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Numerous Mo deposits associated with the Late Jurassic to Early Cretaceous granite porphyries in the southern
margin of the North China Craton make up the East Qinling Mo mineralization belt, one of the most economically
important Mo mineralization belt worldwide. Two of the largest porphyry- and skarn-type Mo deposits in the
belt are hosted in two granite porphyries in the Luanchuan ore field which emplaced at ~150 Ma and
~135 Ma, respectively. The granite porphyries are calcic-alkalic to alkalic, and metaluminous to peraluminous.
They are strongly depleted in Eu, Sr, Ba, P and Ti, indicating that they underwent intensive fractionation of

Ié?a/‘rllvi(t)gd;;)rphyry plagioclase, apatite and Fe-Ti oxides. The granite porphyries in the Luanchuan ore field are likely to be connected
Molybdenum mineralization with nearly coeval Heyu batholith to the east as indicated by the regional geophysical data. The Heyu granite
Mesozoic batholith has bulk compositions similar to the granite porphyries, and is possibly a precursor of the granite
Continental crust subduction porphyries. The Heyu granite batholith and granite porphyries have enq(t) values varying from —11.3 to —17.5
East Qinling and zircon ey(t) values from —5.8 to —35.6. They have two-stage Nd modal ages [Tpmz(Nd)] ranging from 1.68

to 2.47 Ga and Hf model ages [Tpwmz(Hf)] from 1.32 to 2.86 Ga, much younger than those for Mesozoic granitoids
elsewhere in the eastern part of the North China Craton which are believed to have formed from remelting of the
Archean basement. Mesozoic granites in the southern margin of the North China Craton overall have Pb isotope
compositions similar to the basement of the Yangtze Block rather than the North China Craton. Therefore, we
argue that the granite porphyries and related Mo deposits in the Luanchuan ore field were unlikely sourced from
the Taihua Group, instead they may have formed from remelting of the subducted continental crust of the Yangtze
Block with Tpyp(Nd) ages of ~1.8 to ~2.2 Ga. Partial melts of the subducted continental crust of the Yangtze Block
interacted with melts and/or fluids derived from the enriched mantle wedge, which experienced metasomatism
due to the dehydration of subducted continental crust of the Yangtze Block, consequently resulting in the formation
of the granite porphyries and porphyry- and skarn-type Mo deposits in the Luanchuan ore field.

© 2013 Elsevier B.V. All rights reserved.

associated with W, Pb, rare earth elements (REE), Au, and U mineral-
ization in the contact zones and/or contiguous areas (Li et al., 2005,

1. Introduction

Porphyry deposits range from porphyry Cu (4 Au, Mo) deposits
to porphyry Mo deposits and account for more than 95% of world Mo pro-
duction and reserves. Two associations of porphyry Mo deposits have
been recognized: (1) high-grade, rift-related deposits associated with F-
rich and highly evolved rhyolitic stocks; and (2) low-grade, arc-related
(or subduction-related) deposits associated with F-poor and calc-alkalic
stocks or plutons (e.g., Carten et al., 1993; Sillitoe, 1980).

The East Qinling Mo mineralization belt along the southern margin of
the North China Craton in China is one of the most important arc-related
Mo mineralization belts, which hosts Mo reserves of ~6 million tons
(mt), comparable to the Colorado mineral belt in the USA (Carten et al.,
1993). Porphyry- and skarn-type Mo deposits in the belt are often
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2007; Mao et al., 2002; Shi et al., 2009; Yang et al., 2009a, 2009b).
The origin of porphyry- and skarn-type Mo deposits in the East
Qinling Mo mineralization belt and associated Mesozoic granites in
the southern margin of the North China Craton have been extensively
investigated and debated in the past two decades (e.g., Bao et al,
2009a; Chen et al., 2000; Gao et al., 2010; Li et al., 2007, 2009a, 2009b;
Luo et al,, 1991; Mao et al., 2008, 2010). Some researchers believed that
the Mesozoic granites were derived from remelting of the crystalline
basement of the North China Craton that is composed of the Archean
Taihua Group in this region (e.g., Chen et al, 2000), whereas other
workers suggested that the source rocks could be the lower crust with
the involvement of the upper mantle (e.g., Luo et al., 1993; Sun and Liu,
1987; Zhang et al,, 2010; Zhu et al., 2010a). A few workers argued that
the ore-bearing and barren granites are genetically different, belonging
to I-type and S-type, respectively (e.g., Lu et al,, 2002), whereas other
studies proposed that the Jurassic to Early Cretaceous granites (~150-
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Fig. 1. Simplified geological map showing the distribution of Mesozoic granites and related Mo deposits in East Qinling orogenic belt, Central China (modified after Meng and Zhang, 2000
and Mao et al,, 2008). — 1. Archean metamorphic rocks; 2. Mesoproterozoic strata; 3. Neoproterozoic strata; 4. Mesozoic granite; 5. Fault; 6. Porphyry-skarn-type Mo deposit; 7. Pb-Zn-Ag

deposit; and 8. Ages of granite plutons and mineralization.
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Fig. 2. Simplified map showing the distribution of granite porphyry-type and skarn-type molybdenum deposits in the Luanchuan ore field.

Modified after Mao et al. (2009).
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~135 Ma) were derived mainly from partial melting of subducted conti-
nental crust of the Yangtze Block (Bao et al.,, 2009a; Li et al., 2012a).

Emplacement of granite plutons and associated Mo mineralization
in the East Qinling Mo mineralization belt were considered to be related
to the switch of geodynamic regimes in the Late Mesozoic in East China
due to a shift from oblique, shallow subduction of the Izanagi Plate to
orthogonal, steep subduction of the Paleo-Pacific Plate, leading to the
lithospheric thinning of the North China Craton (Hou et al., 2010; Sun
etal, 2007; Wu et al., 2008; Zhu et al., 2010b). In this fashion, the Jurassic
to Early Cretaceous (>131 Ma) granites are considered to be related to
the transformation of the tectonic regime from NS- to nearly EW-
directions in East China, i.e., a continental margin arc setting controlled
by the subduction of the Izanagi or Paleo-Pacific plate beneath the Eur-
asian continent in a WNW-ESE direction in the Late Jurassic-Early Creta-
ceous, whereas the emplacement of younger granites (<131 Ma) can be
ascribed to large-scale lithospheric thinning beneath the North China
Craton (Guo et al., 2013; Li et al,, 2005, 2013a,b; Mao et al., 2005, 2008,
2010; Zhang et al., 2010). Other workers suggested that the Late Jurassic
to Early Cretaceous granites in the East Qinling resulted from remelting of
the lower crust in post-orogenic stage (Zhu et al., 2010a) or remelting of
subducted crust in post-collisional setting (Bao et al., 2009a; Li et al,
2012a).

The source of Mo is also a matter of debate. Many researchers
believe that Mo was mainly derived from the lower crust, or from the
Archean basement and Paleoproterozoic rocks of the North China
Craton (e.g., Liu et al., 2007; Lu et al., 2002). Some others propose that
the carbonaceous sedimentary rocks may be the main source for the
Mo mineralization (e.g., Li et al, 2012b; Zhang et al., 2010). A few
researchers recognized that the upper mantle could be the major source
for Mo mineralization because of high Mo concentrations of the upper
mantle in the southern margin of the North China Craton (Bao et al.,
2009a; Zhu et al,, 2010a).

In the Luanchuan ore field, the most economically important Mo
producer in the East Qinling Mo mineralization belt, where the ore-
bearing granite porphyries are nearly coeval with the adjacent Heyu
granite batholith, and have bulk compositions similar to the Heyu gran-
ite batholith. However, a genetic link between them has not yet been
examined. In this paper, we report zircon U/Pb ages and Lu-Hf isotope
composition, whole-rock major and trace elements, and Sm-Nd isotopic
compositions of ore-bearing granite porphyries and the Heyu granite
batholith. The data set enables us to examine the relationship of the
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Fig. 3. Cathodoluminescence images of representative zircon grains from the ore-bearing
granite porphyries in the Luanchuan ore field and the Heyu batholith.

ore-bearing granite porphyries and Heyu granite batholith and to delin-
eate the source rocks of the ore-bearing granite porphyries in this region
and the source of Mo.

2. Geological background

The Central China orogenic belt is bound by the North China Craton
to the north and the Yangtze Block to the south and extends more than
4000 km from West Kunlun on the west, through Qilian, West Qinling,
East Qinling and Dabie, to Sulu on the east (Yang et al., 2002). The belt
had experienced a prolonged divergence and convergence between
blocks and preserved a record of the Late Mesoproterozoic to Cenozoic
tectonism (Meng and Zhang, 1999, 2000; Ratschbacher et al., 2003)
(Fig. 1).

The East Qinling segment of the Central China orogenic belt is com-
posed of four blocks, from north to south, including the southern margin
of the North China Craton, North Qinling Block, South Qinling Block, and
the northern margin of the Yangtze Block. The four blocks are separated
by the Luanchuan fault, Shangdan and Mianlue sutures, respectively.
The North Qinling Block can be further divided into the Kuanping unit,
Erlangping unit, and North Qinling unit, whereas the South Qinling
Block can be subdivided into the Shangdan ophiolite unit, Liuling flysch
unit, Douling low-grade metamorphic rock unit, and South Qinling unit.
There are three episodes of arc—continent collision during the Paleozoic
continental convergence between the Yangtze Block and North China
Craton. The first-episode of collision was caused by northward sub-
duction of the North Qinling, resulting in UHP metamorphism at ca.
480-490 Ma and the accretion of the North Qinling to the North
China Craton. The second episode of collision involved the northward
subduction of the Proto-Tehyan oceanic crust beneath an Andes-type
continental arc, leading to granulite-facies metamorphism at ca.
420-430 Ma and the accretion of the Shangdan arc terrane to the
North China Craton. The third-episode collision is caused by northward
subduction of the Paleo-Tethyan oceanic crust, resulting in the low-P
metamorphism in the Qinling orogen as well as crustal accretion to
the NCB. The massive continental subduction of the Yangtze Block
beneath the North China Craton took place in the Triassic collision
with the final continent-continent collision along the Mianlue suture
(Meng and Zhang, 1999; Wu and Zheng, 2013 and references therein).

The southern margin of the North China Craton is separated from the
Kuanping unit by the Luanchuan fault in the south. The southern margin
of the North China Craton in East Qinling consists mainly of an Archaean
(~2.5 to ~2.8 Ga) basement and it is unconformably overlain by the
Proterozoic volcanic and sedimentary sequences. The Archean basement
is composed of the amphibolite- to granulite-facies metamorphic rocks of
the Taihua Group. The Proterozoic volcanic and sedimentary sequences
consist of the Paleoproterozoic mafic to felsic volcanic rocks and minor
sedimentary rocks of the Xiong'er Group, Mesoproterozoic quartzite
and schist with intercalated dolomitic marble of the Guandaokou
Group, and Neoproterozoic Luanchuan Group that is composed,
from the basement upwards, of meta-sandstone of the Sanchuan
Formation, the marble and schist of the Nannihu Formation, and
the dolomitic marble of the Meiyaogou Formation.

The North Qinling unit consists mainly of deformed Paleoproterozoic
biotite plagioclase gneiss, granulite, amphibolite, thin layers of graphite
marbles, and Paleozoic to Mesozoic granitic plutons in the lower part
and a thick pile of gently folded Paleozoic marble in the upper part
(Dong et al., 2011; Xue et al., 1996). The tectonic affinity of the North
Qinling has been debated, and at least three different models are
proposed; 1) it was the southern margin of the North China Craton
(Meng and Zhang, 1999); 2) its lower unit was correlated with the
basement of the Yangtze Block and its upper unit with the North
China Craton (Ratschbacher et al., 2003; Xue et al., 1996); or 3) it was
an independent microcontinent intervening between the Yangtze Block
and North China Craton (Ouyang and Zhang, 1996). Recent study on
detrital zircons indicates that the North Qinling was separated from the
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Table 1

LA-ICPMS zircon U-Pb ages of the Nannihu granite porphyry.
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135

Spots Pb* Th §] Th/U 207ph2%ph 4 10 207pp23y + 10 206pp 238y 4 10 207pp235y age + 10 205pp 238y age + 10
(ppm) (ppm) (ppm) (Ma) (Ma)

