the

Sino-Korean Craton (after Zhao et al., 1999). Note that the
and geophysical linear zones: Tan-Lu fault zone (TLFZ) to

Archaean Sino-Korean Craton is cut by two major geological
the east and Daxing' anlin-Taihang gravity lineament (DTGL)

to the west. The Deep Seismic Sound profile HQ-13 passes through the Nushan locality, and the Xiangshui to Mandal

geo-transect (XMGT) cross entirely the Craton.

define the spatial heterogeneity of the lower crust under the
SKC; (2) Preliminary studies show that the Nushan samples
differ significantly from the Hannuoba granulites but show
some compositional similarities to the Archean granulite ter-
rains (Zhou et a., 1992); understanding compositiona diversity
in granulite xenoliths is particularly relevant to the xenolith
versus terrain issue mentioned above; (3) Seismic refraction/
reflection profiling has been conducted at the vicinity of the
Nushan locality (Chen, 1988), which allows to constrain the
structure of the lower crust by integrating petrologic-petro-
physical and geophysical data, a recommended approach in
deep geologic studies (Griffin and O’ Reilly, 1987; Rudnick and
Fountain, 1995); (4) Finally, an affinity assessment of the lower
crust beneath Nushan should shed lights on the debate concern-

ing the location of the suture between the North China and
South China Blocks in eastern China (Fig. 1; Li, 1994; Chung,
1999; Chung and Li, 2000; Zhang, 2000), because the Nushan
granulites represent fragments of the deep crust close to the
postulated suture zones.

This paper presents new zircon SHRIMP U-Pb age, petro-
logic and geochemical data on the Nushan granulite xenaliths.
These data, along with geothermobarometric and seismic re-
fraction data, are used to constrain their petrogenesis and to
define the chemical composition and structure of the lower
crust under the southern SKC. The Nushan granulite xenoliths
compositionally resemble the exposed Archean granulite ter-
rains, but significantly differ from the mafic granulite xenoliths
from Hannuoba. This not only reveals the spatial heterogeneity
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Table 1. The texture, structure and modal mineralogy of analysed granulite xenaliths.

Sample D (cm) Description Modest

NS201 6 banded, fine-grain granoblastic texture with triple junction OpX,, CpXyg Plsy Mtg

NS202 9 banded, fine-grain granoblastic texture with triple junction Opx1, CpXyy Pls, Mty, (Bi)
NS203 3 banded, fine-grain granoblastic texture with triple junction OpX,0 CpXos Plsg Qz; Mtg
NS204 45 banded, heteroblastic texture Opx17 CpXog Plsy Mtg (Apt)
NS205 7 banded, heteroblastic texture Opx4, CpXy3 Plgs Qzs Mtg
NS206 5 banded, heteroblastic texture, partialy recrystallized OpX1, CpXyg Plss Mtyo (Apt+Bi)
NS207 6 banded, fine-grain granoblastic texture Opx;5 Cpxyp Plg7 Qz; Mtg (Apt)
NS210 85 banded, fine-grain granoblastic texture Opx14 CpXg Plg; Qz5 Mtg (Apt)
NS212 75 banded, heteroblastic texture, partialy recrystallized Opxy, CpXyg Plsg Qzz Mt (Apt)
NS213 7 banded, heteroblastic texture, partialy recrystallized OpX15 CpXyo Plsg Qz, Mt (Apt)
NS214 17 banded, heteroblastic texture Opx4;, CpXyp Plgs Qzg Mtg
NS217 6.5 banded, heteroblastic texture OpX10 CpX7 Plgs Qz,5 Mtg

T Calculated by point count of more than 2000 points, D = Diameter of the Samples; Opx = orthopyroxene, Cpx = clinopyroxene, Pl =
plagioclase, Qz = quartz, Mt = Fe-Ti Oxides, Apt = apatite, Bi = Biotite. Minerals in parentheses occur in very small amount.

of the lower crust beneath the SKC and but also providesaclue
to understand the compositional contrast between granulite
xenoliths and Archean granulite terrains.

2. GEOLOGICAL BACKGROUND

The Sino-Korean Craton is one of the oldest continental
nuclei in the world (Jahn et al., 1987; Jahn, 1990; Liu et a.,
1992) and the largest cratonic block in China. It covers an area
of more than 1500000 km?, where granulitic rocks of Archean
or early Proterozoic are widely distributed (Fig. 1). Two large-
scale major geological and geophysical linear zones cut cross
the SKC. To the east, the craton is cut by the Tan-Lu Fault
Zone (TLFZ) that is associated with important Cenozoic and
Mesozoic volcanic activity. To the west, the craton is traversed
by the N-S trend Daxing’ anling-Taihangshan gravity lineament
(DTGL). Two granulite xenolith localities, namely Nushan and
Hannuoba, are situated differently with respect to these two
major linear zones. Hannuoba lies to the west of the DTGL in
the northern boundary of the SKC, whereas Nushan is situated
to the east of the DTGL at the southern edge of the craton,
proximal to the southern part of the TLFZ (Fig. 1). A deep
seismic refraction profile (HQ-13) traverses the Nushan locality
(Fig. 1), which shows the present depth to Moho of ca. 30 km
at Nushan.

Both Palaeozoic diamondiferous kimberlites and Cenozoic
basalts erupted through this craton and provide informations
about the Phanerozoic evolution of the lithosphere underneath
the SKC. A sdignificant change in therma gradient of the
lithosphere from Palagozoic (~ 40 mW/m?) to Cenozoic (>80
mW/m?) has been estimated by P-T studies of xenoliths and
minerals (e.g., garnet and chromite) in Paleozoic kimberlites
and in Cenozoic alkali basalts (Griffin et a ., 1998; Menzies and
Xu, 1998). Present lithospheric thickness in this region is
80-100 km, which is significantly thinner than estimates for
the Palaeozoic lithosphere (>200 km). This has led to hypoth-
esize replacement of the old, cold, thick, depleted lithospheric
mantle by young, hot, thin, and fertile lithospheric mantle
accompanied by lithospheric thinning (Menzies et al., 1993;
Griffin et a., 1998). Such a thermotectonic event most likely
happened during the late Mesozoic (Xu, 2001), consistent with

emplacement of voluminous late Mesozoic granites and inter-
mediate to mafic intrusion, followed by extensive Cenozoic
volcanism.

The granulite xenoliths studied were collected from a small
volcanic cone at Nushan, Anhui Province, which belongs to the
Jiashan-Liuhe volcanic complex. The spatial distribution of
volcanoes in this region is controlled by the NNE-trending
Tan-Lu fault and its adjacent NW-trending basins and faults.
Volcanism began in the Palacocene (~ 65 Ma) and continued
into the Quaternary. The major phase of tholeiitic eruption was
associated with formation of the Subei fault-depression basin
during the Eocene, whereas akaline volcanic activity started in
the Neogene in the Jiashan-Liuhe region and continued into the
Quaternary. The age of the Nushan basalts estimated by K-Ar
method is 0.63 Ma (Chen and Peng, 1988) and the lavas are
akali olivine basalt, basanite and nephelinites, showing trace
element features similar to those of oceanic island basalts (Liu
et a., 1994). Peridotite and pyroxenite xenoliths are abundant
in basaltic flow and scoria (Xu et al., 1998; Xu and Bodinier, in
press). Subordinate granulite xenoliths are al so present (Zhou et
a., 1992; Yu et al., 2003) and form the object of this study.

3. SAMPLE DESCRIPTION

The granulite xenoliths are generally fresh and small (usually
2-10 cmin diameter). They show contacts with the host basalts
indicating limited interaction with the rocks that carried them
up to the surface. All samples are characterized by foliated
structure in hand-specimens, which is due to oriented distribu-
tion of tabular plagioclase crystals relative to other minerals.
The main petrographic and mineralogical characteristics of the
analyzed samples are summarized in Table 1. The Nushan
granulites are typical of two-pyroxene granulites, and predom-
inantly composed of orthopyroxene, clinopyroxene and plagio-
clase with subordinate amount of quartz and Fe-Ti oxides
(Table 1). But Amphibole or biotite, the most common hydrous
phasesin Archean granulite terrains of SKC, isalmost absent in
al Nushan granulites except for very small amount of bictitein
NS202 and NS206. All the samples show a mineralogic band-
ing composed of pyroxene-rich and plagioclase-rich layers.
Pyroxenes are surrounded by anhedral opagque Fe-Ti oxides,
which are distinctively different from Archean granulite ter-
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Table 2. Mgjor and trace element data for selected Nushan granulite xenoliths.

