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Abstract: The Qingkuangshan Ni-Cu-PGE deposit, located in the Xiaoguanhe region of Huili County,
Sichuan Province, is one of several Ni-Cu-PGE deposits in the Emeishan Large Igneous Province
(ELIP). The ore-bearing intrusion is a mafic-ultramafic body. This paper reports major elements,
trace elements and platinum-group elements in different types of rocks and sulfide-mineralized
samples in the intrusion. These data are used to evaluate the source mantle characteristics, the degree
of mantle partial melting, the composition of parental magma and the ore-forming processes. The
results show that Qingkuangshan intrusion is part of the ELIP. The rocks have trace element ratios
similar to the coeval Emeishan basalts. The primitive mantle-normalized patterns of Ni-Cu-PGE have
positive slopes, and the ratios of Pd/Ir are lower than 22. The PGE compositions of sulfide ores and
associated rocks are characterized by Ru depletion. The PGE contents in bulk sulfides are slightly
depleted relative to Ni and Cu, which is similar to the Yangliuping Ni-Cu-PGE deposit. The
composition of the parental magma for the intrusion is estimated to contain about 14.65 wt% MgO,
48.66 wt% SiO, and 15.48 wt% FeOt, and the degree of mantle partial melting is estimated to be
about 20%. In comparison with other typical Ni-Cu-PGE deposits in the ELIP, the Qingkuangshan
Ni-Cu-PGE deposit has lower PGE contents than the Jinbaoshan PGE deposit, but has higher PGE
contents than the Limahe and Baimazhai Ni-Cu deposit, and has similar PGE contents to the
Yangliuping Ni-Cu-PGE deposit. The moderate PGE depletions in the bulk sulfide of the
Qingkuanghan deposit suggest that the parental magma of the host intrusion may have undergone
minor sulfide segregation at depth. The mixing calculations suggests that an average of 10% crustal
contamination in the magma, which may have been the main cause of sulfide saturation in the magma.
We propose that sulfide segregation from a moderately PGE depleted magma took place prior to
magma emplacement at Qingkuangshan, that small amounts of immiscible sulfide droplets and olivine
and chromite crystals were suspended in the ascending magma, and that the suspended materials
settled down when the magma passed trough the Qingkuangshan conduit. The Qingkuangshan
sulfide-bearing intrusion is interpreted to a feeder of Emeishan flood basalts in the region.

Key words: Magmatic sulfide deposit, mafic-ultramafic intrusion, PGE, Qingkuangshan, Emeishan
Large Igneous Province

1 Introduction sulfide deposits associated with the Emeishan Large
Igneous Province (ELIP) occur. There are more than 20

The Qingkuangshan Ni-Cu-PGE deposit is a sulfide-rich mineralized intrusions in this region, such as the Limahe,
Ni-Cu-PGE deposit. It is located in the Xiaoguanhe region Qingkuangshan, Yanghewu, Hetaoshu intrusions (Fig. 1).
of Huili County, Sichuan Province, where many magmatic Based on previous study, these deposits are products of

magmatic activity of the ELIP (Yao, 1986; Xu et al., 2001,
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Guan et al., 2010).

In the ELIP, magmatic Ni-Cu-PGE deposits associated
with mafic-ultramafic intrusions have highly variable
sulfide compositions from PGE-rich to PGE-poor (Song et
al., 2008), and they can be divided into three types: (1)
sulfide-poor PGE deposits, of which the best example is the
Jinbaoshan Pt-Pd deposit (Tao et al., 2007a); (2) sulfide-
rich Ni-Cu deposit, such as the Baimazhai and Limahe
nickel deposits (Tao et al., 2004, 2007b; Wang CY et al.,
2005, 20006); (3) sulfide-rich Ni-Cu-PGE deposits such as
the Yangliuping and Qingkuangshan Ni-Cu-PGE deposits
(Wang et al., 2001; Song et al.,2003, 2008, 2009). The
Qingkuangshan Ni-Cu-PGE deposit is same as the
Yangliuping Ni-Cu-PGE deposit, which is characterized by
enrichments of Cu, Ni and PGE (Song et al., 2008, 2009).
All these deposits are related to the ELIP, what caused the
variation in sulfide ore compositions? Is it due to the
different primary magma or different magma evolution? To
answer these questions it is important to understand the
relationship between the Cu-Ni-PGE mineralization and
the evolution of the ELIP. The Qingkuangshan deposit is a
typical Ni-Cu-PGE deposit in the region, it has been poorly
studied now, and a further study of the deposit is much
needed (Song et al., 2008). This paper reports the results of
a integrated study including major elements, trace elements
and platinum-group elements in various rock types and
mineralized samples from the intrusion. The results are
used to evaluate the relationship between the ore-bearing
intrusion and the coeval Emeishan flood basalts. And the
nature and origin of the primary magma as well as the ore-
forming mechanism are discussed. Our results shred new
lights on the controls on the formation of magmatic sulfide
deposits in the ELIP and are useful for regional mineral
exploration.