LN-3.01 252 578 2284 025 0.05210 + 64 0.1698 + 15 0.02364 + 13 159 + 1 150.6 + 0.8
LN-3.02 402 2553 3499 0.73 0.04944 + 55 0.1583 + 12 0.02322 + 12 149 + 1 148.0 + 0.8
LN-3.03 361 1535 3236 047 0.05017 + 57 0.1614 + 12 0.02333 £ 12 152 £ 1 1487 + 0.8
LN-3.04 281 1279 2478 0.52 0.04953 + 57 0.1607 + 12 0.02353 + 12 151 £ 1 1499 + 0.8
LN-3.05 242 1013 2170 047 0.04951 + 62 0.1588 + 14 0.02326 + 13 150 + 1 1482 + 0.8
LN-3.06 361 1842 3178 0.58 0.04986 + 57 0.1611 + 12 0.02343 + 12 152 + 1 1493 + 0.8
LN-3.07 362 1050 3307 0.32 0.04959 + 58 0.1597 + 13 0.02336 + 12 150 £ 1 1489 + 0.8
LN-3.08 325 1310 2897 045 0.04904 + 58 0.1588 + 13 0.02348 + 12 150 + 1 149.6 + 0.8
LN-3.09 943 657.6 801.9 0.82 0.06068 + 88 0.1964 + 22 0.02347 + 13 182 + 2 1495 + 0.8
LN-3.10 298 838.4 2389 035 0.04968 + 84 0.1814 + 26 0.02648 + 16 169 + 2 1680 + 1
LN-3.11 379 1531 3347 0.46 0.04932 + 57 0.1617 + 13 0.02377 £ 12 152 £ 1 1514 + 0.8
LN-3.12 227 1562 1947 0.8 0.04874 + 68 0.1576 + 17 0.02345 + 13 149 + 2 1494 + 0.8
LN-3.13 110 661.3 940 0.7 0.05205 + 80 0.1695 + 21 0.02361 + 14 150 + 3 1499 + 09
LN-3.14 252 773 1582 0.05 0.04871 + 66 0.1592 + 16 0.02371 £ 13 150 + 1 151.1 + 0.8
LN-3.15 226 865 2016 043 0.04923 + 73 0.1605 + 19 0.02365 + 13 151 £ 2 150.7 + 0.8
LN-3.16 252 1751 2634 0.66 0.04837 + 55 0.1569 + 12 0.02352 + 12 148 £ 1 1499 + 0.8
LN-3.17 265 1194 2368 0.5 0.04926 + 59 0.1593 + 13 0.02345 + 12 150 + 1 1494 + 0.8
LN-3.18 252 947.4 1638 0.58 0.05100 + 80 0.1547 + 20 0.02200 + 13 146 + 2 1403 + 0.8
LN-3.19 194 1608 1662 097 0.04945 + 68 0.1591 + 17 0.02332 + 13 150 £ 1 1486 + 0.8
LN-3.20 252 1178 1104 1.07 0.05384 + 96 0.1571 + 24 0.02116 + 13 148 + 2 1350 + 0.8
LN-3.21 306 1040 2820 0.37 0.04938 + 62 0.1582 + 14 0.02323 + 12 149 £ 1 148.0 + 0.8
LN-3.22 252 1525 1871 0.82 0.04895 + 59 0.1586 + 14 0.02349 + 12 149 £ 1 149.7 + 0.8
LN-3.23 188 1080 1782 0.61 0.05139 + 72 0.1552 + 17 0.02189 + 12 146 +£ 1 1396 + 0.8
LN-3.24 183 688 1657 042 0.04928 + 68 0.1604 + 17 0.02361 + 13 151 £ 2 1504 + 0.8
LN-3.25 200 967.3 1906 051 0.04829 + 70 0.1469 + 17 0.02206 + 12 139 £ 2 1407 + 0.8
LN-3.26 1174 489.6 8735 0.56 0.09862 + 99 365+ 19 0.2686 + 14 1547 &+ 7 1531 4+ 7
LN-3.27 262 1047 2556 041 0.05012 + 69 0.1508 + 16 0.02182 + 12 143 £ 1 139.1 + 0.8
LN-3.28 117 1091 1082 1.01 0.0512 + 10 0.1497 + 27 0.02118 + 14 136 + 4 134.7 + 0.9
LN-3.29 399 1433 3950 0.36 0.05084 + 66 0.1518 + 15 0.02165 + 12 144 + 1 138.1 + 0.8
LN-3.30 186 7734 1790 043 0.04893 + 65 0.1490 + 15 0.02208 + 12 141 £ 1 1408 + 0.8
LN-3.31 192 1435 1797 0.8 0.05108 + 72 0.1522 + 17 0.02161 + 12 144 £ 1 1378 + 0.8
LN-3.32 266 1135 2665 043 0.05171 + 81 0.1524 + 19 0.02137 + 12 144 + 2 1363 + 0.8
LN-3.33 227 1299 2187 0.59 0.04975 + 69 0.1474 + 16 0.02147 + 12 140 + 1 1369 + 0.8
LN-3.34 263 947.4 2533 0.37 0.05181 + 76 0.1587 + 19 0.02221 + 12 145 + 2 1413 + 0.8
LN-3.35 269 608.5 2698 0.23 0.05717 + 69 0.1692 + 14 0.02145 + 11 159 £ 1 1368 + 0.7

Yangtze Block during the Rodinian breakup and then became a micro-
continent intervening between the Yangtze Block and North China Craton
(Wu and Zheng, 2013).

The Luanchuan ore field in the southern margin of the North China
Craton hosts ~3 mt of proven Mo reserve (Fig. 2). Ore-bearing granite
porphyries intruded the Mesoproterozoic Guandaokou Group and
Neoproterozoic Luanchuan Group. Some nearly coeval, enriched
mantle-derived mafic dikes also occur in the ore field (Bao et al.,
2009b). The Heyu granite batholith is located 40 km east of the
Luanchuan ore field, and is bounded by the Machaoying fault to
the north and the Luanchuan fault to the south.

2.1. Ore-bearing granite porphyries in the Luanchuan ore field

Mesozoic granite porphyries that host Mo mineralization in the
Luanchuan ore field are usually small bodies with outcrop areas <1 km?.
The granite porphyries are mainly composed of K-feldspar, biotite, quartz
and plagioclase. K-feldspar is a common phenocryst and is of either
magmatic or altered origin. Magmatic K-feldspar is either subhedral to
anhedral orthoclase or microcline, which often contains fine albite stripes
and Carlsbad twins. Altered K-feldspars commonly occur along the
fractures, rims and cleavages of plagioclase, and also occur as vein or
veinlet. Magnesian biotite mainly occurs in the groundmass, and was
partly altered to chlorite, sericite, magnetite, and rutile. Quartz occurs in
both groundmass and phenocryst, and rounded quartz phenocryst
shows undulance extinction. Plagioclase laths are commonly oligoclase
with minor andesine and albite. Accessory minerals include magnetite,
apatite, sphene, zircon, thorite, rutile, and pyrite.

The Nannihu, Shangfanggou, and Shibaogou granite porphyries host
economic Mo deposits in the Luanchuan ore field. Disseminated ores
occur as thin flakes along fractures or fine pieces in veinlets of porphyry

ores and skarn-type ores. Ore minerals are composed of molybdenite,
sheelite, pyrite, pyrrhotite, and chalcopyrite, with minor sphaler-
ite, bornite, magnetite, and hematite. Gangue minerals include
garnet, diopside, quartz, wollastonite, phlogopite, talc, serpentine, chlo-
rite, fluorite, and calcite. A few coeval vein- and skarn-type Pb, Zn and
Ag deposits occur adjacent to these Mo deposits (Bao et al., 2009b; Yan,
2004).

The Nannihu granite porphyry occurs as a small stock with an expo-
sure area of ~0.12 km?. Available drill core profiles indicate that the
stock is dilated to 1.2 km? at a depth of 900 m (Liu et al.,, 2006). The
Nannihu granite porphyry intruded the meta-sandstone, siltstone, and
argillaceous limestone of the Luanchuan Group which were altered to
hornfels, marble and skarn. The porphyry body consists mainly of
fine- to medium-grained porphyritic monzogranite near the surface
and fine-grained porphyritic biotite granodiorite at depth, and contains
a proven Mo reserve of ~2 mt. Porphyritic monzogranite contains 20-
50% phenocryst with grains ranging in size from 5 to 12 mm. The
phenocryst consists mainly of orthoclase, bipyramid quartz and
plagioclase (An = ~20). Groundmass shows microgranitic texture
and is composed of 30-35% orthoclase perthite, 25-35% quartz,
and 1-3% biotite. Porphyritic biotite granodiorite contains 5-10%
phenocryst composed of orthoclase perthite (5-10 mm), euhedral
and zoned plagioclase, and quartz. The groundmass shows fine- to
micro-granitic (0.1-1 mm) texture and consists of K-feldspar,
quartz and biotite. Accessory minerals include magnetite, sphene,
apatite, rutile, monazite, garnet, and zircon. The Nannihu granite
porphyry was dated at 142 4+ 15 Ma using Rb-Sr isochron method
(Hu et al., 1988), however, the age is questionable because the Rb-Sr
system of the rocks may have been disturbed by intensive late-stage
hydrothermal alteration. Mo mineralization is mainly hosted in porphyry,
biotite-bearing calcite-silicate hornfels, actinolite- and diopside-bearing
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calcite-silicate hornfels, diopside hornfels, and skarn. Four molybdenite
samples yield Re-Os model ages ranging from 142 + 2 Ma to 145 +
2 Ma (Li et al., 2006).

The ~0.05 km? Shangfanggou granite porphyry intruded the dolo-
mitic marble with intercalated carbonaceous schist of the Luanchuan
Group. It consists of porphyritic syenogranite and minor porphyritic
biotite granite and contains a proven Mo reserve of ~0.72 mt. The
porphyritic syenogranite contains 15-25% phenocryst. The phenocrysts
are commonly smaller than 3 mm in size and consist of K-feldspar,
plagioclase, quartz and biotite, whereas groundmass shows micro- to
fine-grained granitic texture or micrographic texture. Accessory min-
erals include apatite, zircon, magnetite, scheelite, pyrite, rutile, ilmenite
and sphene. The porphyritic syenogranite is intensively silicified, espe-
cially at the margin of the porphyritic pluton. The ore bodies occur
within the porphyry and surrounding magnesian skarn. Skarn-type Fe
mineralization occurs in the contact zone of the porphyric body and
dolomitic marble and is associated with low-grade Mo ores. The porphyry
was dated to be 134 + 2 Ma using whole-rock Rb-Sr isochron method
(Hu et al,, 1988). Two molybdenite samples from the porphyry- and
skarn-type ores yield Re-Os model ages of 144 4 2 Ma and 146 +
2 Ma, respectively (Li et al., 2006).

The Shibaogou granite porphyry is the largest one in the ore field
and crops out in an area of ~3 km?. It consists mainly of the early-
stage coarse- to medium-grained monzogranite and late-stage fine-
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grained syenogranite. It intruded the meta-sandstone, marble, schist
and quartzite of the Luanchuan Group. The monzogranite consists
mainly of 20-40% K-feldspar, 15-30% plagioclase, 15-35% quartz and
2-5% biotite. The mineral grains range in size from ~5 mm in the north-
eastern margin to ~0.2 mm in the northwestern margin of the pluton.
K-feldspars are commonly subhedral to anhedral and show Carlsbad
twins and occasionally cross hatched twin. Euhedral to subhedral pla-
gioclase shows polysynthetic twin and is sometimes weakly sericitized.
Anhedral quartz commonly shows undulatory extinction. Biotite is
often chloritized. Accessory minerals include sphene, apatite, zircon
and magnetite. The Shibaogou granite porphyry hosts a small-sized
Mo deposit with a Mo reserve of ~0.14 mt. The ore bodies occur along
the contact zone of the porphyry body and the marble of the Luanchuan
Group. Disseminated ores, and ore-bearing quartz veins or stockwork
occur within the porphyry, skarn and hornfels of the wall rocks. A
whole-rock Rb-Sr isochron age of 143 4+ 7 Ma was obtained for
the Shibagou granite (Yang et al., 1997). Recently the porphyritic
monzogranite and fine-grained monzogranite are dated to be 156 +
1 Ma and 157 & 1 Ma by LA-ICPMS zircon U/Pb dating technique,
respectively (Yang et al., 2012a). Six molybdenite samples from the
porphyry- and skarn-type ores yielded Re-Os model ages ranging from
142 4+ 2 Mato 147 4+ 3 Ma (Mao et al., 2008).

A few E-W or NWW striking mafic dikes occur in the ore field and
range from a few centimeters to a few meters in thickness. The mafic
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Fig. 4. Concordia plots of the zircons from the granite porphyries in the Luanchuan ore field.
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Table 2
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LA-ICPMS zircon U-Pb ages of the Shangfanggou granite porphyry.