NS201 NS202 NS204 NS205 NS206 NS207 NS210 NS212 NS213 NS214
(Wt%)
SO, 50.6 46.4 51.0 54.8 50.7 52.5 52.3 51.4 51.8 55.3
TiO, 0.72 2.35 157 0.82 137 101 2.29 1.47 117 0.97
AlL,Oq 16.2 15.8 17.1 17.8 15.6 17.8 16.4 16.3 16.0 174
Fe,0O4 3.92 8.96 6.28 3.48 6.41 4.87 5.29 6.23 5.04 4.34
FeO 8.07 7.57 5.03 4.30 6.13 5.57 7.60 5.50 6.77 5.60
MgO 6.60 4.90 4.03 4.37 5.10 4.22 2.76 4.22 4.83 3.22
MnO 0.15 0.18 0.14 0.12 0.17 0.22 0.16 0.14 0.19 0.19
Cao 9.24 9.33 8.61 8.13 9.11 8.02 5.83 8.56 8.16 7.29
Na,O 2.82 2.95 4.08 471 3.74 3.72 4.42 4.17 4.00 411
K,0 0.61 0.62 0.80 0.51 0.68 0.79 1.40 0.87 0.68 0.43
P,Og 0.19 0.57 0.76 0.35 051 0.54 0.72 0.81 0.39 0.39
LOI 0.01 0.08 0.12 0.20 0.04 0.39 0.01 0.03 0.01 0.01
Total 99.2 99.6 99.6 99.6 99.6 99.6 99.2 99.6 2.1 99.2
Mg# 0.54 0.40 0.44 0.55 0.47 0.47 0.32 0.44 0.47 0.42
D.F. 0.67 348 3.89 1.82 2.36 322 323 1.90 2.88
In ppm

111 361 150 97.8 165 139 159 140 165 123
Cr 128 35.2 72.7 73.1 86.9 65.7 28.9 70.1 142 39.6
Co 40.2 46.7 28.9 253 29.1 254 24.2 314 30.6 21.9
Ni 85.6 37.7 56.2 56.7 52.3 353 21.6 64.0 52.0 19.1
Ga 17.2 21.4 238 21.3 229 229 22.1 22.6 234 21.8
Rb 2.56 5.40 2.87 1.16 248 2.26 11.2 3.66 2.06 0.14
Sr 643 813 1552 1803 1397 1334 755 1610 800 975
Y 220 22.9 43.6 12.4 52.1 30.7 56.7 49.6 23.9 24.9
Zr 125 328 460 105 443 214 1120 453 247 135
Nb 5.38 6.80 11.8 3.92 10.5 8.58 39.2 117 10.6 9.70
Ba 787 1142 1336 909 1296 1206 2123 1423 920 458
Hf 3.02 6.35 11.0 2.40 10.6 4.74 19.6 10.5 5.70 353
Ta 0.23 0.28 0.49 0.13 0.40 0.21 1.43 041 0.33 0.35
Pb 4.46 4.34 7.44 6.02 561 9.86 10.8 6.66 6.54 5.86
Th 0.13 0.59 1.89 0.24 127 1.32 151 2.10 0.27 0.21
U 0.03 0.11 0.19 0.05 0.13 0.10 0.17 0.17 0.13 0.07
La 21.4 25.6 87.5 29.5 69.9 74.8 80.5 99.7 35.0 329
Ce 427 53.2 166 59.2 140 150 166 194 71.2 74.9
Pr 5.72 7.50 222 8.25 18.3 18.0 20.9 24.3 9.28 10.3
Nd 239 33.2 85.1 34.9 75.7 70.9 84.6 97.6 39.1 41.5
Sm 4.83 6.36 14.1 591 13.7 11.9 15.6 16.0 7.40 7.84
Eu 153 2.86 4.38 2.08 3.95 3.09 3.85 4.30 2.45 2.52
Gd 435 5.63 114 391 111 8.29 12.8 12.2 6.17 6.52
Tb 0.69 0.82 1.60 0.53 1.68 117 1.90 1.76 0.89 0.91
Dy 3.87 4.29 8.25 244 9.17 572 10.2 9.11 4.59 477
Ho 0.78 0.83 1.67 0.43 1.85 1.04 1.96 1.74 0.87 0.96
Er 2.05 2.07 4.33 1.07 4.86 2.69 5.07 4.46 2.14 242
m 0.30 0.29 0.63 0.13 0.70 0.36 0.70 0.60 0.29 0.35
Yb 1.94 1.78 4.06 0.87 451 2.20 4.47 3.72 1.78 2.30
Lu 0.30 0.27 0.64 0.13 0.71 0.33 0.71 0.58 0.27 0.36
SREE 114 145 411 149 356 351 409 470 181 189
(LalYb)y 75 9.7 14.6 22.8 10.5 23.0 12.2 18.1 133 9.7
Zr[Hf 41.2 51.7 41.9 437 41.9 452 57.1 432 433 383
Nb/Ta 239 24.2 238 30.8 26.4 41.2 274 28.3 325 27.9
K/Ba 6.4 45 5.0 4.7 44 54 55 51 6.1 7.8
K/Rb 1980 954 2320 3670 2270 2900 1040 1980 2740 25500
Rb/Sr 0.004 0.0066 0.0018 0.0006 0.0018 0.0017 0.0148 0.0023 0.0026 0.0001

Mg = Mg/(Mg + 0.85F"™) (Kempton et al., 1997); D.F. = 10.44—0.21Si0,-0.32Fe0'-0.98MgO + 0.55Ca0 + 1.46Na,0 + 0.54K,0 (Shaw,

1972); (La/Yb), is the chondrite normalized ratio.

rainsin the SKC. The mineralogic banding structures were also
observed in mafic granulite xenoliths from Hannuoba (Chen et
a., 2001) and from the Western Pannonian Basin (Kempton et
al., 1997), and may be related to layered or banded structure of
original protoliths (Kempton et al., 1997; Chen et a., 2001).
Euhedral apatites occur as inclusion in plagioclase in some
samples. Most samples show afine-grained granoblastic texture

in which pyroxenes and plagioclases are usually 0.1-0.6 mmin
size, and the triple junction of plagioclases or pyroxenes are
always observed in these samples. Larger tabular porphyroblast
plagioclases (0.7-1.5 mm) in the samples with a heteroblastic
texture show deformation twinning, which reflect an incom-
plete degree of the textural re-equilibration that eventually lead
to granoblastic texture.
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Table 3. Zircon SHRIMP U-Pb data for NS214.

131

Apparent ages (Ma)

f206 207Pb/206Pb ZDGPb/238U 207Pb/235U

Spot  Pos Uppm Thppm ThU Pbppm (%) +1o +1o +1o 207pp/2%pp  206pp/238Y
N1-1 c 107 66 0.615 19 021 0.1301=*14 0.1581 = 73 284+ 14 2100 = 19 946 + 41
N1-2 r 282 186 0.658 58 0.04 0129 * 11 0.1803 = 73 322+14 2092+ 14 1069 + 40
N2-1 c 679 782 1.152 340 0.01 0.1548 = 27 0.3890 = 138 830*+34 2399 + 29 2118 = 64
N2-2 r 44 35 0.795 19 0.10 0.1162 = 22 0.3757 = 157 6.02 = 29 1899 + 35 2056 = 74
N3-1 c 903 717 0.794 354 0.08 01376 =7 03321 +110 630*+21 2197*+38 1848 + 53
N3-2 r 30 16 0.525 15 0.09 0.1376 = 14 04400 =190 835*38 2198 + 18 2351 = 85
N4-1 r 319 177 0.553 47 0.10 0.1154 * 22 0.1336 = 48 213+9 1886 + 34 808 = 27
N5-1 c 642 409 0.637 225 0.02 01340=*7 03075+ 106 568+20 2151+8 1729 + 53
N6-1 c 200 178 0.889 91 0.06 0.1626 = 20 0.3689 = 131 827 *+32 2483+ 21 2024 = 62
N6-2 r 13 3 0.192 1 0.67 0.1214 =165 0.0747 = 63 125+ 21 1977 + 264 464 + 38
N7-1 m 130 70 0.536 14 0.10 0.1260 = 14 0.3080 =103 535*+19 2043+ 19 1731 £ 51
N8-1 c e 55 0.716 5 0.14 0.1159 = 59 0.0587 = 28 094 +7 1894 + 94 368 + 17
N8-2 r 33 20 0.607 1 141 01113+ 70 0.0358 + 18 0555 1821 + 119 227 £ 11
NO-1 c 160 110 0.686 26 0.08 0.1515 =55 0.1391 = 93 290+ 23 2362 + 64 840 + 53
N10-1 c 66 36 0.549 24 0.22 0.1474 = 23 0.3285+ 113 6.67*+26 2316 = 27 1831 = 55
N11-1 m 96 83 0.863 40 0.06 0.1195 *= 50 0.3574 =218 5.89 * 46 1949 + 77 1970 + 105
N12-1 c 114 72 0.632 25 0.13  0.1491 = 40 0.1883 + 89 38722 233547 1112 = 49
N13-1 m 51 27 0.537 1 040 0.1131 =65 0.0245 = 10 038+ 3 1850 + 108 156 = 6
N14-1 r 25 14 0.557 2 158 0.1180 £ 105 0.0690 * 36 112 +12 1927 + 169 430 = 22
M1-1 c 174 62 0.354 25 0.03 0.1404 = 25 0.1343 = 51 260+ 11 2232+ 31 813 + 29
M2-1 r 25 18 0.700 4 1.10 0.1239 + 66 0.1474 = 55 252+ 17 2013 =98 886 + 31
M3-1 c 131 108 0.821 65 0.06 0.1445 =+ 11 04258 = 167 84935 2282+ 13 2287 = 76
M4-1 c 153 153 0.999 70 0.07 0.1505 * 18 03731 +125 774*+28 2351+ 20 2044 = 59
M5-1 c 451 306 0.679 163 0.03 01432*6 03131+ 144 6.18*+29 2266+ 8 1756 = 71
M6-1 c 222 89 0.403 52 0.04 0.1393=* 70 0.2177 = 80 418+ 27 2219+ 90 1269 =+ 42
M6-2 r 24 16 0.661 3 10.32 0.1286 =320 0.1165*+ 75 2.07 =55 2079 = 519 710 = 44
M7-1 r 328 166 0.506 64 0.58 0.1189 *= 53 0.1757 = 69 288+ 18 1940 = 82 1043 = 38
M8-1 c 101 41 0.409 34 0.03 0.1387 = 15 0.3127 = 113 598 +23 2211+ 19 1754 + 56
M9-1 cl 145 101 0.700 59 0.00 0.1412+38 03553+ 177 6.92*+35 2242+ 10 1960 * 85
M9-2 c2 285 229 0.804 125 0.01 01549=*7 03671+ 171 78437 2401 =81 2016 += 81

Note: ¢ = core, r = overgrowth rim, m = metamorphic zircon; f,os(%) is percent of total 2°Pb which is non-radiogenic.