2 Geological Background

The Qingkuangshan Ni-Cu-PGE deposit is located in the
Xiaoguanhe region of Huili County. It is approximately 75
km from Huili City (Fig. 1). The ore-bearing intrusion
outcrops in the inner zone of the ELIP where low-Ti basalts
are abundant.

Geologically, this deposit is situated in the middle of
Kang-Dian massif and is controlled by the Hekou duplex
anticline and An-Ning River-Yimen deep fault. In the
mining area, there are three groups of faults: SN striking
(F1), NE striking (F,) and NW striking (F5). The ore-
controlling structure is the SN fault (F,), which controls the
occurrence of the Qingkuangshan intrusion and associated
ore body. The NE fault (F,) and NW fault (F;) formed later.
Due to the effect of NE fault (F,), the occurrence of SN
fault (F;) was slightly changed: at 1750 level, the fault

strikes 10°-20°, dips to SW with the angle of 70°-88°; at
1650 level, the fault strikes south-north, dips to SW with
the angle of 64°-71°. Moreover, NW fault (F;) cutted NE
fault (F,), therefore, the displacement of NE fault (F,) has
happened (Fig. 2).

In the ore district, the main strata are the Middle
Proterozoic Hekou Group. The occurrence of the strata is
usually NW10°—40°, and the dipping angle is 50°-80°. The
main exposed formation is mica schists, with minor
lenticular dolomitic marble and carbonaceous slates. From
the bottom to top, the strata can be divided into garnet mica
schist, mica-schists with quartz-hornstone, mica-schists
with dolomitic marble, siliceous slate, quartzite, and black
carbonaceous phyllite.

The ore-bearing intrusion intruded the Hekou Group
along with south-north fracture. It is an approximately N-S-
trending and westward dipping dyke-like body, about 200
m long and 20 to 50 m wide, and the dip angle of this
intrusion is almost vertical. The ore-bearing intrusion has a
funnel shape in cross section, gradually pinching out
downward. The differentiation of the ore-bearing intrusion
is significant, especially in the upper parts of intrusion.
From the center to both sides, the ore-bearing intrusion is
composed of peridotites, olivine pyroxenite (pyroxene
peridotite) and gabbro. The ore-bearing intrusion is
dominated by peridotites, that makes up about half of all
facies.

The ore body is mainly hosted in ultramafic rocks
(including peridotite, olivine pyroxenite and pyroxene
peridotite), and is concordant with the hosted rocks. It
occurs as an approximately N-S-trending len, pinching out
in the sides of II and III sections at the surface. It has a
tadpole-looking shape in horizontal plane, 150-200 m long
with a dipping angle of 60°-88°. It has a funnel shape in
cross section, extending for about 150—-180m vertically. At
depth, the ore body was cut by the NE fault (F;) to form
offset of mineralization. Below the offset fault, the
mineralization is mainly uneconomic with economical
mineral resource; above the offset fault, the mineralization
is mainly economic and forms a funnel-shaped ore body. In
different parts of this ore body dipping changes from about
88° in the west to about 50° in the east (Fig. 2). The
mineralization is dominated by sparsely disseminated
sulfides to densely disseminated sulfides with minor
massive sulfide ores (Fig. 3f, g, h). The densely
disseminated ores are mainly present in the peridotite at the
bottom part of intrusion. With the increasing pyroxene
abundance, the grades of the ores decrease. Sparsely
disseminated ores often occur above densely disseminated
ores; massive ores are mainly controlled by faults and
fractures to form saclike bodies. Small massive ores also
occur in the central portion of some densely disseminated
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Fig. 1. Regional geological map showing the distributions of the Emeishan Large Igneous Province and associated typical

magmatic deposits (modified from Wang et al., 2005).

I, Precambrian Basement; II, Ailaoshan deformed rock; III, Sinian and Palaeozoic rocks; IV, Permian Emeishan flood basalts; V, granite; VI, mafic-
ultramafic intrusion; VII, Emeishan basalts found in drill holes; VIII, overthrust fault; IX, fault; X, typical deposit. 1, Panzhihua; 2, Zhubu; 3, Monglin-
gou; 4, Anyi; 5, Limahe; 6, Hetaoshu; 7, Qingkuangshan; 8, Dacao; 9, Hongge; 10, Yangliuping.

ores (The original 401 Geological Brigade of Sichuan
Bureau of Geology and Mineral Resources, 1960%;  Yao,
1986).