137

Test no. Pb* Th 8] Th/U 207pp2%6ph 4 10 207pp/235y + 10 206pp 238y 4 1o 207pp 235 age + 10 205pp 238y age + 10
(ppm) (ppm) (ppm) (Ma) (Ma)

LS-5.01 137 768.1 1244 0.62 0.04996 + 88 0.1457 + 22 0.02115 + 13 138 £ 2 1349 + 0.8
LS-5.02 344 1571 3511 045 0.05224 4 85 0.1383 £ 19 0.01920 £ 11 128 + 2 1224 4+ 0.7
LS-5.03 138 968.3 1227 0.79 0.04991 + 80 0.1462 + 19 0.02125 + 12 139 +£ 2 135.6 + 0.8
LS-5.04 573 1965 5442 0.36 0.04969 + 80 0.1442 + 19 0.02103 £ 12 137 £ 2 1342 + 0.8
LS-5.05 349 1396 3227 043 0.05093 &+ 89 0.1499 + 23 0.02134 4+ 13 142 + 2 136.1 4+ 0.8
LS-5.06 354 1724 3284 0.52 0.05256 4 76 0.1535 £+ 17 0.02117 4+ 12 145 + 2 135+ 08
LS-5.07 484 1675 4644 0.36 0.05035 &+ 86 0.1457 + 21 0.02098 + 12 138 £ 2 1338 + 0.8
LS-5.08 206 1515 1809 0.84 0.05066 + 86 0.1487 £ 21 0.02129 + 12 141 £ 2 1358 + 0.8
LS-5.09 512 1547 4849 032 0.05177 4+ 91 0.1529 &+ 23 0.02141 4+ 13 144 + 2 136.6 + 0.8
LS-5.10 47 858 2176 0.39 0.04885 + 16 0.03065 + 95 0.00455 + 4 30.7 £ 09 293 + 0.3
LS-5.11 255 1858 2271 0.82 0.05012 £ 71 0.1482 £+ 17 0.02144 + 12 140 + 1 136.8 + 0.8
LS-5.12 178 1077 1772 0.61 0.05241 4 85 0.14131 4+ 19 0.01955 4 11 134+ 2 1248 + 0.7
LS-5.13 487 2123 4643 0.46 0.04797 + 57 0.1404 + 12 0.02122 + 11 133+ 1 1354 4+ 0.7
LS-5.14 210 1213 1944 0.62 0.04890 + 73 0.1434 + 17 0.02126 + 12 136 + 2 135.6 + 0.8
LS-5.15 150 345.6 1168 03 0.0554 £+ 15 0.2005 &+ 52 0.02625 &+ 21 174 + 5 166 + 1
LS-5.16 200 2084.6 1778 117 0.05296 4 77 0.1554 £+ 18 0.02127 4 12 147 £ 2 135.7 + 0.8
LS-5.17 532 2155 5157 0.42 0.04955 + 60 0.1442 + 12 0.02110 £ 11 137 £ 1 1346 + 0.7
LS-5.18 232 1396 2246 0.62 0.05347 4 89 0.1502 £ 21 0.02036 4 12 142 £ 2 1299 + 0.8
LS-5.19 173 1723 1518 1.14 0.05083 4 79 0.1477 £ 19 0.02107 4 12 140 4 2 1344 4+ 0.8
LS-5.20 452 1574 4412 0.36 0.05071 + 67 0.1471 £ 15 0.02102 £+ 11 139+ 1 1341 +£ 0.7
LS-5.21 606 1971 2306 0.85 0.0964 + 13 0.6392 £ 63 0.04809 + 28 502 + 4 303 +2
LS-5.22 185 1317 1730 0.76 0.05229 4 78 0.1522 £+ 18 0.02110 £ 12 140 £ 3 1343 + 0.8
LS-5.23 86 685.3 774.2 0.89 0.05253 4 98 0.1547 £ 25 0.02135 4+ 13 146 4+ 2 136.2 4+ 0.8
LS-5.24 106 1195 922.7 13 0.0523 £+ 10 0.1525 + 26 0.02117 £ 13 144 + 2 135 £ 0.8
LS-5.25 120 561.1 1248 045 0.05226 4 91 0.1429 + 21 0.01983 &+ 12 128 £3 126.1 + 0.8
LS-5.26 182 1485 1642 09 0.0501 + 10 0.1483 &+ 27 0.02148 4+ 14 140 £+ 2 137 £ 09
LS-5.27 463 1931 4532 043 0.04886 + 59 0.1432 £+ 12 0.02125 £+ 11 136 £ 1 1356 + 0.7
LS-5.28 503 1540 5025 031 0.04892 4 61 0.1433 £ 13 0.02124 £+ 11 136 £ 1 1355 4+ 0.7
LS-5.29 207 1435 1983 0.72 0.05131 4 78 0.1488 £ 18 0.02102 4 12 137 £ 3 1339 + 0.8
LS-5.30 230 1122 2239 0.5 0.05183 4+ 73 0.1524 + 17 0.02132 + 12 144 + 1 136 + 0.8
LS-5.31 121 794.5 1172 0.68 0.0488 + 17 0.1413 + 46 0.02098 + 18 134 £ 4 134 £ 1
LS-5.32 461 1328 4586 0.29 0.05188 4 90 0.1534 £ 23 0.02144 4 13 145 £ 2 136.8 + 0.8
LS-5.33 484 2145 4735 045 0.05011 4 76 0.1484 + 18 0.02147 4+ 12 137 £ 2 136.7 + 0.8
LS-5.34 396 2125 3895 0.55 0.05037 + 64 0.1469 + 13 0.02116 + 11 135+ 2 1347 + 0.7
LS-5.35 117 934.8 1148 0.81 0.04974 4 97 0.1416 £ 24 0.02064 4 13 1344+ 2 131.7 + 0.8
LS-5.36 316 1280 3001 043 0.04900 + 87 0.1511 £ 23 0.02236 + 13 143 £ 2 1426 + 0.8
LS-5.37 466 1600 4694 034 0.05108 4 93 0.1500 + 23 0.02130 + 13 142 + 2 1359 + 0.8
LS-5.38 430 2119 4244 0.5 0.05127 £ 6 0.1509 + 12 0.02134 £ 11 143 £ 1 136.1 + 0.7
LS-5.39 600 2023 6226 032 0.04987 4 66 0.1435 £+ 14 0.02087 4 11 133+2 133 + 0.7

Table 3

SHRIMP zircon U-Pb ages of the Shibaogou granite porphyry.
Spot U Th PRy 200yt 200ph2Byage  27phrA0%Pht 4y Wbty x% PPbAPU % Errcorr

(ppm) (ppm) (ppm) (Ma)

Biotite granite porphyry
0715-1 801 428 0.55 15.6 1443 £ 23 0.0502 2.1 0.1567 26 0.02264 1.6 0.607
0715-2 855 931 1.12 17.0 146.6 + 2.2 0.0505 23 0.1602 28 0.02300 1.6 0.563
0715-3 878 319 038 174 146.7 + 2.3 0.0488 2.6 0.1550 3.1 0.02302 1.6 0.508
0715-4 531 459 0.89 9.81 136.8 + 2.2 0.0491 32 0.1453 36 0.02145 1.6 0457
0715-5 1147 335 0.30 229 147.7 + 2.2 0.0489 27 0.1561 3.1 0.02317 1.5 0.490
0715-6 776 639 0.85 15.1 143.6 + 2.8 0.0513 49 0.1594 52 0.02253 20 0.375
0715-7 850 444 0.54 17.3 149.7 +£ 23 0.0500 38 0.1619 41 0.02349 1.6 0384
0715-8 1168 526 0.46 210 1329 + 23 0.0484 28 0.1391 33 0.02083 1.8 0.525
0715-9 1277 692 0.56 25.7 1485 + 2.2 0.0505 27 0.1624 3.1 0.02330 1.5 0.488
0715-10 579 280 0.50 11.9 150.1 &+ 2.7 0.0500 75 0.163 7.7 0.02355 1.8 0235
Shibaogou fine-grained syenogranite
0716-1 145 198 1.41 3.02 148.7 + 4.8 0.0492 18 0.158 19 0.02334 33 0.176
0716-2 268 608 235 522 1432 £ 2.7 0.0497 92 0.154 94 0.02247 1.9 0.205
0716-3 343 288 0.87 51.7 1041 &+ 15 0.08649 093 2.091 1.8 0.1753 1.6 0.861
0716-4 459 1520 3.42 9.27 149.6 + 2.5 0.0550 34 0.1781 38 0.02347 1.7 0.441
0716-5 362 391 1.12 7.15 145.6 + 2.6 0.0566 5.1 0.1784 54 0.02285 1.8 0.333
0716-6 189 182 0.99 3.69 1435 4+ 29 0.0555 52 0.1724 5.6 0.02252 2.0 0.365
0716-7 341 421 1.27 6.57 141.7 +£ 25 0.0506 5.1 0.1552 54 0.02222 1.8 0329
0716-8 1301 652 0.52 25.8 1469 + 2.7 0.0514 24 0.1634 31 0.02305 19 0.611
0716-9 353 306 0.90 7.16 1499 4+ 28 0.0545 35 0.1768 39 0.02353 1.9 0476
0716-10 1382 784 0.59 26.3 140.7 + 2.3 0.0535 3.0 0.1627 34 0.02207 1.7 0.485
0716-11 432 358 0.86 9.02 1544 + 26 0.0559 28 0.1867 33 0.02424 1.7 0.525
0716-12 172 229 137 349 1475 +£ 29 0.0500 11 0.160 11 0.02315 2.0 0.181

Errors are 1-sigma; Pb* indicate the radiogenic portions, respectively. Common Pb corrected using measured 2%Pb.



138 Z. Bao et al. / Ore Geology Reviews 57 (2014) 132-153

dikes often underwent moderate chloritization. The dikes were dated to
be 148 + 8 Ma by SHRIMP zircon U/Pb method (Bao et al., 2009b). The
mafic dikes are of alkalic with 1.63-2.96% Na,O and 1.15-3.67%
K50, and relatively enriched in LILEs and have low whole-rock
ena(t) (—6.6 to —7.0) and zircon gy¢(t) (— 15.2 to —34.4) values,
indicating that they may have been derived from an enriched man-
tle source (our unpublished data).

Table 4
LA-ICPMS zircon U-Pb ages of the Heyu granite batholith.

2.2. Heyu granite batholith

The Heyu granite batholith is exposed in an area of ~784 km? and is
the largest Mesozoic granitic batholith in this region. It intruded the
metamorphic rocks of the Taihua Group and the volcanic rocks of the
Xiong'er Group. The batholith is a ring-like complex composed mainly
of biotite monzogranite. The batholith was considered to have formed