Analyses of mineral phases were carried out at the Nanjing Univer-
sity with a JEOL Superprobe (JXA 8800M). The operating conditions
are as follows: 15kV accelerating voltage, 10 nA beam current and

4. ANALYTICAL TECHNIQUES

1 um beam diameter, a program based on ZAF correction procedure
for data reduction.

Table 4. Zircon SHRIMP U-Pb data for NS202.

Whole-rock major element compositions of 10 samples (Table 2)
were obtained using X-ray fluorescence (XRF) at the Center Labora-
tory of Hubei Institute of Geology. These samples were also analyzed

Apparent ages (Ma)

U Th Pb f206 207Pb/206pb 206Pb/238u 207Pb/235U
Spot Pos ppm ppm  Th/U ppm (%) +1o +1o +1o 207pp/ZByY  206pp/238y
H2-1 eu 261 184 0.705 6 0.45 0.0501 + 23 0.0225 + 8 0.1553 + 93 143+ 5 143+5
H3-1 eu 191 150 0.784 5 0.83 0.0526 + 52 0.0214 + 8 0.1551 = 171 146 + 15 137+ 5
H4-1 eu 201 160 0.796 5 0.24 0.0547 + 24 0.0214 = 11 0.1614 + 113 152 + 10 137 =7
H5-1 eu 129 98 0.759 3 0.33 0.0603 = 25 0.0218 = 9 0.1815 = 113 169 * 10 139+ 6
H7-1 eu 1181 770 0.652 27 0.15 0.0486 = 7 0.0212 = 9 0.1417 = 68 135+ 6 135+ 6
H6-1 eu 234 157 0.670 6 1.10 0.0506 *+ 35 0.0218 = 9 0.1518 = 129 143 + 11 139+ 6
H8-1 eu 340 404 1.187 9 0.37 0.0543 + 20 0.0224 += 10 0.1674 = 105 157 £ 9 143+ 7
H13-1 eu 124 180 1.443 3 141 0.0509 = 89 0.0183 = 8 0.1284 + 240 123 + 22 117+ 5
H14-1 eu 105 34 0.326 2 2.72 0.0361 + 74 0.0232 = 8 0.1154 + 245 111 + 22 148+ 5
H15-1 eu 228 169 0.743 5 1.53 0.0489 + 44 0.0204 = 10 0.1375 = 149 131 £ 13 130+ 7
H1-1 fr 13 47 3.687 0 11.84 0.0121 + 489 0.0118 = 16 0.0196 = 798 20+ 77 75+ 10
H9-1 fr 24 31 1.333 0 741 0.0483 + 288 0.0139 = 9 0.0923 = 561 90 + 54 89 *6
H11-1 fr 22 74 3.410 1 10.01 0.0634 = 299 0.0176 = 13 0.1534 = 746 145 + 68 112+ 8
H10-1 fr-c 543 186 0.343 98 0.03 0.1208 = 11 01711+ 71 285+ 12 1968 + 16 1018 = 39
H10-2 fr-r 30 25 0.852 1 6.29 0.0698 + 232 0.0310 = 19 0.30 = 10 922 + 895 197 + 12
H12-1 fr 723 207 0.287 112 0.05 0.1053 + 4 0.1534 = 82 223+ 12 1719+ 7 920 + 46

Note: eu = euhedral zircons; fr = fragmented zircons; ¢ = core; r = rim. f,o5(%) is percent of total 2°Pb which is non-radiogenic. The italic data
are 2°"Pp/?*®Pp apparent ages.
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Fig. 2. Major elements diagrams of the Nushan granulite xenaliths. (@) SiO, vs. MgO; (b) Mg# vs. TiO,; (c) CaO vs.
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2001).

for trace elements and rare-earth elements (REE) by inductively cou-
pled plasma-mass spectrometry (ICP-MS) at the Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences (GIGCAS), using
techniques described by Liu et a. (1996) and Xu (2002). Precision for
REE and other incompatible elements are estimated to be 5% from the
international USGS reference samples BIR-1 and an internal standard
(ROA-1). Measured values of standards are generally in good agree-
ment with reference data (Xu, 2002). Duplicate runs gave <10% RSD
(relative standard deviation) for most elements analyzed.

Sr-Nd isotopic ratios have been measured on a subset of whole rock
samples. The isotopic analyses were carried out using a Micromass
Isoprobe Multi-Collector Inductively Coupled Plasma Mass Spectrom-
etry (MC-ICPMS) at GIGCAS. Analyses of standards during the period
of analysis are as follows: NBS987 gave 87Sr/%Sr = 0.710243 + 14
(20); Shin Etou gave ***Nd/***Nd = 0.512124 + 11 (20).

Zircons were separated from two samples (NS214, NS202) using
conventional heavy liquid and magnetic techniques and purified by
hand-picking under binocular. They are mounted together with the
standard zircons (TEM) in epoxy resin. The mount surface was pol-
ished to ensure the exposure of grain and then was gold coated. Internal
structure of zircons was examined using cathodoluminescence (CL)
and back-scattered-electron (BSE) image technique before U-Pb iso-
topic analyses. The U-Pb analyses were performed using a Sensitive
High-Resolution lon Microprobe (SHRIMP I1) at the Institute of Ge-
ology, Chinese Academy of Geological Sciences, Beijing, and detailed
analytical procedures are similar to those described by Compston et al.
(1984) and Williams (1992). The standard TEM zircons (age 417 Ma)

of RSES were used in interelement fractionation, and U, Th and Pb
concentrations were determined based on the standard Sri Lankan gem
zircon SL13, which has a U concentration of 238 ppm corresponding to
an age of 572 Ma. Data processing procedures were after PRAWN
(Williams et al., 1996), and the 2**Pb-based method of common Pb
correction was applied. Uncertainties of data points reported in Table 3
and Table 4 are given a *1o0. The ages quoted in the text are
207ph/205ph ages or 2°°Ph/2%8U ages, which are the weighted mean at
the 95% confidence level.

5. RESULTS
5.1. Major Elements

The Nushan granulite xenoliths show a basic to intermediate
composition with SIO, = 46-56 wt.% and Mg# ranging from
0.32 to 0.55 (Table 2). Among the samples analyzed, NS202
shows distinctly lower SiO,, higher TiO, and FeO contents. Its
relatively high Fe,O5 contents (up to 8.96 wt.%) may be due to
the high proportion of Fe-Ti oxides. According to the discrimi-
nant function (D.F.) proposed by Shaw (1972), most of the
Nushan granulite xenoliths have positive D.F. values (Table 2),
consistent with an igneous parentage.

Whole rock data show a close affinity of the Nushan gran-
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Fig. 3. Chondrite normalized REE patterns (a and b) and primitive mantle-normalized incompatible trace element
diagrams (c and d) for Nushan granulite xenoliths. Normalizing values of Sun and McDonough (1989).

ulite xenoliths with the granulite terrains, and a remarkable
distinction from the Hannuoba mafic granulites. Thisis obvious
from Figure 2, in which the Nushan granulite xenoliths show
similar TiO,, SiO, contents, Mg# values and CaO/Al O ratios
as the granulite terrains of the SKC, but have markedly lower
MgO contents, Mg# values and CaO/Al,O5 ratios, and higher
TiO, contents (0.72—2.35 wt.%) than the Hannuoba mafic gran-
ulite xenoliths (Fig. 2). In the Mg# vs. SIO,/Al,O5 diagram
(Kempton and Harmon, 1992; Kempton et al., 1997), the Nus-
han granulite xenaliths are plotted within the field of interme-
diate compositions, thereby resembling the Archean granulite
terrains from the SKC (Fig. 2d), whereas the Hannuoba gran-
ulite xenoliths fall into the fields of mafic rocks. Figure 2d
shows that the Hannuoba granulites compositionally vary along
the trend of pyroxene accumulation, whereas the Nushan sam-
ples plot on the fractionation trend of akali basaltic magma.
TiO, contents negatively correlate with Mg# values (Fig. 2b),
and CaO/Al O ratios decrease with CaO contents (Fig. 2c).

5.2. Trace Elements

In terms of 3 REE contents, two groups of xenoliths can be
distinguished. For example, NS201, NS202, NS205, NS213

and NS214 are relatively low in SREE (<200 ppm, Table 2)
with HREE contents being less than 10 X chondrite (Fig. 33).
In contrast, NS204, NS206, NS207, NS210 and NS212 are
characterized by high SREE contents (>350 ppm, Table 2),
and HREE contents mainly about 20 X chondrite (Fig. 3b). The
different REE contents are apparently dependent on the pres-
ence of apatite. Apatites are common in thin sections of the
xenoliths with high SREE, and the REE abundances of the
xenoliths increase with P,Og except for NS202 (Fig. 4a). Both
P,O; and REE contents all decrease with Mg# (Fig. 4b, c),
indicating a trend of fractiona crystallization. Except for dif-
ferent ZREE, two groups show similar REE patterns which are
characterized by enrichment of LREE relative to HREE with
La/Yby = 7.5-23 (Fig. 33, b; Table 2). Most of the samples
have no obvious Eu anomaly, but NS202 and NS205 have
positive Eu anomalies (Fig. 3a).