3 Petrographic Characteristics
Samples were collected from tunnel, including all kinds

of rocks and ores. The rocks are made up of ultramafic
rocks and mafic rocks including olivine pyroxenite,

pyroxene peridotite, plagioclase-bearing  pyroxene
peridotite, pyroxenite and gabbro; and the ores include
sparsely disseminated ore, densely disseminated ore and
minor massive ore (Fig. 3f, g, h).

The ore-bearing olivine pyroxenite and pyroxene
peridotite have the character of dull black medium-fine
grained texture as well as massive texture. The major rock-
forming minerals in these rocks are basically the same, but
the abundances of olivine and pyroxene in olivine
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Fig. 2. The cross-section of the Qingkuangshan Ni-Cu-PGE deposit (modified from Yao, 1986).
1, Goaf; 2, metamorphic rock series of the Hekou Group; 3, gabbro; 4, peridotite; 5, economical mineral resource of peridotite; 6, uneconomical mineral
resource of peridotite; 7, diabase; 8, fault and its number; 9, geological boundary; 10, transitional geological boundary; 11, drill hole; 12, tunnel; 13, sam-

pling position.

pyroxenite and pyroxene peridotite are different, the major
rock-forming minerals that mainly consist of olivine (about
20%—60%) and pyroxene (about 70%-30%) with minor
plagioclase (about 2% -3%); and the abundance of
plagioclase in the plagioclase-bearing pyroxene peridotite
is slightly higher (about 5%). The grain sizes of olivine are
highly variable. They have been partially serpentinized but
peritectic texture is still preserved (Fig. 3a). Pyroxenes are
dominated by clinopyroxene plus minor orthopyroxene.
Plagioclases has a labradorite composition. It commonly
exhibits tabular twins (Fig. 3b). In the ultramafic rocks,
metallic minerals are dominanted by pyrrhotite, pentlandite
and chalcopyrite. Minor pyrite, chromite and magnetite are
also present. They occur as disseminated assemblages, as
small veins in the fractures of silicates and rarely as larger
sulfide patches (Fig. 3c, d). Because of different
crystallization temperatures different minerals crystallized
at different times. Based on textural observations the
metallic minerals are inferred to have crystallized in the
following order: chromite, pyrrhotite, pentlandite,
magnetite, pyrite and chalcopyrite.

Pyroxenites have the character of dull black, coarse to
fine grained texture, as well as massive texture. Pyroxene
crystals are euhedral or subhedral. In pyroxenites, the
contents of pyroxene can reach up to 80% plus minor

olivine, amphibole and plagioclase. The rocks are mostly
not sulfide- mineralized or contain rare sulfides.

Gabbros have the character of dark grey to grey, medium
to fine grained texture, as well as massive texture. Pyroxene
crystals are subhedral to xenomorphic. Sulfides are rare
commonly. The main rock forming minerals are pyroxene
(about 50%) and plagioclase (about 30%) with minor
biotite (about 5%) and amphibole, accessory minerals are
apatite, ilmenite, titanite and so on.

4 Samples and Analytical Methods

The compositions of major rock-forming minerals were
analyzed using an EPMA-1600 electron mincroprobe in the
State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences,
Guiyang, China. The diameter of electron-beamt,
accelerating voltage and beam current were 22 um, 25 kV,
10 nA, respectively. The sulfide-bearing rocks and sulfide-
barren rocks were analyzed for major, trace and rare earth
element compositions. The samples analyzed include
olivine pyroxenite, pyroxene peridotite, plagioclase-
bearing pyroxene peridotite, pyroxenite and gabbro. The
analyses of major elements, trace elements and rare earth
elements were done by the ALS Chemex. The samples for
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Fig. 3. Back-scattered electron images and microphotographs of some samples in Qingkuangshan Ore-bearing rocks
and the photographs of main types of ore

a, Olivine (Ol) enclosed within clinopyroxene (Cpx) and has the crystal stack structure; b, between the olivine and the clinoenstenite distrib-
utes the few plagioclase feldspar which has double crystal phenomenon; ¢, magnetite (MT) occurs as micro-scale veinlets along the crack of
olivine; d, few big pellet chromite(Chr); e, olivine websterite; f, sparsely disseminated ore; g, densely disseminated ore; h, massive ore.



Vol. 86 No. 3

ACTA GEOLOGICA SINICA (English Edition)

major elements analysis were prepared using lithium
metaborate or lithium tetraborate menstruum and analyzed
by ICP-AES. The detection limits are about 0.01 wt%. The
samples for trace and rare earth element analysis were
prepared using lithium metaborate and analyzed by ICP-
MS. The concentrations of PGEs in the samples were
determined in the National Research Centre for
Geoanalysis in Beijing by ICP-MS. The analytical
procedures of PGEs are the same as in Zhang et al. (2005b),
and detection limits are Os 0.007 ppb, Ir 0.013 ppb, Ru 0.02
ppb, Rh 0.001 ppb, Pt 0.026 ppb and Pd 0.06 ppb.