Test no. Pb* Th §) Th/U 207pp2%ph + 10 207pph/235U + 10 206pp/238y + 10 207ph/23y + 10 205pp238y + 100
(ppm) (ppm) (ppm) (Ma) (Ma)
Medium grained biotite monzogranite (Stage I)
HY-14-01 46.92 1325 269.5 049 0.08156 + 215 1.46569 + 3498 0.13034 + 146 916 + 14 790 £+ 8
HY-14-02 31.83 1675 1009 1.66 011111 £ 135 0.34823 + 387 0.02273 £+ 24 303+ 3 145 £ 2
HY-14-03 26.68 647.9 843.1 0.77 0.05356 + 234 0.16701 £ 703 0.02262 + 27 157 £ 6 144 £ 2
HY-14-04 24.54 535.9 782.1 0.69 0.05302 £ 199 0.18147 £ 650 0.02482 + 28 169 £ 6 158 + 2
HY-14-05 28.70 497.3 991.0 0.50 0.05258 + 186 0.16319 + 545 0.02251 £ 26 153 +£ 5 143 £ 2
HY-14-06 57.86 100.1 171.6 0.58 0.09673 + 254 3.13745 £ 7406 0.23525 £ 269 1442 + 18 1362 + 14
HY-14-07 31.94 675.9 856.0 0.79 0.06922 + 364 0.21026 + 1073 0.02203 + 28 194+ 9 140 £ 2
HY-14-08 15.86 2833 462.9 0.61 0.05691 + 321 0.18600 + 1020 0.02370 + 31 173 +£9 151 £ 2
HY-14-09 36.47 495.1 1035 0.48 0.06639 + 291 0.20858 + 877 0.02279 + 29 192 +7 145 + 2
HY-14-10 37.77 1036 1113 093 0.08417 + 347 0.26516 + 1037 0.02285 + 30 239 4+ 8 146 + 2
HY-14-11 32.70 652.1 1016 0.64 0.05533 £ 300 0.17949 + 943 0.02353 + 32 168 + 8 150 & 2
HY-14-12 31.81 799.7 913.1 0.88 0.05255 + 294 0.16437 + 895 0.02268 + 29 155 + 8 145 £+ 2
HY-14-13 30.19 555.6 935.2 0.59 0.05542 + 236 0.18035 + 737 0.02360 + 28 168 £ 6 150 + 2
HY-14-14 29.46 612.3 977.7 0.63 0.05079 + 208 0.16412 + 644 0.02344 + 28 154 + 6 149 £+ 2
HY-14-15 99.00 96.6 402.2 0.24 0.12761 + 182 3.19570 + 3208 0.18163 + 184 1456 + 8 1076 + 10
HY-14-16 1945 614.1 538.3 1.14 0.10926 + 255 0.35019 + 742 0.02324 £ 32 3054+ 6 148 + 2
HY-14-17 24.49 624.4 662.4 0.94 0.07033 £ 335 022173 £+ 1018 0.02287 + 29 203 £ 8 146 + 2
HY-14-18 35.80 567.8 879.1 0.65 0.05917 + 343 0.19174 + 1086 0.02350 + 30 178 £ 9 150 &+ 2
HY-14-19 34.12 833.1 991.4 0.84 0.05688 + 267 0.18046 + 817 0.02301 £ 28 168 £ 7 147 £ 2
HY-14-20 28.13 584.6 8134 0.72 0.05016 + 266 0.15904 + 822 0.02299 + 28 150 £ 7 147 £+ 2
Coarse-grained biotite monzogranite (Stage II)
HY-4-01 15.85 434.5 710.2 0.61 0.05017 + 246 0.14496 + 689 0.02096 + 25 137+ 6 134 +£2
HY-4-03 35.56 1116 1375 0.81 0.05509 + 726 0.17119 £ 2185 0.02254 + 75 160 + 19 144 £ 5
HY-4-04 8.52 276.7 295.5 0.94 0.05967 £ 277 0.20228 + 1233 0.02449 + 54 187 £ 10 156 &+ 3
HY-4-05 27.32 718.9 1236 0.58 0.04741 £ 111 0.13391 + 441 0.02073 £ 32 128 + 4 132 +£2
HY-4-06 17.68 692.9 684.2 1.01 0.06302165 0.17595 + 675 0.02042 + 24 165 £ 6 130 £ 2
HY-4-07 21.14 588.9 640.7 0.92 0.06498 + 596 0.21160 4 1908 0.02362 + 40 195 + 16 150 &+ 3
HY-4-09 11.68 310.6 464.7 0.67 0.06953 + 238 0.22457 + 890 0.02381 £+ 73 206 + 7 152 £ 5
HY-4-11 21.16 541.2 845.1 0.64 0.05056 + 101 0.16327 £ 465 0.02385 + 61 154 + 4 152 + 4
HY-4-12 31.30 735.8 1292 0.57 0.05849 + 88 0.18509 £ 503 0.02296 + 48 172 £ 4 146 &+ 3
HY-4-13 18.52 372.2 781.5 048 0.04832 £+ 125 0.14380 + 405 0.02192 £ 39 136 + 4 140 + 2
HY-4-16 1729 405.5 782.2 0.52 0.08921 + 191 2.38813 £ 4456 0.19416 £ 202 1239 + 13 1144 £ 11
HY-4-18 16.22 544.5 744.0 0.73 0.04935 + 95 0.13453 £ 256 0.01996 + 13 128 £ 2 128 + 0.8
HY-4-20 847 181.2 447.3 041 0.05111 £ 215 0.15421 £ 677 0.02194 + 25 146 + 6 140 £+ 2
HY-4-22 2297 770.8 946.0 0.81 0.05144 + 95 0.14344 + 497 0.02040 + 48 136 + 4 130 £ 3
HY-4-23 8.22 268.8 3854 0.7 0.04882 + 152 0.14085 + 480 0.02115 + 35 134+ 4 135+ 2
HY-4-24 74.95 2974 378.7 0.79 0.08015 + 305 1.87139 + 6525 0.16934 + 258 1071 + 23 1008 + 14
HY-4-25 31.65 910.5 1405 0.65 0.0573 + 126 0.17821 £ 467 0.02305 + 60 167 £ 4 147 £ 4
Fine-grained syenogranite dike
HY-73-01 5147 2201 845.9 0.38 0.19513 £ 1227 0.70326 + 4098 0.02614 + 62 541 + 24 166 + 4
HY-73-02 9.54 436.5 2274 0.52 0.07347 + 490 0.26838 + 1729 0.02647 + 54 241 + 14 168 + 3
HY-73-03 37.53 934.8 756.4 0.81 0.08606 + 915 0.26458 + 2754 0.02230 + 48 238 4 22 142 £ 3
HY-73-04 29.71 1595 964.2 0.6 0.06598 + 157 0.19522 + 441 0.02144 + 27 181 £ 4 137 £ 2
HY-73-05 18.56 497.7 658.0 132 0.07731 £ 207 0.23923 + 603 0.02242 £ 30 218+ 5 143 £ 2
HY-73-06 63.34 15,196 14,748 0.97 0.09203 + 627 0.25878 + 1713 0.02039 + 33 234 4+ 14 130 £ 2
HY-73-07 41.96 890.4 1009 113 0.09480 + 616 0.30493 + 1909 0.02333 + 41 270 £ 15 149 + 3
HY-73-08 146.8 295.0 1042 353 0.08668 + 200 1.3041 + 2613 0.10911 £ 124 848 + 12 668 + 7
HY-73-09 26.00 994.5 946.4 0.95 0.06807 + 160 0.20136 + 449 0.02144 £ 27 186 + 4 137 £ 2
HY-73-10 21.71 830.6 704.6 0.85 0.08938 + 435 0.25975 + 1198 0.02108 + 33 234 £ 10 134 + 2
HY-73-11 3353 1477 997.3 0.68 0.09870 + 209 031101 £ 608 0.02284 + 29 275 +£5 146 + 2
HY-73-12 23.88 538.9 1011 1.88 0.05953 + 154 0.17805 + 438 0.02168 + 28 166 + 4 138 £ 2
HY-73-13 26.33 614.2 771.8 1.26 0.07814 + 451 0.24128 + 1341 0.02239 + 35 219 £ 11 143 £+ 2
HY-73-14 21.26 758.5 516.9 0.68 0.06543 £ 197 0.21018 £ 603 0.02329 + 32 194 +£ 5 148 £+ 2
HY-73-15 28.62 1044 954.3 091 0.07647 + 236 0.23556 + 688 0.02234 + 32 215+ 6 142 + 2
HY-73-16 12.04 3175 142.7 0.45 0.06863 + 462 0.29253 + 1891 0.03091 + 68 261 4+ 15 196 + 4
HY-73-17 29.53 1026 1012 0.99 0.07746 £ 156 0.23385 &+ 441 0.02189 &+ 27 213 £ 4 140 & 2
HY-73-18 155.1 1457 1315 0.9 0.10255 + 129 1.30589 + 1520 0.09235 £ 103 848 + 7 569 + 6
HY-73-19 19.16 486.9 781.8 161 0.05754 + 170 0.16802 + 475 0.02118 £ 28 158 + 4 135 £ 2
HY-73-20 11.84 451.9 348.1 0.77 0.08979 + 667 0.29126 + 2088 0.02353 &+ 46 260 £ 16 150 &+ 3
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Fig. 5. Concordia plots of the zircons from the Heyu granite batholith.

by four to six phases of magma emplacement (Gao et al., 2010; Guo
et al,, 2009; Li et al., 2012c). Zircon U/Pb ages of the different stages
vary from 148 + 3 Ma to 134 4+ 1 Ma (Gao et al., 2010; Guo et al,
2009; Lietal.,, 2012c, 2013a,b). However, based on the field relationship
and our zircon U/Pb dating data we consider that the Heyu batholith
emplaced in two major stages, ~148 4+ 3 Ma and ~135 £ 5 Ma. Stage
I (~148 Ma) medium-grained biotite monzogranite occurs in the center
of the batholith and is capped with the rhyolite and andesite of the
Paleoproterozoic volcanic rocks of the Xiong'er Group. The rocks in
Stage I consist of 1-15% phenocryst and ~86% groundmass composed
of perthite, plagioclase, quartz and biotite. Euhedral orthoclase and
perthite are major phenocrysts and range in size from 0.8 x 1.0 cm to
1.5 x 2.5 cm. Accessory minerals include apatite, sphene and magnetite.
Stage Il (~135 Ma) coarse-grained to pegmatitic biotite monzogranite
occurs in the margin of the batholith and makes up the major part of
the batholith. The rocks in Stage II contain 20-40% phenocryst with a
maximum of 60% in local places. Phenocryst is mainly K-feldspar ranging
in size from 4 x 6 cm to 8 x 12 cm. The batholith is intruded by small-
sized stocks or dikes of fine-grained biotite monzogranite, quartz syenite
and biotite syenogranite. The stocks/dikes have similar ages to the rocks
in Stage II. The batholith is shelled by a ~1-30 m-wide contact metamor-
phic zone, which consists mainly of biotite hornfels, biotite calcite-silicate
hornfels, hornfelsed andesite and biotitized rhyolite.

One of the late-stage stocks that intruded the Heyu batholith is
discovered to host the large Yuchiling porphyry Mo deposit with
reserves of about 0.55 mt Mo metal at an average grade of 0.06%
Mo (Li et al., 2013a,b; Zhou et al., 2009). The porphyry was obtained a
weighted mean 2%°Pb/?38U age of 134 + 1 Ma using LA-ICP-MS zircon
U/Pb dating method (Li et al.,, 2013a,b). Molybdenites from the ores
yield an Re-Os isochron age of 131 £+ 1 Ma (Zhou et al., 2009). The
Yuchiling Mo deposit will not be discussed in this study because it
occurs in the interior of the Heyu batholith, and far away from the
Luanchuan Mo ore field.

3. Analytical results
3.1. Zircon U/Pb ages

Zircons from three Mo-bearing granites in the Luanchuan ore field
are clear, colorless, euhedral crystals, and range in size from 50 to
100 >um. Most zircon grains show oscillatory zoning in CL images but
a few grains have inherited cores (Fig. 3).

Zircons from the Nannihu granite porphyry have 578 to 2553 ppm
Th and 802 to 3950 ppm U, with Th/U ratios varying from 0.05 to 1.07
(Table 1). Most zircon grains have Th/U ratios ranging from 0.4 to 0.8,
typical of magmatic origin (Corfu et al., 2003). Twenty of the 35 ana-
lyzed spots yield a weighted mean 2°°Pb/?*%U age of 149.6 + 0.4 Ma

(MSWD = 1.5), which is interpreted as the crystallization age of the
Nannihu granite porphyry (Fig. 4a). One grain (LN-3.26) contains high
radiogenic Pb (1174 ppm) and 2°°Pb/>28U age of 1534 + 7 Ma, which
may be inherited from Mesoproterozoic source rocks or entrapment
from earlier igneous rocks during magma segregation and ascent.
Another grain (LN-3.10) has a 2°°Pb/?38U age of 168 + 1 Ma, likely
an entrapment during the ascent of magmas.

Zircons from the Shangfanggou granite porphyry contain highly
radiogenic Pb (47 to 606 ppm), Th (346 to 2155 ppm) and U (774
to 6226 ppm), with Th/U ratios ranging from 0.29 to 1.3 (Table 2).
Twenty-nine analyzed spots give a weighted mean 2°°Pb/?*8U age
of 135.4 4+ 0.3 Ma (MSWD = 1.4) (Fig. 4b).

Zircons from the Shibaogou granite porphyry have Th/U ratios
ranging from 0.30 to 1.12, and yield a weighted mean 2°°Pb/238U
age of 147.2 + 1.7 Ma (MSWD = 0.85). Zircons from the late-stage,
fine-grained syenogranite have Th/U ratios of 0.52-3.42, and a weighted
mean 2°°Pb/233U age of 145.3 + 1.7 Ma (MSWD = 1.6) (Table 3) (Fig. 4c
and d).

Zircons from the Heyu granite batholith are colorless to yellowish
euhedral prism crystals, ranging in size from ~80 to ~150 pm. Most
zircons show clear oscillatory zoning in CL images and only a few of
them contain inherited cores (Fig. 3). Zircons have Th/U ratios varying
from 0.38 to 3.53, typical of magmatic zircon. Twenty spots on the
zircons from Stage I biotite monzogranite (HY-14) have 2°°Pb/?38U
ages varying from 140 Ma to 150 Ma. Three grains (HY14-01, HY-14-
06 and HY-14-15) have 2°°Pb/?*8U ages of 790 Ma, 1362 Ma and
1076 Ma, respectively, likely inherited zircons. The other three spots
shift away from the concordia. A total of 14 grains yield a U-Pb concordia
age of 148.2 + 2.5 Ma (MSWD = 2.3, Table 4, Fig. 5a). Fifteen grains
from Stage II biotite monzogranite (HY-4) give a concordia age of
135.4 £ 5.4 Ma (MSWD = 3.8) (Table 4 and Fig. 5b). Two spots
(HY-4-16 and HY-4-24) have 2°6Pb/238U ages of 1144 Ma and
1008 Ma in old cores. Fifteen spots from the syenogranite dike
(HY-73) give a concordia U-Pb age of 135.3 4+ 4.9 Ma (MSWD = 4.1)
(Table 4 and Fig. 5¢), indicating that the syenogranite dike is coeval
to Stage II biotite monzogranite.

3.2. Major and trace elements

Rocks from the Nannihu, Shangfanggou and Shibaogou granite
porphyries have high SiO, varying from 72.1 to 79.1 wt.% (Table 5).
They are enriched in K,0 and plot in the high-K to shoshonitic field in
the plot of SiO, versus K,O (Fig. 6a). On the plot of SiO, versus
K;0 + Na,0-Ca0, most of them plot in both alkalic-calcic and alkalic
fields (Fig. 6b). The Heyu granite batholith has SiO, varying from 67.2
to 75.4 wt.%, lower than those of the granite porphyries in the Luanchuan
ore field (Fig. 6).
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Table 5

Major and trace element compositions of the granites in the study area (wt.% for major elements and ppm for trace elements).