The Nushan granulites are all characterized by enrichment of
Ba, K, Zr and Hf and by depletion of Rb, Th, U, Nb, Taand Ti
(Fig. 3c, d). Positive Eu anomalies in NS205 and NS202 are
corroborated with the positive Eu anomalies, reflecting the
effect of plagioclase accumulation. The Nushan granulite xeno-
liths contain very low Rb (0.14-11.2 ppm), U and Th contents
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(Table 2). Similar low Rb, Th and U contents are observed in
the Archean Qianxi granulites (Jahn and Zhang, 1984; Jahn,

1990). The depletion of these

(LILE) could be related to granulite-facies metamorphism
(Moorbath and Taylor, 1986). The Nushan granulite xenoliths
have relatively constant K/Ba ratios (4.4—7.8, Table 2) and

high Ba contents (458-2123 ppm, Table 2), suggesting that Ba
contents may not have been significantly affected by the meta-
morphism. Similar to the Archean granulite terrains of the
SKC, high Ba contents may reflect a primary characteristic of
the protoliths (Shen et al., 1994). Additionaly, variable Rb
depletion relative to K of the Nushan granulites follows the

large ion lithophile elements
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Fig. 5. (a—€) Selected cathodoluminescence (CL) images of zirconsin NS214; (f) Morphometrics and selected CL image
of zircons in NS202. The numbers refer to the 2°"Pb/2°°Ph ages of the analytical spots in Table 2. The length of scale bar

is 100 um

trend defined by the Archean Qianxi granulites (Jahn, 1990),
but differs from that of the Hannuoba granulites which is
similar to the trend for continental granitoids (Fig. 4d).

Cr, Ni, Nb and Ta contentsin the Nushan samples are similar
to those in the granulite terrains of the SKC and some Han-
nuoba intermediate granulite xenoliths, but are significantly
different from those in the mafic granulite xenoliths from
Hannuoba (Fig. 4e, f, h). The positive correlations between
Cr/Ni and Mg# (Fig. 4e, f) suggest the fractionation of spinel
and olivine. Furthermore, Zr, Hf, Nb and Ta all decrease with
Mg# (Fig. 4g, h), indicating arole of fractiona crystallization.

5.3. Zircon SHRIMP U-Pb Age

Zircons from intermediate sample of NS214 are dominantly
subeuhedral columnar crystals and subordinately dightly
rounded. Cathodoluminescence (CL) images show that most
zircons are composed of core and rim (Fig. 5a—d). The cores
commonly show micro-scale oscillatory zoning, suggesting an
igneous origin. The rims, characterized by unzoned over-
growths, are interpreted as results of metamorphic recrystalli-

zation. A small number of rounded zircons show homogeneous
CL images (Fig. 5€) and are interpreted to be results of gran-
ulite-facies metamorphism or strong metamorphic recrystalli-
zation. Thirty spots on 23 zircons from NS214 have been
analyzed for U-Th-Pb (Table 3). While the spots M3-1 and
N11-1 yield concordant 2°“Pb/?°®Pb ages of 2282 Ma and 1949
Ma, respectively, most of the results are discordant (Fig. 6a,
Table 3) suggesting an extensive Pb-loss. However, regression
of al the analyses of metamorphic zircons including over-
growth and patches (i.e., spots of N2-2, N4-1, N6-2, N7-1,
N8-2, N11-1, N13-1, N14-1, M2-1, M6-2, M7-1) yields an
upper intercept age of 1915 + 27 Ma (MSWD = 1.01) (Fig.
6a). This age isinterpreted as the granulite metamorphism age.
Recently, a zircon U-Pb age of 1960 = 67 Ma has been
obtained for the granitic gneiss of Mazhengkou (Fig. 1), sug-
gesting that the Precambrian crystalline basement in Eastern
Shandong Province has experienced a very strong thermo-
tectonic event during the late Paleoproterozoic (Lu, 1998). The
Nushan granulite-facies metamorphism age of 1915 * 27 Mais
compatible with this event. Other 19 analyses on the igneous



136 X.-L. Huang, Y .-G. Xu, D.-Y. Liu

0.60
- NS214
osof
i 2400
L 1899 + 35Ma N3-2
L nz-2) 2200,
0.40 1949+ 77Ma " N2t
L (N11-1) 20 5 %\
L 2483+ 21
2 - 1800 NS %1 (i
o 0.30 + 1600 7.
o - N10-1 M9-2
g i 1400 Nsg M-t M5
0.20 - 1200 ;\M“
L 1000 M7-1 N12-1
r M2-1 N1-2
- 800 N4-1 o4 N1t
0.10 |- 800 M6-2 M1-1
T Lo N6-2
+ 17N 141
I N8-2 (a)
0.00 £N113-l1l'llllllllllllIll[lllllllllllIllllllllllllllll
0 1 2 3 4 5 6 7 8 9 10
207Pb/235U
0.04
NS202
200
0.03 - Age: 140t4Ma
(N=9)
150
5
g 0.02 H15-1
0
a 100,
Q H1341
0.01
50
(b)
0.00 l | [ | !
0.00 0.05 0.10 0.15 0.20 0.25 0.30
2o7Pb/235U
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of 140 = 4 Ma
cores of zircons do not define any linear array (Fig. 6a), but the granulite xenoliths may have been formed at 2.2 Ga ago. An
concordant 2°"Pb/2°°Pb age of 2282 + 13 Ma on Spot M3-1 even older age (i.e., late Archean) can be inferred because

(Fig. 6a, Table 3) suggests that the protolith of the Nushan analyses on Spot N6-1 yield 2483 = 21 Ma. However, it is
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Table 5. Sr and Nd isotope compositions of the Nushan granulite xenoliths.

143N d /144N d

ENd ENd
Sample 8"Rb/%eSr 87Sr/855r (20) (5"Sr/%5sr),; 147Sm/24Nd (20) Ternur(Ga)t (140 Ma) (2.5Ga)
NS201 0.0115 0.707117 = 18 0.7067 0.121936 0.511371 = 9 2.57 —234 -0.7
NS202 0.0192 0.706957 + 17 0.7063 0.115821 0511143 + 11 2.80 —27.7 —-3.2
NS204 0.0053 0.704077 = 20 0.7039 0.100239 0.511146 = 6 2.35 —274 19
NS205 0.0019 0.704041 = 14 0.7040 0.102403 0.510812 + 10 293 —33.9 —53
NS206 0.0051 0.704148 + 17 0.7040 0.109272 0.511158 = 6 2.57 —27.3 -0.8
NS207 0.0049 0.705898 *+ 16 0.7057 0.101330 0.510941 = 6 2.70 —314 —-25
NS210 0.0429 0.707011 = 18 0.7055 0.111108 0.511120 + 15 2.69 —28.1 —-21
NS212 0.0066 0.704102 + 15 0.7039 0.098825 0511117+ 7 2.36 —27.9 18
NS213 0.0074 0.704891 + 16 0.7046 0.114493 0.511093 = 8 2.85 —28.7 —-3.7
NS214 0.0004 0.705090 *+ 23 0.7050 0.114342 0.510786 + 10 3.40 —34.7 —-9.7

87Rb/eSr and #7Sm/***Nd are cal culated using whole-rock Rb, Sr, Sm and Nd contents in Table 4. (37Sr/®Sr); is the apparent initial ratio for 2.5
Ga calculated based on the observed Rb/Sr value. 2**Nd/***Nd ratios were normalized using a ***Nd/***Nd value of 0.7219 and were further adjusted

to the La Jolla Nd standard (0.511860).

" The following values have been used in the calculation: (“**Nd/***Nd)°,,,r = 0.512638, (**"SM/***Nd)°, g = 0.1967.

noticeable that the 2°”Ph/?°®Pb ages on the igneous cores define
a chord from 2.5 Gato the origin of the data and show a shift
toward the 1.9 Ga chord (Fig. 6a). It is quite possible that the
2.5 Gaand 1.9 Ga chords point to real events such as magma-
tism and granulite-facies metamorphism, respectively. The
concordant 2°“Pb/?°®Pb age of 2282 Ma may not really repre-
sent an age. It could have resulted from disturbance of granu-
lite-facies metamorphism at 1.9 Ga.

Zircons from mafic sample of NS202 are dominantly frag-
mented or slightly rounded crystals (Fig. 5f). However, a few
are euhedral with well-developed tetragonal dipyramids. The
oscillatory zonings in these euhedral zircons (Fig. 5f) suggest
an igneous origin. Analyses on fragmented zircons failed to
yield meaningful results because of very high f,qs (Spots H1-1,
H9-1, H10-2, H11-1; Table 4) or gave the discordant ages
(Spots H10-1, H12-1; Table 4), which may be results of strong
disturbance of thermo-tectonic events in recent times. How-
ever, analyses of ten euhedral zircons (Table 4) yield concor-
dant or near concordant ages. A weighted mean 2°°Ph/?%8U age
of 140 + 4 Ma s obtained based on al but one analyses (Fig.
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3b). The analysis H13-1 yields a dlightly younger concordant
208pp/238Y age of 117 = 5 Ma. These ages suggest that parts of
the Nushan lower crust may have been formed during the
Mesozoic.

5.4. Sr-Nd Isotopes

Measured ***Nd/***Nd ratios for the Nushan granulite xeno-
liths range between 0.5108 and 0.5114. The single-stage chon-
dritic Nd model ages (Tcur, Table5) rangefrom 2.4to 3.4 Ga
(mostly between 2.4 Gaand 2.9 Ga). The initia g4 a 2.5 Ga
vary between —9.7 and 1.9 (Table 5), within the range of
Archean rocks in the SKC (Fig. 7a). The calculated **Nd/
144Nd ratios of the Nushan granulites at 140 Ma are signifi-
cantly lower than those of the Hannuoba granulites (Fig. 7b).