Nannihu granite porphyry Shangfanggou granite  Shibaogou granite porphyry Heyu medium-grained biotite monzogranite (Stage I)
porphyry

LN-1 LN-2 LN-3 LN-4 LS-6 LS-9 07-13 07-14 07-15 07-16 HY-10 HY-14 HY-16 HY-19 HY-33 HY-41 HY-43 HY-44
Si0, 76.06 74.12 76.97 73.94 77.09 79.13 72.06 73.79 7343 74.86 69.37 69.6 67.16 67.33 75.27 71.63 7291 71.35
TiO, 0.19 0.21 0.09 0.18 0.09 0.09 0.14 0.12 0.18 0.08 0.35 0.32 0.51 0.56 0.22 0.18 0.25 0.27
AlLO3 12.59 12.87 12.92 14.06 12.64 11.38 15.03 14.16 14.46 13.49 15.71 153 159 15.92 13.29 15.54 1439 14.97
Fe,03} 0.96 130 0.93 2.25 0.68 0.97 1.08 1.08 142 0.11 2.82 2.07 3.85 419 1.69 1.53 1.95 212
MnO 0.00 0.00 0.01 0.01 0.01 0.01 0.04 0.03 0.06 0.03 0.05 0.05 0.09 0.12 0.04 0.04 0.04 0.03
MgO 0.16 0.15 0.28 0.19 0.05 0.18 0.30 0.17 0.38 0.22 0.74 0.52 1.02 1.12 0.49 0.38 0.45 0.45
Ca0 0.01 0.01 0.10 045 0.01 0.38 135 0.95 1.42 143 1.55 1.50 2.52 1.77 1.18 1.05 1.09 1.17
Na,O 1.87 1.67 233 1.86 137 2.26 4.00 424 3.97 3.68 4.79 423 4.90 4.99 4.00 4.55 3.96 4.99
K,0 7.30 7.99 6.11 6.63 7.89 5.02 5.15 4.87 431 4.92 431 4.77 3.66 35 3.77 5.00 483 4.49
P,0s 0.03 0.04 0.00 0.03 0.00 0.02 0.06 0.03 0.07 0.01 0.19 0.15 0.24 0.32 0.07 0.05 0.10 0.09
LOI 0.63 1.13 0.70 0.99 0.54 0.67 0.45 0.50 0.35 0.97 1.71 1.17 03 1.62 0.61 0.86 1.01 149
Total 99.79 99.48 100.44 100.60 100.35 100.09 99.67 99.93 100.05 99.82 99.88 99.75 99.84 99.83 100.02 99.94 99.96 99.93
DI 96 95 95.7 93,5 97.1 96.3 96.5 97.5 96.1 97.5 93.6 93.6 92.2 89.9 96 96.3 95.5 96.2
ASI 1.14 1.13 1.21 1.27 1.17 1.16 1.03 1.01 1.05 0.96 1.02 1.03 0.96 1.05 1.04 1.05 1.05 0.98
Ga 20.8 26.1 205 276 19.3 214 20.8 219 238 21.6 20.8 25.1 223 26.0 19.8 20.7 19.8 183
Rb 337 295 351 436 249 197 212 237 242 168 60.9 176 49.5 334 117 109 75.0 61.8
Ba 942 217 904 830 122 814 1427 754 816 382 1842 2214 2195 1660 543 1778 1649 2088
Th 342 41.8 329 39.6 39.8 324 243 31.8 284 33.6 134 32.0 16.6 19.8 13.0 121 18.6 18.6
U 29.6 7.37 252 20.8 20.0 3.96 411 9.51 533 121 1.65 4.70 2.10 490 1.73 1.73 224 1.51
Nb 539 87.7 704 50.9 36.8 304 32.6 68.5 42.7 115 36.0 373 41.8 120 344 27.7 36.1 339
Ta 4.08 7.64 6.35 422 244 2.07 2.20 5.10 3.38 7.36 221 2.09 244 8.26 2.77 1.67 2.48 2.23
Sr 124 54.5 138 75.9 439 429 443 229 377 85.6 247 848 654 468 102 254 229 338
Y 9.71 6.27 9.04 146 7.25 3.73 7.79 16.6 9.69 258 104 15.1 154 17.3 6.10 3.21 6.60 543
Pb 25.8 134 175 433 143 18.8 27.0 183 274 14.8 8.51 194 13.0 203 103 129 116 114
Zr 143 123 152 136 75.3 68.7 97.3 133 106 93.6 139 118 119 129 124 86.4 95.1 90.0
Hf 499 6.84 6.23 452 3.46 2.92 3.20 423 3.57 4.16 343 2.45 2.90 3.92 4.16 2.66 2.57 2.07
La 43.6 16.9 484 729 109 11.2 304 33.6 34.8 6.51 36.4 69.1 614 44.9 15.6 136 341 28.7
Ce 715 26.8 815 118 232 19.7 48.5 57.7 57.6 17.1 58.8 122 102 923 26.3 30.1 54.9 51.5
Pr 7.16 2.61 8.02 11.7 2.63 191 483 5.96 5.88 2.45 6.56 11.8 119 113 3.19 3.26 6.57 5.68
Nd 22.1 7.20 243 345 8.26 5.19 14.8 185 184 8.96 221 39.2 40.3 41.9 113 114 21.7 189
Sm 3.25 1.03 342 5.02 1.21 0.686 1.81 249 2.34 1.67 330 5.63 6.36 741 1.88 1.86 3.30 2.81
Eu 0.540 0.210 0.552 0.660 0.200 0.128 0.580 0.511 0.567 0.192 0.840 1.19 1.42 1.52 0.38 0.44 0.69 0.630
Gd 2.03 0.723 2.11 3.56 0.879 0.544 1.66 242 2.12 1.73 2.40 3.46 424 4.80 133 122 2.12 1.84
Tb 0.287 0.119 0.277 0.435 0.136 0.067 0.206 0.349 0.252 0.354 0.330 0.500 0.590 0.700 0.200 0.170 0.290 0.260
Dy 1.44 0.761 1.53 2.19 0.871 0.430 1.05 2.14 139 2.56 1.69 2.35 2.80 342 0.970 0.790 144 127
Ho 0.272 0.155 0.279 0.396 0.178 0.093 0.224 0.470 0.282 0.642 0.320 0.420 0.510 0.690 0.190 0.140 0.270 0.250
Er 0.818 0.536 0.859 121 0.605 0.322 0.728 1.58 0.894 244 0.940 1.18 1.52 2.08 0.630 0.460 0.770 0.690
Tm 0.132 0.110 0.141 0.171 0.104 0.061 0.124 0.282 0.149 0474 0.140 0.170 0.210 0.310 0.090 0.060 0.110 0.100
Yb 1.03 1.03 1.092 1.29 0.824 0.535 0.919 2.07 1.133 3.75 0.900 1.07 130 2.16 0.710 0.430 0.720 0.650
Lu 0.185 0.237 0.200 0.217 0.152 0.106 0.166 0.349 0.206 0.635 0.120 0.150 0.180 0.330 0.120 0.070 0.110 0.090
>_REE 154.4 584 172.7 252.2 50.2 41.0 106.0 1284 126.0 49.5 134.8 2582 2347 2138 62.9 64.0 1271 1134
(La/Yb)n 304 11.8 31.8 40.7 9.48 15.0 23.7 11.7 221 1.24 29.0 46.3 339 149 15.8 22.7 34.0 31.7
Eu/Eu* 0.64 0.74 0.63 0.48 0.59 0.64 1.02 0.64 0.78 0.35 091 0.82 0.84 0.78 0.73 0.89 0.80 0.85
Tz (°C) 831 814 840 830 775 768 786 815 796 782 816 801 795 808 811 777 786 777
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Heyu coarse-grained biotite monzogranite (Stage II)

Heyu fine-grained monzogranite and syenogranite (dikes)

HY-22 HY-34 HY-38 HY-39 HY-40 HY-59 HY-60 HY-24 HY-28 HY-31 HY-42 HY-45 HY-57 HY-48 HY-50 HY-51 HY-52 HY-53
Sio, 72.68 73.64 72.73 71.79 72.53 70.67 69.78 72 71.8 72.37 71.62 71.07 73.28 74.77 71.86 72.65 71.82 7543
TiO, 0.35 0.25 0.31 0.25 0.29 0.30 0.38 0.28 0.31 0.29 0.25 0.32 0.23 0.15 0.21 0.23 0.21 0.13
ALO5 14.39 13.71 14 14.85 14.34 15.15 15.22 14.81 14.81 14.64 15.04 14.98 14.36 13.77 15 14.45 15.11 13.74
Fe,0% 2.74 211 2.56 2.02 2.30 223 2.62 237 221 2.04 222 2.66 2.08 1.49 220 191 215 1.38
MnO 0.06 0.06 0.06 0.05 0.04 0.04 0.06 0.04 0.05 0.04 0.07 0.06 0.04 0.03 0.06 0.05 0.06 0.02
MgO 0.79 0.62 0.56 0.47 0.45 0.54 0.62 0.66 0.71 0.63 0.56 0.58 0.42 0.27 0.37 0.39 0.38 0.26
Cao 1.59 14 1.67 1.26 1.44 142 1.67 1.32 1.56 14 0.94 1.39 133 1.03 113 1.16 0.92 0.79
NaO 3.99 3.99 4.53 443 4.51 4.82 4.44 3.89 4.18 4.04 4.49 4.42 4.00 4.12 4.40 4.70 4.64 4.13
K>0 3.65 412 343 473 3.95 4.62 494 4.44 4.19 441 4.66 432 4.15 4.37 4.63 437 4.56 4.11
P,0s 0.15 0.09 0.12 0.09 0.12 0.14 0.16 0.11 0.11 0.1 0.09 0.12 0.08 0.04 0.07 0.07 0.07 0.03
LOI 0.61 0.6 0.69 0.6 0.84 0.67 0.6 0.64 0.49 0.41 0.74 0.61 0.61 0.44 0.53 0.5 0.52 0.57
Total 99.96 99.98 99.97 99.94 99.96 99.92 99.89 99.93 99.94 99.95 99.93 99.91 99.97 100.01 99.93 99.96 99.93 100.02
DI 93.6 95.5 96.3 95.9 95.6 95.7 94.8 93.9 94.5 94.9 94.7 94.4 953 97.1 955 96.6 954 96.6
ASI 1.07 1.01 0.98 1.01 1.00 0.98 0.97 1.09 1.04 1.05 1.06 1.03 1.06 1.03 1.05 0.99 1.06 1.08
Ga 193 193 22.8 213 21.7 223 214 20.7 19.8 196 204 22.0 20.5 204 21.7 196 214 199
Rb 88.7 102 82.7 110 108 154 87.6 94.5 69.2 77.1 89.8 79.6 69.0 103 98.0 97.2 109 116
Ba 545 544 1030 1949 1242 1895 2131 1585 1114 1178 1724 1821 1735 909 1885 1317 1981 594
Th 19.5 16.5 299 208 259 31.2 19.8 121 10.8 10.7 15.2 238 10.8 16.7 17.0 104 139 174
U 224 2.17 6.53 3.87 3.98 46.0 4.06 1.83 1.82 191 242 2.08 1.18 2.88 1.62 1.95 1.77 498
Nb 31.1 299 47.5 36.9 459 338 39.7 242 272 26.1 34.0 45.7 32.5 26.8 403 37.7 355 37.0
Ta 2.28 2.34 3.09 235 3.00 1.90 227 1.66 219 2.05 1.96 3.21 212 1.81 234 239 227 332
Sr 168 133 371 402 286 657 507 264 211 208 322 349 193 138 358 152 316 120
Y 9.29 6.34 7.46 5.07 6.94 9.57 7.57 8.81 7.00 4.95 5.85 133 747 3.97 8.95 7.30 5.38 4.63
Pb 9.96 139 12.0 104 114 18.1 15.5 139 13.6 122 13.6 243 14.2 16.9 15.6 179 16.27 18.8
Zr 127 110 116 97.6 126 143 143 101 98.3 96.0 91.5 126 132 64.2 731 923 88.5 96.8
Hf 3.96 3.84 3.79 3.05 3.98 3.79 3.44 3.21 3.14 3.30 242 3.21 3.34 1.80 2.15 2.35 2.36 3.07
La 25.1 154 384 25.0 343 55.6 384 233 194 17.2 324 55.5 27.0 19.5 374 25.5 323 14.0
Ce 382 292 77.9 46.8 61.3 96.8 72 435 34.2 326 57.1 105.0 439 35.6 72.6 41.2 61.3 26.8
Pr 4.87 3.21 7.64 545 7.37 9.69 8.12 5.19 4.20 4.06 6.46 11.7 545 4.05 8.23 497 6.81 2.92
Nd 171 114 256 19.0 25.0 313 28.1 189 15.2 14.6 216 39.1 18.0 13.2 284 16.7 225 9.53
Sm 2.94 2.02 3.84 2.82 3.81 4.47 4.25 3.10 2.62 2.54 3.08 5.58 2.83 2.00 441 2.58 333 1.63
Eu 0.610 0.440 0.820 0.690 0.790 111 0.98 0.800 0.610 0.530 0.680 0.970 0.590 0.370 0.940 0.460 0.630 0.260
Gd 2.06 1.40 2.64 1.79 2.30 2.79 2.62 2.19 1.83 1.70 2.04 3.48 1.79 131 274 1.72 2.03 1.05
Tb 0.310 0.200 0.340 0.260 0.350 0.390 0.370 0.320 0.270 0.240 0.260 0.500 0.260 0.180 0.400 0.230 0.270 0.170
Dy 157 1.08 1.71 1.28 1.65 1.72 1.77 1.65 131 1.19 1.21 243 1.26 0.880 2.04 1.20 123 0.880
Ho 0.300 0.220 0.320 0.230 0.310 0.320 0.320 0.300 0.250 0.230 0.220 0.510 0.240 0.160 0.390 0.240 0.210 0.180
Er 0.920 0.640 0.970 0.700 09 0.87 0.93 0.860 0.720 0.610 0.680 1.56 0.740 0.460 1.10 0.740 0.620 0.540
Tm 0.130 0.100 0.130 0.100 0.12 0.12 0.12 0.140 0.110 0.080 0.080 0.240 0.100 0.060 0.150 0.100 0.080 0.080
Yb 0.960 0.760 0.920 0.660 0.850 0.800 0.780 0.860 0.710 0.580 0.570 173 0.680 0.450 0.980 0.750 0.550 0.610
Lu 0.130 0.130 0.130 0.110 0.130 0.120 0.110 0.130 0.100 0.080 0.080 0.270 0.110 0.060 0.140 0.120 0.080 0.090
>_REE 95.2 66.2 161.4 104.9 139.2 216.1 1589 101.2 81.5 76.2 126.5 228.6 102.9 78.3 159.9 96.5 1319 58.7
(La/Yb)y 188 14.5 29.9 272 29.0 49.9 353 194 196 213 40.8 23.0 28.5 31.1 274 244 421 16.5
Eu/Eu* 0.76 0.80 0.79 0.94 0.75 0.89 0.83 0.94 0.85 0.78 0.83 0.67 0.80 0.70 0.83 0.67 0.74 0.61
Tz (°C) 813 798 800 785 808 816 815 793 788 787 783 809 817 754 763 780 780 792
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The granite porphyries in the Luanchuan ore field have high dif-
ferentiation index (DI) ranging from 89.9 to 97.5 and aluminum
saturation index (ASI) from 0.96 to 1.27, consistent with metaluminous
to peraluminous. The Heyu granite batholith has DI and ASI lower than
those of the granite porphyries in the Luanchuan ore field. The rocks
from the Luanchuan ore field and the Heyu batholith have DI and ASI in-
dices and K»0 increasing with increasing SiO,, and Al,O5, TiO,, Fe,09
and P,0s decreasing with increasing SiO, (Fig. 7). All the rocks have Sr,
Ba and total REE decreasing with increasing SiO,, and Rb/Sr ratios in-
creasing with increasing SiO, (Fig. 8). The correlations of the elements
are consistent with crystal fractionation of ferromagnesian minerals,
Fe-Ti oxides, plagioclase and apatite during the formation of the
rocks. All the rocks have positive correlations between Sm and Nd and
between Nb and Ta (Fig. 8d and e). The rocks show an I-type trend of
differentiation on the plots of P,Os versus SiO, and Th versus Rb
(Figs. 7d and 8f).

Samples from the granite porphyries in the Luanchuan ore field and
the Heyu granite batholith have bulk REE concentrations ranging from
41 to 258 ppm with the (La/Yb)y ratios varying from 9.48 to 49.9.
They show right dipping profiles with negative Eu anomalies on the
chondrite-normalized REE patterns (Fig. 9a-f). The granite porphyries
are relatively depleted in middle REE and show concave profiles, consis-
tent with high degrees of differentiation. All the rocks exhibit strong neg-
ative Ba, Sr, P and Ti anomalies on the primitive mantle-normalized trace
element patterns (Fig. 10).

Zircon saturation temperature of the granitic magma is estimated to
be 750 to 840 °C (Table 5) using zircon saturation thermometer
(Watson and Harrison, 1983). Given most zircons are of magmatic in
origin, the temperature can be interpreted as the minimum magma
temperature, which is consistent with the homogenization temperature
(920 to 950 °C) of the melt inclusions in the quartz phenocryst of the
Nannihu granite porphyry (Hu et al,, 1988).

3.3. Rare earth elements of zircons from the Nannihu granite porphyry

Zircons from the Nannihu granite porphyry show heavy REE-
enriched patterns with significant positive Ce anomalies and weakly
negative Eu anomalies on the chondrite-normalized REE patterns
(Fig. 11). Zircons have Ce*/Ce®* ratios varying from 53 to 278 with an
average value of 120, and Ce anomalies of 1.6 to 28.4 (Table 6), typ-
ical of zircons from unaltered igneous rocks (Hoskin and Schaltegger,
2003).

3.4. Whole-rock Nd isotopic compositions

Samples from the granite porphyries in the Luanchuan ore field
and the Heyu granite batholith have similar Sm-Nd isotopic compo-
sitions. They have '"Nd/'*Nd ratios ranging from 0.511646 to
0.512217 and eng(t) values from —11.3 to —17.5. fspna ratios are
estimated to be —0.41 to —0.62. One-stage Nd model ages vary from
1.4 to 2.1 Ga and two-stage Nd model ages [Tpnz(Nd)] from 1.7 to
2.5 Ga (Table 7).

3.5. Zircon Lu-Hf isotopic compositions

Zircons from the granite porphyries in the Luanchuan ore field have
Lu-Hf isotopic compositions similar to those from the Heyu granite
batholith (Table 8). The calculated one-stage Hf model ages [Tpy; (Hf)]
vary from 1.1 to 2.5 Ga and two-stage Hf model ages [Tpno(Hf)] from
1.6 to 3.4 Ga with most between 2.2 and 2.5 Ga (Fig. 12a). On the plot
of zircon U/Pb age versus ey¢ values, they plot in the similar range of
enr(t) values (—5.8 to —35.6). Almost all of the zircons have gyg(t)
values above the 3.0-Ga crustal evolution line (Fig. 12b).

4. Discussions

4.1. A genetic link between granite porphyries in the Luanchuan ore field
and the Heyu granite batholith

The granite porphyries in the Luanchuan ore field and the Heyu
granite batholith have similar whole-rock major, trace element and
Nd isotopic and zircon Hf isotopic compositions (Figs. 6-10 and 12), in-
dicating that they may have been derived from similar source rocks.
The Nannihu and Shibaogou granite porphyries have zircon U/Pb ages
similar to Stage I biotite monzogranite of the Heyu granite batholith,
indicating that they may have emplaced concurrently (Figs. 4a,5a),
whereas the Shangfanggou granite porphyry is nearly coeval with
Stage II biotite monzogranite of the Heyu granite batholith. Therefore,
the granite porphyries in the Luanchuan ore field are temporally related
to the Heyu granite batholith. In addition, regional geophysical data of
gravity and magnetic anomalies show that the small granite porphyries
in the Luanchuan ore field may be underlain by a huge granite body
(about 40 x 25 km in size), which is likely connected with the Heyu
batholith to the east (Wang et al., 2006; Xu et al., 2003a). This discovery
indicates that the granite porphyries in the Luanchuan ore field and the
Heyu granite batholith may be spatially associated at depth.

The Heyu granite batholith itself is intruded by a few proximately
coeval granite porphyry stocks/dikes that host Mo deposits in the inte-
rior of the batholith. The granite porphyry stocks/dikes have composi-
tions identical to Stage II biotite monzogranite of the Heyu batholith,
indicating that the porphyry stocks/dikes are likely extrusive analogs
of Stage II biotite monzogranite. It is likely that intensive uplifting and
erosion in Mesozoic may have eroded the epithermal counterparts for
the porphyry- and skarn-type mineralization in this region, instead
those plutons at depth may have been exposed on the surface due to in-
tensive uplift. We thus propose that the Heyu granite batholith is likely
the precursor of the granite porphyries in the Luanchuan ore field. The
Mo mineralization may have occurred through differentiation of the
granitic magma and fluid-magma interactions in late stage. Differentia-
tion and fluid (vapor) extraction of Mo from the Heyu granite batholith
are responsible for the formation of porphyry- and skarn-type ore de-
posits in the East Qinling Mo mineralization belt.

4.2. Source rocks of the granitic rocks

Granite porphyries in the Luanchuan ore field and the Heyu granite
batholith have Tppp(Nd) ages (1.7 to 2.5 Ga) and Tppp(Hf) ages (2.2 to
2.5 Ga) younger than the Archean Taihua Group, which has a crystalli-
zation age of ~2.7 Ga and Tpyp(Hf) ages of 2.8 to 3.2 Ga (Diwu et al.,
2010; Huang et al., 2010). Likewise, Mesozoic granites elsewhere in
the East Qinling orogen also have &eyg(t) and eyg(t) values similar to
the granite porphyries in the Luanchuan ore field, and they have
Tomz2(Nd) ages ranging from 1.8 to 2.5 Ga (Guo et al.,, 2009; Wei et al.,
2010; Yao et al., 2009), also younger than the Taihua Group. Neverthe-
less, unlike the granite porphyries in the Luanchuan ore field, Mesozoic
granites elsewhere in the eastern part of the North China Craton have
relatively restricted whole-rock eng(t) and zircon eyg(t) values for indi-
vidual plutons, and have older zircon Tpyp(Hf) ages (2.5 to 2.7 Ga) and
ubiquitously contain ~2.5 Ga inherited zircons (Jiang et al.,, 2013; Yang
et al,, 2013). Therefore, it is unlikely that the granite porphyries in the
Luanchuan ore field formed from remelting of the Taihua Group (Chen
et al., 2000; Lu et al., 2002; Yang et al., 2010).

Some researchers proposed that the Mesozoic granites in this region
formed from a mixed source of remelts of the Taihua and the Xiong'er
Groups and mantle-derived melts (e.g., Li et al., 2012c; Zhang et al.,
2010; Zhu et al,, 2010a). However, the Mesozoic granites have Nd and
Hf isotopic compositions remarkably different from the Taihua and
Xiong'er Groups. If the mafic dikes in the ore field (148 + 2 Ma,
SHRIMP zircon U-Pb method, Bao et al., 2009b) can be considered as
the mantle end member (eng(147 Ma) = —6.6 to —7.0), then such
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mantle component should be predominant in the magma source for the
crust-mantle hypothesis. This mantle scenario is unlikely to be true for
the peraluminous granites on major element grounds (Collins, 1998;
Gray, 1984).

The basement of the Yangtze Block is younger than that of the North
China Craton. Although a 3.8-Ga old detrital zircon was reported from
the basement of the Yangtze Block (Zhang et al., 2006a), the basement
is mainly composed of Paleoproterozoic rocks with Tppo(Nd) ages rang-
ing from 1.8 to 2.2 Ga (Chen et al,, 1999; Li et al., 1994; Ling et al., 2008;
Wang et al., 2013; Zhang and Zheng, 2007; Zhang et al., 1995, 1997). In
addition, Neoproterozoic magmatic rocks occur widely in the periphery
of the Yangtze Block and are considered to have derived from remelting
of Archean and Paleoproterozoic crusts and remelts of juvenile crust
(Zhang and Zheng, 2007). Granite porphyries in the Luanchuan ore
field have two-stage Nd and Hf model ages ranging from 1.4 to 2.5 Ga,
similar to Tpyz(Nd) ages of the basement of the Yangtze Block (Zhang
et al,, 2006b), indicating that the granite porphyries may have derived
from remelting of subducted continental crust of the Yangtze Block.
The presence of the inherited zircons in the Heyu batholith (Tables 1,
4) also indicates the involvement of the subducted Neoproterozoic
magmatic rocks of the Yangtze Block (Huang et al., 2006). The Mesozoic
granites in North Qinling and the southern margin of the North China
Craton have low radiogenic Pb isotopic ratios. Feldspars commonly con-
tain negligible U and Th so that the Pb isotopic compositions of feldspar
can be considered as initial Pb isotopic ratios of the magmas. K-feldspars
from the Mesozoic granites have Pb isotopic ratios of 15.91 to 18.12
206ppy204ph, 15.08 to 15.68 2°’Pb/***Pb and 36.95 to 38.51 2°8Pb/2%*Pb,
similar to the northern margin of the Yangtze Block rather than the
North China Craton (Hu et al, 1988; Li et al, 2011; Zhang, 1988;
Zhang and Wang, 1991; Zhang et al., 1987). Mesozoic granitic rocks in
the Dabie and Sulu area also have low radiogenic Pb isotopic composi-
tions, which are consistent with the involvement of the subducted
crust in the northern margin of the Yangtze Block (Xu et al., 2009;

Shoshonitic
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2
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Zhao and Zheng, 2009). Remelting of the subducted crust of the Yangtze
Block may be attributed to upwelling asthenospheric mantle under
post-collisional tectonic regime and underplating of basaltic
magma derived from previously enriched mantle wedge.

Two-pyroxene granulite enclaves trapped in the Mesozoic granite
porphyries in the East Qinling orogen indicate that the Mesozoic granite
porphyries may have formed at depth of more than 30 km (Wang et al.,
1986). It is reported that the lower crust and mantle enclaves occur in
the ~160 Ma Xinyang diatremes in the southern margin of the North
China Craton, indicating that the lower crust enclaves are derived
from ~30-45 km depth (Zheng et al., 2008). The lower crust enclaves
are composed of high-pressure mafic to felsic granulite and meta-
gabbro with low radiogenic Pb isotopic composition, similar to that of
the Yangtze Block (Lu et al,, 2003). It is therefore proposed that the
northward continental subduction of the Yangtze Block beneath the
North China Craton at Triassic may have reached a depth of 200 km or
more in Dabie-Sulu orogen (Zhang et al., 1996, 2009) and extended as
far as 400 km laterally (Lu et al., 2003). New geophysical results show
that the lower crust beneath the southern margin of the North China
Craton is thin, and the Moho dips northward, the imaged high-
velocity volumes in the intralithospheric mantle beneath the southern
margin of the North China Craton was interpreted to be a subduction
remnant that still exists in the uppermost mantle, which reveal a flat
subduction of the Yangtze Block beneath the North China Craton
(Zheng et al., 2012a). Therefore, it is likely that the stagnant subducted
continental crust of the Yangtze Block may have existed at the depth of
the lower crust in the southern margin of North China Craton in Mesozoic
(Lu et al,, 2003, 2004; Zheng et al., 2008, 2009).