The measured &7Sr/%®Sr of the Nushan granulite xenoliths
range between 0.7040—0.7071 (Table 5). Based on the ob-
served Rb/Sr ratios, the apparent initial 8'Sr/%°Sr at 2.5 Ga
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Fig. 7. (a) eng (25Ga) vs. **"Sm/*SNd plots of the Nushan granulite xenoliths; (b) Correlation between Sr and Nd
isotopic at 140 Mafor the Nushan granulites, both Hannuoba granulites and M esozoic vol canic rocks of Eastern China show
the EMI affinity in protolith source. Abbreviations and source of data: TS, Taishan complex (Jahn et al., 1988); MJG,
Mangjinggou high-P granulite terrain (Guo et al., 1994); CZ, Caozhuang amphibolites (Jahn et al., 1987); MV R, Mesozoic
volcanic rocks of Eastern China (Wang et a., 1996); Hannuoba granulites (Zhou et a., 2002).



Table 6. The mineral compositions (wt %) of Nushan granulite xenoliths.

NS201 NS202 NS203 NS204 NS205 NS206
Sample Opx- Opx- Cpx- Cpx-
Mineral Cpx Opx M Cpx c r M Cpx Opx A Cpx Opx A Cpx Opx A 1 2 Opx A
SO, 4974 5100 5527 5065 5270 5220 5697 5139 5060 5859 5108 5030 5856 51.64 517/ 5878 5084 5080 5161 5819
TiO, 0.35 0.00 0.00 0.35 0.08 0.06 0.00 021 0.09 0.01 0.23 0.05 0.01 0.25 0.11 0.00 0.30 0.31 0.05 0.00
AlL,Oq 413 319 2817 3.79 1.86 221 2806 2.39 180 2592 3.48 268  26.30 2.87 179  26.08 371 3.78 219 2643
Cr,05 0.18 011 0.64 0.04 0.04 0.08 0.04 0.00 0.01 0.07 0.00 0.07 0.47 0.00 0.08 0.06 0.10 0.32 0.00 0.74
FeO 9.89 2329 014 1115 2585 23.62 017 1124 26.58 013 1083 2584 008 1151 2442 014 10.85 921 24.78 0.20
MnO 0.16 0.23 0.00 0.20 0.38 0.35 0.04 031 053 0.03 0.04 0.35 0.02 0.34 0.40 0.05 0.11 0.31 0.46 0.02
MgO 1243  21.33 001 1241 1913 2131 002 1179 19.61 000 1222 1987 001 1213 20.25 000 1243 1229 20.02 0.01
Ca0 20.83 054 999 2166 0.43 0.41 782 2117 0.61 713 2175 0.47 767 2111 0.64 774 2089 2138 0.44 7.48
Na,0 0.57 0.02 5.10 0.47 0.07 0.09 6.17 0.60 0.04 7.53 0.74 0.11 6.22 0.56 0.11 6.60 0.78 0.77 0.07 6.11
K,0 0.00 0.00 0.58 0.01 0.01 0.03 0.48 0.02 0.00 057 0.01 0.00 0.73 0.02 0.00 0.80 0.03 0.01 0.02 0.52
Total 98.28 99.71 9990 100.73 10055 100.36 99.77 99.12 99.87 99.98 100.38 99.74 100.07 10043 9957 100.25 100.04 99.18 99.64 99.70
Mgt 0.69 0.62 0.66 0.57 0.62 0.65 0.57 0.67 0.58 0.65 0.60 0.65 0.70 0.59
Wo(An) 454 11 50.2 455 0.9 0.8 40.0 457 12 333 46.1 1.0 38.7 449 13 375 415 46.8 0.9 391
En(Ab) 37.7 61.3 46.4 36.2 56.3 61.1 57.1 354 56.1 63.6 36.0 57.3 56.9 35.9 58.9 57.9 38.0 374 58.5 57.7
Fs(Or) 16.8 37.6 35 18.3 2.7 38.0 29 18.9 27 32 17.9 41.8 44 19.1 39.8 4.6 20.5 15.7 40.6 32

NS207 NS210 NS212 NS213 NS214 NS217

Sample
Mineral Cpx Opx A Cpx Opx A Cpx Opx A Cpx Opx A Cpx Opx A Cpx Opx A
SO, 50.88 51.31 57.76 51.55 50.85 59.07 50.21 52.00 58.99 51.54 52.54 59.48 50.56 51.56 57.63 51.06 51.12 59.98
TiO, 0.19 0.06 0.03 0.19 0.07 0.01 0.26 0.08 0.00 0.16 0.03 0.01 0.25 0.05 0.00 0.37 0.06 0.00
AlL,Oq 2.79 181 26.20 234 1.26 24.74 3.26 1.77 26.05 242 1.37 26.47 2.39 1.66 26.26 2.09 1.20 2491
Cr,05 0.00 0.00 0.00 0.24 0.03 0.67 0.04 0.01 0.19 0.05 0.02 0.06 0.04 0.00 0.01 0.00 0.00 0.00
FeO 10.68 25.42 0.11 12.08 30.06 0.08 11.15 24.75 0.08 10.12 25.36 0.02 10.23 24.49 0.04 10.16 25.42 0.12
MnO 0.43 0.72 0.00 0.18 0.30 0.03 0.17 0.33 0.00 0.09 0.33 0.00 0.15 0.48 0.00 0.08 0.00 0.04
MgO 12.23 20.60 0.00 11.12 16.58 0.01 11.92 20.04 0.00 12.25 20.60 0.00 12.44 20.69 0.00 12.62 20.92 0.02
Ca0 21.85 0.55 851 21.83 0.62 6.73 21.44 0.49 7.61 21.21 0.51 7.11 21.99 0.53 777 22.40 0.43 7.35
Na,0 0.57 0.00 5.94 0.66 0.10 7.14 0.68 0.00 6.33 054 0.03 7.16 0.61 0.01 6.81 0.38 0.00 7.96
K,0 0.00 0.01 0.55 0.00 0.00 0.65 0.01 0.01 0.73 0.00 0.02 0.41 0.00 0.00 0.51 0.01 0.00 0.18
Total 99.62  100.48 99.10  100.19 99.87 99.13 99.14 99.48 99.98 98.38 100.81 100.72 98.66 99.47 99.03 99.17 99.15 10056
Mgt 0.67 0.59 0.62 0.50 0.66 0.59 0.68 0.59 0.68 0.60 0.69 0.59
Wo(An) 46.3 11 428 46.7 13 33.0 459 1.0 38.2 46.0 1.0 34.6 46.5 11 375 46.8 0.9 334
En(Ab) 36.0 58.4 54.0 331 48.9 63.3 355 58.5 575 36.9 58.5 63.0 36.6 59.4 59.5 36.7 59.0 65.6
Fs(Or) 17.7 404 33 20.2 49.8 38 18.6 405 44 171 404 24 16.9 395 29 16.6 40.2 1.0
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xenoliths (Chen et al., 2001).

range from 0.7039 to 0.7067 (Table 5). However, as discussed
previoudy, Rb contents in the Nushan granulites may have
been significantly lowered by granulite metamorphism, it is
therefore not easy to estimate the initial Sr isotopic ratios for
these samples. The measured 7 Sr/26Sr ratios can be considered
as the maximum estimates of the initial ratios.

5.5. Mineral Chemistry

Plagioclase composition in the Nushan granulite xenoliths
varies from andesine to labradorite (Angs _50AD4s_660r1—5)-
The Mg# values of orthopyroxenes range from 0.50 to 0.62 and
end-members of orthopyroxenes are Wo_;En,g _,FS;s =0
(Table 6, Fig. 83d). Bhattacharyya (1971) suggested that or-
thopyroxenes with MgO + FeO + Fe,O; + 0.775A1,04
greater than 44.3 are metamorphic in origin, whereas orthopy-
roxenes with the discrimination values less than 44.3 are likely

magmatic in origin. For orthopyroxene from the Nushan gran-
ulite xenoliths, this value varies from 46.1 to 48.4, which
suggests a metamorphic origin. However, the relatively higher
amount of wollastonite (Wo = 0.8 ~ 1.3%, Table 6) implies
that these orthopyroxenes may have resulted from recrystalli-
zation of former magmatic mineras (Rietmeijer, 1983). The
end-members of clinopyroxenes are Wo,,_,,ENg; 35FS17 1
(Fig. 8a), and Mg# values vary in therange of 0.62—0.70 (Table
6). As shown in Figure 8, the Nushan pyroxenes are composi-
tionally similar to those from the granulite terrains in the SKC,
but significantly different from those of the Hannuoba xeno-
liths. Specifically, both orthopyroxene and clinopyroxene of the
Nushan granulites have lower Mg# values than the counterparts
from Hannuoba. Moreover, the Nushan granulite xenoliths
show lower Na,O, Al,O5 and TiO, in clinopyroxenes (Fig. 8c,
d), and lower Al,O5 but higher FeO in orthopyroxenes, when
compared with the Hannuoba granulites (Fig. 8a, b).
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Fig. 9. AFC modeling of trace elements of the Nushan granulite
xenoliths. Mode of crystallizing phase: AFC-1:
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of late Archean mafic volcanic rocks (Liu et a., 1998) and average
composition of the lower crust of SKC (Gao et a., 1998a) are used as
the primary magma and contaminant, respectively. “r’ - mass of
assimilate to cumulate, “F’ - melt fraction. Partition coefficients used in
calculations as in Kempton et a. (1997). AFC model equations from
DePaolo (1981). Normalizing vaues from Sun and McDonough
(1989).