Previous studies on continental orogens indicate that slices of silica-
rich continental crust that subducted into the mantle during collision
may have undergone metamorphism and exhumation as coherent
high-pressure or ultrahigh-pressure (HP or UHP) terranes or, if stalled
in the mantle, melting and return towards the surface as magmas, or a
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Reference lines after Frost et al. (2001).
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combination of these two processes (Brueckner, 2009). Large-scale, col-
lisional UHP terranes routinely stall at the continental Moho where
diminishing body forces are exceeded by boundary forces (Walsh and
Hacker, 2004). We therefore propose that the granite porphyry in the
Luanchuan ore field and elsewhere in the East Qinling orogen were
derived from remelting of the subducted crust of the Yangtze Block
during the transition of regional tectonic regime from subduction to
post-collisional extension (Mao et al., 2008).

4.3. Implications for the source of Mo of the East Qinling Mo mineralization
belt

Porphyry Cu and Cu-Mo deposits are generally related to oxidized
magma such as adakite, whereas Mo mineralization is commonly asso-
ciated with less oxidized magma which formed from remelting of
continental crust (Candela and Bouton, 1990; Oyarzun et al., 2002;
Vigneresse, 2007). Zircons from porphyry bodies related to Cu mineral-
ization in the northern Chile and the Tibetan area of China have an aver-
aged Ce**/Ce>* ratio higher than 200, indicating highly oxidized
conditions of magmas (Ballard et al.,, 2002; Liang et al., 2006). Zircons
from the granite porphyries related to Mo mineralization in the East
Qinling Mo mineralization belt usually have Ce**/Ce3 ratios varying
from 53 to 278 with an average value of 120, indicating a less oxidized
magma. This may account for the fact that Cu mineralization is generally
absent in the East Qinling orogenic belt. It is reported so far that only the
Jinduicheng Mo deposit in the belt contains 0.02 to 0.05% Cu in the ores
(Liu and Yang, 2004).

Ore-bearing granite porphyries in the East Qinling Mo mineraliza-
tion belt were considered to have inherited Mo from the source rocks
(Lu et al., 2002). However, none of the crustal rock units in the East
Qinling orogen contain significant Mo. The lower crusts in the southern
margin of North China Craton, North Qinling, and Yangtze Block have
0.90, 2.04 and 0.52 ppm Mo, respectively (Gao et al., 1998); the lower
crust in the southern margin of North China Craton and North
Qinling units have Mo higher than the average continental lower
crust (0.6 ppm) (Wedepohl, 1995). It is noteworthy that the bulk
crusts in the southern margin of North China Craton, North Qinling,
South Qinling and Yangtze Block have 0.79, 0.98, 0.54 and 0.68 ppm
Mo, respectively (Gao et al., 1998), which are lower than the Mo
concentration in continental crust of 1.1 ppm (Wedepohl, 1995).
In addition, the Mo deposits in the East Qinling area mainly occur
in the southern margin of North China Craton rather than the relatively
Mo-enriched North Qinling units. Thus, the Mo mineralization in the
East Qinling orogen is unlikely controlled by the basement. The enrich-
ment of Mo in granitic melts is unlikely attributed to assimilation or
remelting of the crustal material in the southern margin of North China
Craton.

We consider that the Mo deposits may have sourced Mo from the
mantle. The Mo-rich mantle may have formed beneath the southern
margin of the North China Craton as a result of the Triassic continental
crust subduction followed by dehydration of the crust and metasoma-
tism of the mantle wedge. This is supported by the Cenozoic basaltic
rocks in the southern margin of the North China Craton that are com-
monly enriched in Mo and have Mo contents ranging from 0.75 to
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7.21 ppm with an average value of 3.17 ppm (Yue et al., 2006). The
existence of the enriched mantle source is also supported by the Late
Triassic carbonatite associated with Mo deposit in East Qinling which

Granite porphyries

# Nannihu granite porphyry

® Shangfanggou granite porphyry
m Shibaogou granite porphyry

Granite batholith

£ Medium--grained biotite monzogranite (Stage I)

o Coarse- grained biotite monzogranite (Stage 1)

© Fine-grained syenogranite (dykes)

Fig. 8. Variations of trace elements for the granite porphyries in the Luanchuan ore field and the Heyu granite batholith.
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is believed to be related to the underthrusting crustal material (Xu
et al,, 2010, 2011). The mantle wedge may also have been enriched in
Mo by metasomatism during the subduction of the Yangtze Block (Xu
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Fig. 9. Chondrite-normalized rare earth element patterns for the granite porphyries in the Luanchuan ore field and the Heyu granite batholith.

Normalization values are from Sun and McDonough (1989).

et al,, 2003b). Mesozoic mafic rocks, including the mafic dikes in the
Luanchuan ore field and those in the southern and southeastern mar-
gins of the North China Craton have arc-like trace element signatures
and high initial Sr isotopic ratios and negative enq(t) values, indicating
that they may have derived from enriched mantle sources (Yang et al.,
2012b and references therein). The enriched mantle sources may have
been generated by metasomatism of the overlying lithospheric
mantle of the North China Craton by melts and/or fluids derived
from the subducted Yangtze Block during the Triassic continental
collision (e.g., Xu et al., 2004; Yang et al., 2012b, 2012c, 2013;
Zhang et al., 2007; Zheng et al., 2012b). The delaminated lower
continental crust of the North China Craton might also have

contributed to the mantle enrichment (Gao et al.,, 2008; Yang
et al., 2012c). Moreover, He-Ar isotopic composition of fluid inclu-
sions in pyrites from the molybdenum deposits in the East Qinling
Mo mineralization belt also support the involvement of the mantle
component in the Mo mineralization (Zhu et al., 2009).

5. Conclusions

Mo-bearing granite porphyries in the Luanchuan ore field are
formed in ~150 Ma and ~135 Ma, respectively, and are genetically
linked to nearly coeval Heyu granite batholith. The Mo-bearing granite
porphyries might represent the highly differentiated counterparts of
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Normalization values are from Sun and McDonough (1989).

the Heyu batholith. The Mo-bearing granite porphyries and the Heyu
granite batholith may have formed from remelting of the subducted
crust of the Yangtze Block under a post-collisional tectonic setting. The
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 11. Chondrite-normalized rare element element patterns of the zircons from the
Nannihu granite porphyry.
Normalization values are from Sun and McDonough (1989).

interplay between the granitic melts and the melts and/or fluids from
the enriched mantle wedge was probably responsible for the formation
of the economic Mo deposits in the East Qinling Mo mineralization belt.
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Appendix A. Analytical methods
A.1. Whole-rock major and trace elements
The Least altered samples from three granite porphyries in the

Luanchuan orefield and the Heyu granite batholith were analyzed for
major and trace elements. Major element contents of the granitic
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Table 6

Trace element concentrations (ppm) of zircons from the Nannihu granite porphyry.
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Ce/Ce” Eu/Eu” Cet4/cet3
0.01 1.16 0.01 0.09 0.12 0.04 0.51 0.17 2.07 0.79 3.83 0.90 9.23 1.71 284 0.49 79
0.05 1.83 0.03 0.24 0.20 0.07 0.55 0.18 2.05 0.87 499 143 17.7 4.08 116 0.65 120
0.07 1.59 0.027 0.18 0.14 0.05 040 0.13 1.60 0.70 4.02 112 13.6 3.17 9.0 0.65 164
0.05 1.53 0.02 0.13 0.15 0.04 0.67 0.23 272 1.12 573 1.39 14.7 3.06 119 0.39 122
0.05 1.84 0.02 0.15 0.17 0.05 0.7 0.24 281 1.08 531 122 124 2.52 143 0.44 93
0.27 551 0.07 048 0.48 0.17 1.85 0.58 643 231 104 222 209 3.87 9.8 0.55 53
0.93 233 0.14 0.54 0.17 0.05 034 0.10 1.19 0.53 3.11 0.88 110 285 16 0.64 155
0.01 0.66 0.01 0.04 0.05 0.02 0.17 0.06 0.77 036 2.09 0.60 743 1.87 16.2 0.64 278
0.15 237 0.04 031 0.28 0.09 0.93 0.28 321 131 6.91 1.74 19.95 441 7.50 0.54 82
0.03 1.98 0.02 0.20 0.25 0.07 0.89 0.28 324 127 6.32 143 14.5 3.14 19.8 045 59

Table 7

Sm-Nd isotopic compositions of the granite porphyries in the Luanchuan ore field and the Heyu granite batholith.
Sample no. Nd (ppm) Sm (ppm) 1475m/'*4Nd 14Nd/#4Nd o t (Ma) ena(0) ena(t) Tpm (Ma) Tome (Ga)
Nannihu granite porphyry
LN-1 22.120 3.251 0.08887 0.511775 11 150 —16.9 —14.8 1675 2.18
LN-2 7.200 1.031 0.08659 0.5118805 10 150 —1438 —12.7 1520 2.00
LN-3 2434 3.417 0.08489 0.511755 8 150 —173 —15.1 1647 221
LN-4 34.46 5.020 0.08809 0.5117385 8 150 —176 —15.5 1709 225
Shangfanggou granite porphyry
LS-6 8.256 1.211 0.08870 0.5118055 10 135 —16.3 —144 1636 2.14
LS-9 5.189 0.686 0.07994 0.511852 10 135 —154 —134 1477 2.05
Shibaogou granite porphyry
07-13 14.79 1.808 0.07392 0.511828 7 1475 —15.8 —135 1439 2.07
07-15 18.37 2.337 0.07693 0.511844 7 147.5 —155 —133 1453 2.05
07-16 8.959 1.665 0.11238 0.511822 7 147.5 —16.0 —144 1991 2.15
Heyu medium-grained monzogranite (Stage I)
HY10 3.300 22.10 0.09480 0.511781 7 148 —16.8 —14.8 1750 2.18
HY19 7410 41.90 0.11220 0.511715 7 148 —18.0 —164 2147 232
HY41 1.860 11.40 0.10360 0.511719 7 148 —18.0 —16.2 1975 231
Heyu coarse-grained monzogranite (Stage II)
HY38 3.840 25.60 0.09510 0.511745 7 135 —175 —15.7 1801 225
HY60 4250 28.10 0.09590 0.511721 8 135 —179 —16.2 1844 230
Q9304-1° 7.734 55.95 0.08362 0.511707 6 135 —18.2 —16.3 1687 230
Q9304-2° 5.787 40.36 0.08674 0.511756 14 135 —17.2 —153 1670 222
Q9304-3? 5.194 37.26 0.08432 0.511646 8 135 —194 —17.5 1767 241
Q9304-4° 5.604 39.56 0.08568 0.511738 16 135 —176 —15.7 1677 225
Q9304-5° 4.898 3297 0.08986 0.511803 15 135 —16.3 —145 1654 2.15
Heyu fine-grained monzogranite and syenogranite dikes
HY28 2.620 15.20 0.10920 0.511982 135 —128 —113 1700 1.86
HY45 5.580 39.10 0.09070 0.511795 11 135 —16.5 —14.7 1675 2.16
HY53 1.630 9.530 0.10860 0.511835 135 —15.7 —14.2 1901 212

2 Data from Zhang et al. (2006b).

rocks were determined by standard X-ray fluorescence (XRF) at the
State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIGCAS). Samples were
prepared as glass discs using a Rigaku desktop fusion machine, formed
by mixing 0.50 g of rock powder (dried at 110 C) with 4.0 g of lithium
tetraborate for 15 min at 1100 °C in 95%Pt-5%Au crucibles. Analyses
were performed on a Rigaku ZSX100e instrument. Calibration lines
used in quantification were produced by bivariate regression of data
from 36 reference materials encompassing a wide range of silicate com-
positions (Li et al., 2005b). Calibrations incorporated matrix corrections
based on the empirical Traill-Lachance procedure, and analytical uncer-
tainties are between 1% and 5%. A loss-on-ignition (LOI) measurement
was undertaken on samples of dried rock powder by heating in a pre-ig-
nition silica crucible to 1000 C for 1 h and recording the percentage
weight loss.

Trace elements were analyzed using a Perkin-Elmer Sciex ELAN
6000 inductively coupled plasma mass spectrometer (ICP-MS) at the
State Key Laboratory of Isotope Geochemistry, GIGCAS. The powdered

samples (50 mg) were dissolved in _ ° screw-top Teflon beakers using
an HF+HNO3 mixture for 7 days at ~100 C. An internal standard solu-
tion containing the single element Rh was used to monitor drift in
mass response during counting. USGS standard BCR-1 was used to cali-
brate the elemental concentrations of the measured samples. In-run an-
alytical precision for most elements was better than 2%. The detailed
procedures for trace element analysis by ICP-MS were described by Li
(1997).