6. DISCUSSION

6.1. Petrogenesis

The remarkably different U-Pb ages imply the existence of
two xenolith populations at Nushan, which are characterized by

different geochemical features. A number of comparison dia-
grams (Figs. 2, 4, 8) show that the Nushan granulites are
compositionally similar to the Archean granulite terrains ex-
posed in the SKC and some felsic granulite xenoliths from
Hannuoba, but differ significantly from the Hannuoba mafic
granulite xenoliths. The Nd model age relative to the CHUR
(Tepyur = 2.4-3.4 Ga, Table 5) aso implies a provenance from
very old reservoir. This is supported by the zircon SHRIMP
U-Pb dating of intermediate sample NS214 that the protoliths
of the Nushan intermediate granulites were likely formed at ca.
2.5 Ga and then subjected to granulite-facies metamorphism at
1.9 Ga. The overall intermediate compositions of the Nushan
granulites could have resulted from assimilation-fractionation-
crystallization (AFC) of a mafic basalt precursor. For instance,
the positive correlation between CaO/Al,O5 and CaO (Fig. 2¢)
implies segregation of clinopyroxene. Fractionation of olivine
and spindl is suggested by the positive correlation between Ni
and Cr and Mg#. Unlike the Hannuoba granulites which com-
positionally vary along the trend of pyroxene accumulation, the
Nushan samples form atrend that is similar to the fractionation
trend of alkali basaltic magma (Fig. 2d), which is consistent
with crystallization of the Nushan granulite protoliths as solid-
ified melts and not as cumulates. The extremely negative ey
values of most Nushan granulite xenoliths, together with the
widespread HFSE depletion observed in incompatible element
patterns (Fig. 3c, d), suggest the role of crustal contamination
in magma genesis or the remelting of older continental crust.
The latter alternative is not consistent with basic to intermedi-
ate compositions of the Nushan granulites. Trace element mod-
eling shows that the Nushan granulite xenoliths can be simu-
lated by 10—40% assimilation-fractional crystallization (AFC)

Table 7. Equilibrium temperature, pressure and calculated P-wave velocity for the Nushan granulite xenoliths.

Sample T1(°C) T2 (°C) P (kbar) Depth (km) V, (kms™%) V, (kms™%) V; (kms™)
NS201 874 899 9.1 30 6.87 6.82 6.99
NS202¢ 848 887 8.7 29 6.90 6.86 7.02
NS202r 855 877 8.6

NS203 830 851 6.5 28 6.83 6.79 6.95
NS204 834 853 8.7 29 6.88 6.83 7.00
NS205 841 865 7.6 25 6.69 6.65 6.81
NS206 860 896 9.5 31 6.87 6.83 6.99
NS207 821 831 7.6 25 6.72 6.68 6.84
NS210 779 804 6.4 21 6.69 6.64 6.81
NS212 820 838 7.8 26 6.79 6.74 6.91
NS213 839 865 6.7 22 6.81 6.77 6.93
NS214 804 809 4.8 ~20 6.67 6.62 6.79
NS217 813 819 4.5 ~20 6.58 6.53 6.70
Nu8902 862 874 7.6 25 6.72 6.68 6.84
Nu8903 806 836 6.2 20 6.81 6.76 6.93
Nu9518 826 820 7.3 24

Nu9521 809 843 7.2 24

Nu9523 825 845 6.2 20

T1and T2 are calculated by using two-pyroxenites thermometer of Wood and Banno (1973) and Wells (1977), respectively. Pis cal culated by using
the Eqg. (7) in McCarthy & Patifio Douce (1998). The equilibrium P-T of NS206 are calculated using the composition of cpx-1 in Table 2; Mineral
compositions of samples Nu8902, Nu8903, Nu9518, Nu9521, Nu9523 are from Xu et al. (1998), Mineral modes of Nu8902 and Nu8903 are from
Zhou et al. (1992).

V;, represents calculated V,, based on modal composition of minerals and single crystal velocities at room pressure and temperature (Gebrande,
1982). V, indicates velocities corrected to the depth of 30 km using the average present-day Nushan lower crustal temperature of 600°C, and can be
really compared with observed lower crustal velocities at Nushan. V; is the velocities corrected to room temperature and 600MPa for purpose of
comparison with other locations. The correction follows the method of Rudnick and Fountain (1995), which is based on the common pressure (2 X
10"*km s * MPa %) and temperature (—4 X 10~* km s~ C™?) coefficients of V; for crustal rocks and uses the generalized geotherms of Chapman
and Furlong (1992).
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Fig. 10. Comparison of pressures estimated for garnet-bearing gran-
ulite using different geobarometers. Pypp, Puoe @d Pyep ae the
pressures calculated by McCarthy and Patifno Douce (1998), Moecher
et a. (1988) and Newton and Perkins (1982) geobarometers, respec-
tively. Source of Data: Y amamoto (1993), Stosch et al. (1995), Ma and
Wang (1994) and McCarthy and Patifio Douce (1998).

of different fractionating assemblages assuming the composi-
tion of Archean mafic volcanics as parental magma and the
average lower crust of SKC as contaminant (Fig. 9; Huang and
Xu, 2002).

The compositiona resemblance of the Nushan granulites to
the exposed Archean terrains raises the possibility that these
xenoliths may come from lower crustal granulites emplaced at
shallow level by tectonic processes and eventually sampled by
Quaternary basalts. However, at Nushan, granulites are closely
associated with abundant mantle xenoliths. The mineral phases
(e.g., amphibole) typical of retrograded metamorphism in gran-
ulite terrains are absent in the Nushan xenoliths. These obser-
vations strongly suggest that the Nushan xenoliths actually
represent fragment of the present-day lower crust beneath Nus-
han, which is mainly composed of the old crystalline basement.

This old lower crust may have been affected by later thermal
events, asjudged from the ubiquitous lead loss of zircons of the
intermediate sample NS214 (Fig. 6a). The weight mean age of
140 + 4 Ma for the sample NS202 is comparable with those
obtained for the granulite xenoliths from Hannuoba (Fan and
Liu, 1996; Liu et a., 2001). This age can be interpreted as the
time of basaltic underplating during the widespread Mesozoic
thermotectonic reactivation of the SKC (Menzies et a., 1993;
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from Xu et a. (1998); SEA — geotherm for Southeastern Australia
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Griffin et a., 1998; Xu, 2001). The “young” age of NS202 is
corroborated with the peculiar composition of this sample.
While whole-rock composition of NS202 has some affinities
with that of other xenoliths (e.g., LREE-enrichment, LILE
contents), but is characterized by distinctly lower SiO,, ZREE
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Fig. 12. Seismic velocities (V2) of the Nushan granulite xenoliths
(open sguares) and seismic velocity structure on Line HQ-13 (Chen,
1988).
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Table 8. Estimates of the Lower crustal composition based on the Nushan granulite xenoliths.

Nushan HNB GSKC CSKC cyc GWC R&F
Sio, 52.1 58.3 53.3 57.6 65.7 54.1 523
Tio, 13 06 1.0 058 0.7 0.9 0.8
AlLO, 16.8 136 14.6 138 14.0 154 16.6
TFeO 10.7 53 11.0 9.1 53 9.3 8.4
MgO 43 96 55 48 27 6.0 71
MnO 0.2 0.1 0.2 0.1 0.1 0.2 0.1
Ca0 8.2 45 8.1 6.6 27 79 9.4
Na,0 40 25 31 30 31 33 26
K,0 0.7 32 13 17 24 11 06
P,0s 05 0.1 0.3 0.2 0.1 0.2 0.1
Mg# 0.46 0.79 051 052 052 058 0.64
Ba 1165 1434 48 574 652 518 259
Co 29 31 46 35 19 36 38
cr 73 490 198 221 82 311 215
Ga 22 15 19 18 19 18 13
Hf 74 46 32 36 5.2 25 19
Nb 11 6 9 9 10 7 5
Ni 48 347 85 78 49 147 88
Pb 70 12.9 9.7 11.0 16.0 9.7 42
Rb 3 51 31 36 93 22 11
Sc 20 20 33 23 14 30 31
S 1250 712 387 381 304 381 348
Ta 0.4 03 0.6 0.4 06 0.4 06
Th 1.0 05 13 28 9.2 20 12
U 0.1 0.2 05 05 13 06 0.2
Vv 151 100 213 147 104 168 196
Y 33 8 15 14 18 23 16
zr 346 180 125 141 191 130 68
La 58 18 22 23 Q 34 8
Ce 117 36 44 46 72 55 20
Pr 15 76 26
Nd 61 14 23 23 31 29 11
sm 11 26 47 41 49 56 28
Eu 31 1.0 14 13 12 13 11
Gd 8.2 48 31
Th 12 03 0.7 0.6 08 0.9 05
Dy 6.1 56 31
Ho 12 11 0.7
Er 30 28 19
m 0.4
Yb 26 08 19 16 20 24 15
Lu 0.4 01 0.3 03 03 0.4 0.3

Nushan = weighted average lower crust of Nushan; HNB = Modeled composition of Hannuoba Lower crust (Liu et a., 2001); GSKC = average
of Archean mafic and intermediate granulite terrains of Sino-Korean Craton (Liu et a., 1999); CSKC = Lower crust of Sino-Korean Craton (Gao
et al., 1998a); CYC = Lower crust of Yangtze Craton (Gao et al., 1998a); GWC = average of worldwide Archean mafic and intermediate granulite
terrains (Rudnick and Fountain, 1995); R&F = mean composition of the continental lower crust (Rudnick and Fountain, 1995).