A.2. Whole-rock Nd isotope

Nd isotopic compositions were determined using a Micromass
Isoprobe multi-collector ICP-MS at the State Key Laboratory of Isotope
Geochemistry, GIGCAS, using analytical procedures described by Li et
al. (2004). Nd fractions were separated by passing through cation col-
umns followed by HDEHP columns, and the aqueous sample solution
was taken up in 2% HNO3 and introduced into the MC-ICP-MS using a
Meinhard glass nebuliser with an uptake rate of 0.1 ml/min. The inlet
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Table 8

LA-MC-ICPMS zircon Hf isotopic compositions of the granite porphyries in the Lanchuan ore field and the Heyu granite batholith.
Spots 176Yb/THE 78Lu/"77HE T7CHE/HE t(Ma) enr(t) &ur(0) Town (Ga) Srume Tomz (Ga)
Nannihu granite porphyry
LN-3-1 0.022378 0.001007 0.281964 151 —254 —286 1.81 —097 2.80
LN-3-2 0.031203 0.001285 0.282081 148 —213 —244 1.66 —0.96 2.55
LN-3-3 0.031749 0.001387 0.281861 149 —29.1 —322 197 —0.96 3.03
LN-3-4 0.015746 0.000655 0.282209 150 —16.7 —199 1.46 —0.98 2.26
LN-3-5 0.031795 0.001650 0.282101 151 —206 —237 1.65 —0.95 2.50
LN-3-6 0.037763 0.001588 0.282133 149 —195 —22.6 1.60 —0.95 243
LN-3-7 0.023955 0.001104 0.282206 150 —16.9 —20.0 1.48 —0.97 227
LN-3-8 0.032958 0.001407 0.282100 150 —206 —238 1.64 —0.96 2.50
LN-3-9 0.023107 0.001167 0.281958 139 —259 —28.8 1.83 —0.96 233
LN-3-10 0.021701 0.001073 0.282327 150 —126 —15.7 1.31 —0.97 2.00
Shibaogou granite porphyry
07-15-1 0.033113 0.001555 0.282130 144 —19.7 —22.7 1.60 —0.95 244
07-15-2 0.025541 0.001173 0.281968 147 —253 —284 1.81 —0.96 2.80
07-15-3 0.029486 0.001338 0.282162 137 —187 —216 1.55 —0.96 2.38
07-15-4 0.023110 0.001186 0.282240 147 —157 —1838 143 —0.96 2.19
07-15-5 0.022713 0.001112 0.282152 147 —18.8 —21.9 1.55 —0.97 239
07-16-2 0.029780 0.001267 0.282298 150 —136 —16.8 1.36 —0.96 2.06
07-16-3 0.040693 0.001663 0.281985 142 —249 —27.8 1.81 —0.96 2.77
07-16-4 0.054203 0.002496 0.281698 145 —35.0 —38.0 227 —0.95 340
Heyu medium-grained monzogranite
HY-14 01 0.013476 0.000515 0.281575 790 —252 —423 2.32 —098 3.26
HY-14 02 0.021425 0.000845 0.282120 145 —20.0 —23.1 1.59 —0.97 246
HY-14 03 0.022027 0.000882 0.282114 144 —20.2 —233 1.60 —0.97 247
HY-14 04 0.021103 0.000898 0.282110 158 —200 —234 1.60 —097 248
HY-14 05 0.014069 0.000607 0.282143 143 —19.2 —222 1.55 —0.98 241
HY-14 06 0.019433 0.000693 0.281435 136 —-17.7 —473 2.52 —0.98 322
HY-14 07 0.024790 0.000927 0.282096 140 —209 —239 1.62 —097 2.52
HY-14 08 0.016979 0.000652 0.282101 151 —205 —237 1.61 —098 2.50
HY-14 09 0.020476 0.001037 0.282187 145 —17.6 —20.7 1.50 —0.97 231
HY-14 10 0.026096 0.001144 0.282172 146 —18.1 —21.2 1.53 —0.97 235
HY-14 11 0.024147 0.001095 0.282192 150 —173 —205 1.50 —097 2.30
HY-14 12 0.016617 0.000674 0.282152 145 —18.8 —21.9 1.54 —0.98 239
HY-14 13 0.018972 0.000805 0.282115 150 —20.0 —232 1.59 —0.98 247
HY-14 14 0.021934 0.001001 0.282169 149 —182 —213 1.53 —097 235
HY-14 15 0.023126 0.000902 0.281494 108 —221 —452 245 —097 3.28
HY-14 16 0.012523 0.000578 0.282139 148 —19.2 —224 1.55 —0.98 242
HY-14 17 0.017744 0.000721 0.282146 146 —19.0 —22.1 1.55 —0.98 240
HY-14 18 0.018279 0.000769 0.282156 150 —186 —218 1.53 —098 2.38
HY-14 19 0.032499 0.001134 0.282105 147 —20.5 —23.6 1.62 —0.97 249
HY-14 20 0.021701 0.000965 0.282148 147 —18.9 —22.1 1.55 —0.97 240
Heyu coarse-grained monzogranite
HY-74 01 0.039532 0.001393 0.282125 140 —19.9 —229 1.60 —0.96 246
HY-74 02 0.072372 0.002622 0.282208 148 —17.0 —19.9 1.54 —0.92 227
HY-74 03 0.039778 0.001560 0.282168 143 —184 —214 1.55 —0.95 2.36
HY-74 04 0.048902 0.001786 0.282232 141 —16.2 —19.1 147 —0.95 222
HY-74 05 0.022681 0.000915 0.282347 135 —122 —15.0 127 —0.97 1.96
HY-74 06 0.073615 0.002621 0.282291 150 —140 —17.0 142 —092 2.09
HY-74 07 0.026239 0.001053 0.282203 128 —174 —20.1 1.48 —0.97 229
HY-74 08 0.030442 0.001255 0.281684 137 —35.6 —385 2.21 —0.96 343
HY-74 09 0.031102 0.001270 0.282241 140 —15.8 —188 1.44 —0.96 2.20
HY-74 10 0.029768 0.001182 0.282108 140 —205 —235 1.62 —0.96 249
HY-74 11 0.031171 0.001337 0.282115 134 —204 —232 1.62 —0.96 248
HY-74 12 0.015741 0.000743 0.282217 162 —16.2 —19.6 1.45 —0.98 223
HY-74 13 0.027993 0.001173 0.282198 160 —169 —203 149 —0.96 228
HY-74 14 0.021130 0.000840 0.282444 187 —76 —11.6 1.14 —0.97 1.71
HY-74 15 0.035713 0.001480 0.282177 155 —17.8 —21.0 1.53 —0.96 233
HY-74 16 0.014995 0.000551 0.282504 144 —64 —95 1.05 —0.98 1.60
HY-74 17 0.026085 0.001154 0.282241 140 —15.8 —18.8 143 —0.97 220
HY-74 18 0.047520 0.001921 0.282014 137 —24.0 —26.8 1.78 —0.94 2.71
HY-74 19 0.020365 0.000912 0.282186 146 —176 —20.7 1.50 —097 231
HY-74 20 0.029979 0.001163 0.281964 157 —253 —28.6 1.82 —0.96 2.80
Heyu fine-grained syenogranite dykes
HY-73 01 0.034299 0.001356 0.282218 166 —16.1 —196 147 —0.96 223
HY-73 02 0.027186 0.001182 0.282203 168 —16.6 —20.1 149 —0.96 2.26
HY-73 03 0.033909 0.001360 0.282220 142 —16.5 —195 147 —0.96 224
HY-73 04 0.025342 0.001007 0.282185 137 —17.8 —20.8 1.50 —097 2.32
HY-73 05 0.045270 0.001808 0.282234 143 —16.1 —19.0 147 —0.95 221
HY-73 06 0.026943 0.001019 0.282214 130 —17.0 —19.7 1.46 —0.97 2.26
HY-73 07 0.045044 0.001785 0.282221 149 —164 —195 148 —0.95 224
HY-73 08 0.021302 0.000797 0.282174 668 —6.8 —21.1 151 —098 2.02
HY-73 09 0.018793 0.000723 0.282219 137 —16.6 —19.6 1.45 —0.98 224

(continued on next page)
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Table 8 (continued)

Spots 76Yb/HE T78Lu/MTHE T7OHE/TTHE t(Ma) eur(t) enr(0) Town (Ga) Srume Tomz (Ga)
HY-73 10 0.024932 0.000961 0.282156 134 —189 —21.8 1.54 —0.97 239
Heyu fine-grained syenogranite dykes

HY-73 11 0.017827 0.000762 0.282221 146 —164 —19.5 1.44 —0.98 223
HY-73 12 0.015188 0.000579 0.282160 138 —187 —216 1.52 —0.98 237
HY-73 13 0.044715 0.001605 0.282093 143 —21.0 —24.0 1.66 —0.95 253
HY-73 14 0.033878 0.001406 0.282288 148 —14.0 —171 1.38 —0.96 2.09
HY-73 15 0.030579 0.001186 0.282207 142 —17.0 —20.0 1.48 —0.96 227
HY-73 16 0.025299 0.001157 0.282172 196 —171 —21.2 1.53 —097 232
HY-73 17 0.029611 0.001136 0.282240 140 —15.9 —18.8 143 —097 2.20
HY-73 18 0.026027 0.001049 0.282266 569 —5.8 —179 1.39 —097 1.88
HY-73 19 0.051672 0.001852 0.282145 135 —194 —222 1.60 —094 242
HY-73 20 0.045553 0.001536 0.282181 150 —17.8 —209 1.53 —0.95 233

system was cleaned for 5 min between analyses using high purity 5% A.3. Zircon U/Pb ages

HNO; followed by a blank solution of 2% HNOs5. Measured '**Nd/**Nd

ratios were normalized to '°Nd/'*Nd = 0.7219, and the reported Zircons were separated using conventional heavy liquid, magnetic
143Nd/"Nd ratios were further adjusted relative to the Shin Etsu  separation techniques and then hand-picked. Cathodoluminescence
JNdi-1 standard of 0.512115, corresponding to the La Jolla standard of (CL) images were obtained for zircons prior to analysis, using a JEOL
0.511860 (Tanaka et al., 2000). JXA-8100 EPMA with Gatan Mono CL3 detector at State Key Laboratory
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Fig. 12. A histogram of two-stage Hf model ages (a) and a plot of ey(t) versus U/Pb ages (b) for the zircons from the Nannihu and Shibaogou granite porphyries and the Heyu granite
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of Isotope Geochemistry, GIGCAS, in order to characterize internal struc-
tures and choose potential target sites for U-Pb dating.

Zircon U/Pb ages for the Nannihu and Shangfanggou granite porphy-
ries were analyzed on an Agilent 7500a ICP-MS equipped with a 193 nm
laser at the State Key Laboratory of Continental Dynamics, Northwest
University, China. The ICP-MS used was an Elan 6100 DRC (Dynamic Re-
action Cell) from Perkin Elmer/SCIX and the determinations were car-
ried out in normal mode. During the analysis, the spot diameter was
30 pm. Raw count rates for 29Si, 2%4Pb, 2°Pb, 2°7Pb, 2°8pb, 23Th and
238 U were collected for age determination. U, Th and Pb concentrations
were 29 calibrated by using Si as the internal calibrant and NIST SRM610
as the reference material. The 2°’Pb/2%Pb and 2°°Pb/?*8U ratios were
calculated using the GLITTER program, which then corrected using the
Harvard zircon 91500 as external calibrant. Isotopic ratios and element
concentrations are calculated using GLITTER program (version 4.0, Mac-
quarie University); ages were calculated with Isoplot (version 2.49). The
detailed analytical technique is described in Yuan et al.(2004). Zircons
from the Heyu granites were analyzed for U-Pb dating and Hf isotopic
composition at Institute of Geology and Geophysics, CAS, using Agilent
7500a ICPMS and Neptune MC-ICPMS equipped with Geolas 193nm
excimer, following procedures described by Wu et al. (2006) and Xie
et al. (2008).

Zircons from the Shibaogou granite porphyry were dated using a
sensitive high-resolution ion microprobe (SHRIMP II) at the SHRIMP
Center, Chinese Academy of Geological Sciences, Beijing. Instrumental
conditions and data acquisition procedures are similar to those de-
scribed by Williams and Claesson (1987), Compston et al. (1992), and
Liu et al. (2003).

AA4. In situ zircon Lu-Hf isotope

In situ zircon Hf isotopic analysis was conducted using a Nu Plasma
MC-ICP-MS, equipped with GeoLas 2005 excimer ArF laser ablation sys-
tem, at State Key Laboratory of Continental Dynamics, Northwest Uni-
versity. Equipment parameters were set at: power=1300w, nebulizer
gas=0.1 ml/min, auxiliary gas= 0.82 //min; plasma gas=13 L/min,
He gas=1992sccm. During analysis, a laser repetition rate of 8 Hz was
used and the spot size was 44 pm. Three standards, GJ-1, MON-1, and
91500, were exploited during the analysis using '"®Hf/'””Hf ratios of
0.282015, 282739, and 0.282307, respectively. Raw count rates for
172Yb, 173Yb, 175LU, 176(Hf + Yb + LU), 177]_{1:v 178Hf, 179va lSOHf and
182\\ were collected and isobaric 176 176 176 interference corrections
for Lu and Yb on Hf were determined precisely. The "®Lu/""’Lu=
0.02655 and '7°Yb/"2Yb=0.58545 were used for the interference cor-
rection of 17°Hf and 17 Yb.
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