(Fig. 2a, 4a; Table 2), Nb and Ta (Fig. 4 h), and higher TiO,
(Fig. 2b) and FeO contents (Table 2) and Eu positive anomaly
(Fig. 3a). This possibly suggests that it represents a cumulate
from arelatively evolved liquid and not a solidified melt. These
chemical differences possibly indicate a different protolith in
agreement with the younger age. However, the isotopic com-
position of NS202, indistinguishable from that of the other
xenoliths (Fig. 7a, b) and characterized by extremely low ey
values at 140 Ma (Table 5), is different from the Hannuoba
granulites and the Mosozoic volcanic rocks in Eastern China
(Fig. 7b). The formation of NS202 would necessarily require
assimilation of large amounts of very old lower crust by the
crystallizing basalt at 140 Ma (Fig. 7b), which isin consistent
with the relatively low Mg# and high TFeO in all Nushan
granulite xenoliths (Table 2).

6.2. Physical Properties of the Lower Crust beneath
Nushan

6.2.1. P-T estimates and geothermal gradient

The two-pyroxene geothermometers of Wells (1977) and
Wood and Banno (1973) are used to estimate the equilibrium
temperatures of the Nushan granulites. They yield similar re-
sults (804—899 °C, mostly at 850+20 °C; Table 7). These
estimates are slightly lower than those of the Hannuoba gran-
ulite xenoliths (850-950 °C; Chen et al., 2001).

McCarthy and Patifo Douce (1998) calibrated an empirical
geobarometer (hereafter referred as to MPD barometer) based
on the equilibrium between silica, Ca-tschermak’s and anor-
thite. Figure 10 compares pressure estimates on garnet-bearing
granulites from worldwide occurrences (Y amamoto, 1993; Ma
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(McDonough and Sun, 1995).

and Wang, 1994; Stosch et a., 1995; McCarthy and Patifio
Douce, 1998) using the MPD barometer (Py,pp) and the ba
rometers of Moecher et al. (1988) and Newton and Perkins
(1982) (Ppoe @d Py p, respectively). The latter two methods
are relatively well established and suitable for the assemblages
of garnet - plagioclase - orthopyroxene (clinopyroxene) -
quartz. Py,pp aein good agreement with Py, » and Py,. When
the pressure is greater than 6 kbar. This testifies the feasibility
of the MPD barometer to estimate pressure of the granulites
that contain no garnets.

The application of this barometer to the Nushan granulite
xenoliths yields a wide range of pressure estimates (4.5-9.5
kbar, Table 7). However, most of the Nushan granulites are

equilibrated at 6.2-9.5 kbar, corresponding to 20—31 km in
depth. The estimates lower than 6 kbar for NS214 and NS217
are considered meaningless, because precedent evaluation sug-
gests that the MPD barometer underestimates pressure when P
< 6 kbar (Fig. 10). The equilibrium pressures for the Nushan
granulite xenoliths are lower than the typical pressure range
(1015 kbar) for the basalt-borne granulite xenoliths, but are
comparable to that typical (6—8 kbar) of the Archean granulite
terrains. Thisis consistent with the similarity in mineral chem-
istry between the Nushan granulites and the Archean granulite
terrains in the SKC.

Xu et al. (1998) have established the Cenozoic geotherm at
Nushan based on the garnet-bearing mantle xenoliths. Since the
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Nushan garnet-peridotite and pyroxenites are equilibrated at P
> 16 kbar and T > 1000 °C, the therma gradient in the
uppermost mantle at Nushan remains poorly constrained. For
instance, Xu et a. (1998) extrapolated the thermal gradient of
the deep mantle to the shallow level based on a spinel pyrox-
enite-spinel lherzolite composite xenolith Nu9505. However,
the pressure of this composite is poorly constrained. Accord-
ingly, the geotherm around the crust-mantle transition necessi-
tates a verification using other independent data. Such atest is
now possible as the equilibrium P-T conditions of the samples
from the lower crust are available. As shown in Figure 11, the
lower crustal geotherm at Nushan based on the equilibrium T-P
of granulite xenoliths is similar to the extrapolated part of Xu
et al.”s mantle geotherm. This geotherm corresponds to a high
thermal gradient (~ 80 mW/m?, Xu et al., 1998).

6.2.2. Depth to the Moho

The “seismic Moho" is defined as the base of the crust,
across which the compressional wave velocity increases rapidly
to ~8 km/s, whereas the crust-mantle boundary (CMB) is the
transition between felsic-mafic crustal rocks and a dominantly
ultramafic upper mantle (Griffin and O’ Reilly, 1987). They are
not always consistent, particularly in continental regions of
high heat flow where the seismic Moho may lie deeper than the
CMB (Griffin and O’ Reilly, 1987). The depth to CMB can be

estimated by comparing the temperature estimates of the spinel
Iherzolites and xenolith-based geotherm (O’ Reilly and Griffin,
1985). The equilibrium temperatures for the Nushan granulite
xenoliths are all below 900°C, whereas mantle-derived xeno-
liths are mostly equilibrated at temperatures higher than 900°C
(Xu et al., 1998). 900°C is therefore considered as the temper-
ature at the base of the lower crust. By reference of the
geotherm in Figure 11, this suggests that the depth to the CMB
at Nushan is ca. 30 km, consistent with the depth to Moho as
revealed by seismic refraction data (Fig. 12; Chen, 1988).

6.2.3. Seismic velocity and structure

The seismic refraction profile (HQ-13) (Fig. 1) suggests a
three-layer structure consisting of upper, middle and lower
crust a Nushan, and the lower crust ranges in depth from
20-31 km (Fig. 12; Chen, 1988). Such athree-layer structureis
markedly different from the four-layer structure widely docu-
mented in different tectonic unites in the SKC (Gao et al.,
1998a, 1988b), in which a fourth high-velocity layer about 5
km thick occurs in the lowermost crust (Holbrook et al., 1992;
Christensen and Mooney, 1995; Rudnick and Fountain, 1995).
The viability of the seismic model on the crustal structure can
be tested through studying the direct samples from the lower
crust. Calculated velocities of granulite xenoliths based on
primary mineral compositions and single crystal elastic prop-
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erties can effectively eliminate the influence of alteration that
significantly reduces the seismic velocities of granulite xeno-
liths (Rudnick and Jackson, 1995; Geo et al., 2000; Liu et al.,
2001), and thus should reflect those of the lower crust. Table 7
presents calculated elastic wave velocities (V,,) of the Nushan
granulite xenoliths. The calculated V,, corrected at the P-T
conditions of present-day Nushan lower crust, range from 6.53
to 6.86 km/s (Table 7), which agrees with the observed V,, of
the lower crust at Nushan (Fig. 12.

According to Gao et a. (1998b), the upper lower crust in the
SKC has velocities of 6.7-6.8 km/s and the lowermost crust
has 7.0—7.2 km/s at 600MPa and room temperature. For the
purpose of comparison (e.g., Rundnick and Fountain, 1995),
the calculated V,, of Nushan granulite xenoliths is also cor-
rected at 600 MPa and room temperature (V,;, Table 7). V,
ranges from 6.70—7.02 km/s with an average of 6.9 km/s. Only
afew mefic samples (e.g., NS202) have V,, > 7.0 km/s, which
may be the constituents of the lowermost layer in the Nushan
crustal section. U-Pb dating shows that the emplacement of
mafic magmas took place during the Mesozoic. However, this
emplacement may be very weak given the scarcity of the
samples with V,, > 7.0 km/s.

6.3. Composition of the Lower Crust beneath Nushan
and its Tectonic Implication

The composition of the lower crust can be constrained by the
studies of chemical composition and depths of the lower crustal
xenoliths. Thermobarometric cal culation suggests that the Nus-
han granulites are samples from a depth interval of 20—31 km,
which virtually covers all the depth range of the lower crust as
defined by seismic data. Moreover, the consistency between
calculated velocities of granulites xenoliths and regional seis-
mic refraction data implies that the granulite xenoliths repre-
sent the main congtituents of the lower crust at Nushan.

The bulk lower crustal composition is calculated by weight-
ing the average compositions of the relevant granulite xenoliths
according to the layer thickness they represent. The model
composition of the Nushan lower crust is basic with SIO, =
52.1 wt.%, distinctively different from the composition of the
lower crust of the Yangtze Craton (CYC, Table 8). Although
the estimated SiO, and Al,O5 contents of the Nushan lower
crust are similar to those of the continental lower crust defined
by Rudnick and Fountain (1995), TFeO, MgO, CaO and Na,0
are significantly different (Table 8). Specificaly, the estimated
composition at Nushan contains relatively high TFeO (10.7
wt.%) and low MgO (4.3 wt.%) contents. These compositional
characteristics are indeed very similar to the averages of Ar-
chean granulite terrains in the SKC and of worldwide Archean
granulite terrains (Table 8), but are different from the model
composition of the lower crust at Hannuoba (HNB, Table 8).

Figure 13 compares the modeled trace element compositions
of the Nushan lower crust with those of the lower crust beneath
the SKC and the Y angtze Craton (Gao et al., 1998a), Archean
granuliteterrain of the SKC (Liu et al., 1999) and of continental
lower crust based on world-wide granulites (Rudnick and
Fountain, 1995). The lower crust beneath Nushan is character-
ized by strong depletion of Nb, Ta, U and Th with appreciable
positive Sr and P anomalies (Fig. 13). These characteristics are
essentially similar to those of the lower crust benesath the SKC

and of the average composition of the Archean granulites from
the SKC, athough the Nushan estimates have higher contents
of LREE, Ba, Sr, Zr and Hf. In contrast, they are significantly
different from the lower crust beneath the Yangtze craton,
which is characterized by higher Th and U contents and strong
P depletion (Fig. 13). Such a comparison leads to the conclu-
sion that the lower crust beneath Nushan is more likely related
to the SKC, rather than being linked to the Y angtze craton. On
the other hand, the age of the Nushan intermediate granulitesis
broadly consistent with the crustal formation events in the
SKC. The data presented in this study yield implications for the
location of the suture zone between the North and South China
Blocks.

While the northern margin of the Qinlin-Dabie Shan oro-
genic belt is widely considered as the suture zone between the
North and South China Blocks to the west of TLFZ (Zhang et
a., 1989; Okay and Sengodr, 1992), considerable debate pre-
vails on the location of suture to the east of TLFZ (Okay and
Sengor, 1992; Li, 1994; Chung, 1999; Zhang, 2000; Chung and
Li, 2000). The Su-Lu ultrahigh pressure metamorphic belt is
commonly considered as the boundary between the North
China and South China Blocks (Okay and Sengor, 1992).
However, Li (1994) proposed that the suture zone is located
about 300 km south of the Su-Lu ultrahigh pressure terrane. In
his crustal-detachment model, Li (1994) suggested that the
upper crust of the South China block in the Subei-Yellow Sea
region was detached from the lower crust and thrust over the
North China for >400 km, whereas the lower lithosphere was
subducted under the North China block along a subsurface
suture running east from Nanjing (Fig. 1). As Nushan is located
at southwestern Subei basin and to east of the TLFZ (Fig. 1),
the first model implies an affinity of the lower crust at Nushan
to the Yangtze Craton, whereas the second model predicts an
affinity to the SKC. The compositional resemblance of the
lower crust at Nushan to that beneath the SK C thus supportsthe
crustal-detachment model of Li (1994). Similar conclusions
have been reached based on studies of the lower crustal xeno-
liths from southeast China (Yu et a., 2003) and geochemical
and isotope characteristics of Cenozoic basalts around the
TLFZ (Chung, 1999).

6.4. Spatial Heterogeneity of the Lower Crust beneath
the SKC

A wealth of petrologic and geochemica data is now avail-
able on granulite xenaliths from Hannuoba, another important
xenolith locality in the northern SKC. A comparison between
the granulite xenoliths from Hannuoba and Nushan is therefore
necessary to examine the spatial variation in composition of the
lower crust beneath the SKC. Figure 14 schematically summa-
rizes the lithological profiles at the two localities, from which
several major differences are noted.

(a) The lower crust at Hannuoba (24—42 km) is significantly
thicker than that beneath Nushan (20—31 km). Thermaobaro-
metric data suggest a shallower derivation of the Nushan
granulites (6—9.5 kbar) than the Hannuoba granulites (>10
kbar).

(b) A high velocity layer of 3-5 km thick occurs in the lower-
most crust at Hannuoba (Liu et al., 2001). It consists of
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granulites with variable proportion of pyroxenites and peri-

dotites (Chen et al., 2001). In contrast, this high velocity

layer is not observed in the Nushan case.

(c) The average lower crust at Nushan is more basic (SO, =
52.1%) than that at Hannuoba (SIO, = 58.3%, Table 8).
What is the reason for the compositional and structural

difference of the lower crust beneath Nushan and Hannuoba? Is
the relatively basic character of the Nushan lower crust simply
the result of a biased sampling towards mafic composition by
the host basalts? Felsic granulites are not found at Nushan. The
felsic rocks described by Yu et al. (2003) are indeed gneiss that
may be derived from the middle or upper crust. The consistency
between the observed and calculated velocities strongly sug-
gests that the Nushan granulites represent the predominant
components of the lower crust at this locality, and felsic com-
ponents, if present, are minor, because a small amount of felsic
rocks would considerably lower the velocities. Moreover, the
compositional difference between the Nushan and Hannuoba
xenoliths is corroborated by the different seismic velocities at
the two localities (Ma et al., 1991). Specifically, the velocities
of the lower crust to the east of the DTGL including Nushan
areaare ca. 0.2 km/s higher than those to the west of the DTGL
(i.e., Hannuoba area), suggesting a more basic lower crust to
the east of the DTGL. Therefore, the contrasting composition
of the granulites from Nushan and Hannuoba mostly likely
reflects the spatial heterogeneity of the lower crust beneath the
SKC, rather than an artifact of biased sampling. It is possible
that the lower crusts in the eastern and western sides of the
DTGL arefundamentally different, as geochronological studies
suggest that they were formed at different time. While most of
the Nushan xenoliths are late Archean to early Proterozoic in
age, the Hannuoba mafic to intermediate granulites represent
underplated materials of basalts during the late Mesozoic (Fan
and Liu, 1996; Liu et a., 2001). This Mesozoic underplating
could be coeval with the initiation of the widespread thermo-
tectonic reactivation of the SKC (Menzies et al., 1993; Griffin
et a., 1998; Xu, 2001). However, the Mesozoic underplating
under the Nushan region may have not been a major process
according to the data presented in this work.

The different extent of Mesozoic underplating at Nushan and
Hannuoba may be related to the heterogeneous lithospheric
extension in these regions. Nushan lies close to the southern
part of the trans-lithospheric Tan-Lu fault zone (Fig. 1), which
represents one of the weakest lithospheric segments in the
SKC. The lithosphere along this fault zone is significantly
thinner than that beneath rift basins (Ma, 1989). In this me-
chanically weakened zone, mantle-derived magmas could tra-
verse efficiently the crust-mantle boundary and intrude into
middle-upper crust or erupt to the surface. This is consistent
with voluminous Mesozoic (165-100 Ma) volcanic rocks
(Wang et al., 1996) and dioritic and gabbroic intrusives (Xu et
al., 1993; Guo et a., 2001) in Shandong Province (Fig. 1) that
is cross-cut by the Tanlu fault. In contrast, Hannuobais located
west to the DTGL, where the lithospheric extension was less
intense and the lithosphere is generally thicker than that be-
neath the eastern part of the SKC (Ma, 1989). Under this
circumstance, mantle-derived magmas were trapped at the
CMB due to density contrast. Repeated underplating of basalts
would result in a vertical crustal growth, giving rise to the
formation of athick crust-mantle transition zone at Hannuoba

(Fig. 14). The effect of lithospheric extension on underplating
processes in continental setting is also supported by geophysi-
cal data. The Xiangshui to Mandal geo-transect (XMGT, Fig.
1) shows ubiquitous existence of the high velocity lowermost
crust under the SKC except for the regions adjacent to the
TLFZ (Maet al., 1991).

6.5. Implications for the Xenolith versus Terrain Issue

It has been recognized for along time that granulite xenoliths
are more mafic than granulite terrains (Rudnick, 1992). How-
ever, the Nushan granulite xenoliths are surprisingly similar in
composition to exposed Archean granulite terrains, but are
somewhat different from basalt-borne xenoliths from world-
wide occurrences. This particularity sheds lights on the origin
of the compositiona distinction between granulite xenoliths
and terrains. As discussed in previous sections, the peculiar
composition of the lower crust beneath Nushan is somehow
related to the absence of major magmatic underplating in this
region. Thisis a rare case because Cenozoic basdltic fields are
commonly associated with magmatic underplating at the crust-
mantle boundary, which resulted in the formation of ubiquitous
high velocity layer below the preexisting “old” crust (Gao et
al., 1998b). As most xenoliths were collected from Cenozoic
basalts in extended regions, it is likely that a large portion of
xenoliths may come from the newly accreted mafic layer and/or
overlaying hybrided zones. This may explain the compositional
difference between granulite xenoliths and terrains.

7. CONCLUSIONS

The granulite xenoliths from Nushan are compositionally
similar to the Archean granulite terrain in the SKC, but are
distinctively different from the Hannuoba mafic granulite xeno-
liths, which are mainly metamorphosed products of underplated
materials during late Mesozoic. The protolith of the Nushan
granulites was subjected to crystal fractionation and interaction
with old continental crustal rocks. Zircon U-Pb dating further
suggests that the magmatic underplating took place at ca. 2.5
Ga and granulite-facies metamorphsim peaked at 1.9 Ga. This
old lower crust possibly underwent minor basaltic underplating
during the Mesozoic (117-140 Ma). Most of the Nushan gran-
ulite xenoliths probably represent samples from the late Ar-
chean to early Proterozoic crystalline basement beneath the
SKC.

Thermal gradient in the lower crust constructed based on the
equilibrium P-T conditions of the Nushan granulites is consis-
tent with that extrapolated from the mantle geotherm (Xu et a.,
1998). The depth to the CMB inferred from this revised geo-
therm agrees with the depth to the seismic Moho (~ 30 km).
This, together with the consistency between calculated veloc-
ities of granulite xenoliths and observed V,, structure, strongly
suggests that there is no high-velocity lowermost crust at Nus-
han, and the granulite xenoliths represent the dominant com-
ponents in the lower crust at this locality. The absence of the
high velocity lowermost layer at Nushan contrasts with the
thick crust-mantle transition zone at Hannuoba, and can be
ascribed to intense lithospheric extension along major trans-
lithospheric faults that facilitated mantle-derived magmas tra-
verse the CMB to reach shallow levels or the surface. The
modeled composition of the Nushan lower crust is more basic
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than that at Hannuoba. Such a compositional difference is
correlated with the difference of average V,, of the lower crust
in the two areas. All these imply two fundamentally different
lower crustal structures in the western and eastern sides of the
DTGL.

The comparison between the Nushan and Hannuoba granu-
lite xenoliths yields implication for the long-last issue regard-
ing the compositional difference between granulite xenoliths
and terrains. Mdfic feature of the granulite xenoliths relative to
granulite terrains is probably due to widespread magmatic
underplating in Cenozoic volcanic fields from which the xeno-
liths are collected.
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