5 Geochemical Characteristics

5.1 Mineral chemistry

Table 1 lists the representative compositions for major
rock-forming minerals in the ultramafic rocks. Generally,
the olivines have a great change in the particles size (about
0.2-0.5 mm) and are enclosed in pyroxenes, most of them
are fresh, and only small fractions have the serpentinized
phenomena. Olivine has a chrysolite composition (Fo=78-
85). Pyroxenes crystals in the ultramafic rocks are mainly
diopside with minor bronzite, and the bronzite generally
grow in diopside.

The nickel content in olivine of the Qingkuangshan
intrusion is 1000-1500 ppm (Table 1). The nickel content
of the parental magma is estimated to be 100-150 ppm.
Olivine crystals of the Qingkuangshan intrusion exhibit a
positive Ni-Fo correlation, which suggest that they formed
by fractional crystallization of a single parental magma.
Modeling shows that 9%—10% fractional crystallization of
picritic magma can explain the
compositions (Fig. 4). In comparison with olivine from the
Jinbaoshan Pt-Pd deposit (nickel content 15002000 ppm),
the nickel contents of olivine from the Qingkuangshan
intrusion is lower, which may be due to early sulfide
segregation in the parental magma of the Qingkuangshan
intrusion.

observed olivine

5.2 Major elements

The analytical results of the major elements in whole
rocks are listed in Table 2. The SiO, and MgO contents of
mafic-ultramafic rocks are between 33.5 wt%—49.9 wt%
and 7.13 wt%-27.2 wt% respectively. The CaO/Al,O5
varies between 0.88 and 4.40. Generally, the mafic-
ultramafic rocks are high in MgO but low in ALOs, P,0s,
K,O and Na,O. The m/f ratios of these rocks are between
0.66 and 4.92, within the range for ferric mafic-ultramafic
rocks. Due to variable hydrothermal alteration and sulphide
contents, the LOI values are highly variable.

The Harker diagrams (Fig. 5) show that, due to variable
post-magmatic hydrothermal alteration, as the contents of
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Fig. 4. Plots of Fo versus Ni contents for olivine in the ultrama-

fic rocks of the Qingkuangshan intrusion.

Picrites from Zhang et al., 2006; Jinbaoshan from Tao et al., 2007a; Zhubu
from Tao (unpublished data); curve on the figures represent the number of
olivine crystals.

MgO decrease, the contents of Al,O3, K,0, Na,O and TiO,
in the samples increase. SiO, contents increase with
decreasing MgO content but then decreased. The P,Os and
FeOt contents show no clear trends. Generally, the
compositional variations in the Qingkuangshan mafic-
ultramafic rocks are similar to that of the coeval Emeishan
picrites.

5.3 The characteristics of rare earth and trace element
compositions

The concentrations and ratios of REE and trace elements
are listed in Table 3.

5.3.1 Rare earth elements

The total REE contents of the mafic-ultramafic rocks are
rather low as compared to the Emeishan picrites (except the
high contents of QKO0818 and QKO0821), as a whole, the
mafic rocks have higher total REE contents than the
ultramafic rocks of the intrusion. The mafic-ultramafic
rocks have 1.59-2.79 (La/Sm)y, 7.85-12.19 (La/Yb)y, 6.80
-11.21 (Ce/Yb)n, 5.93-8.99 (Zo(Ce)/Zo(Y)). The
chondrite-normalized REE patterns of the mafic-ultramafic
rocks are similar to that of OIB such as LREE enrichments
relative to HREE. However the contents of REE in the
Qingkuangshan mafic-ultramafic rocks are lower than
those in OIB (Fig. 6a). Overall, the mafic-ultramafic rocks
are characterized by normal to negative anomalies of 6Ce
and SEu values ranging from 0.92 to 1.04 and from 0.89 to
1.12, respectively. The Eu negative anomalies may have
been in part due to plagioclase fractional crystallization or
post-magmatic hydrothermal alteration (Zhong et al., 2004).
Alternatively contamination with crustal material may have
also caused the Eu negative anomalies.



Zhu et al.

ma

ion in SW Ch

The Qingkuangshan Ni-Cu-PGE Mineralized Mafic-Ultramafic Intrus

596

69'C 1484 or'e ¥8'C LY'C 990 14X LS'1 (44 wY 18°C €Ll (44 06'C ju
61°¢L LL0O8 SL'LL 8I'vL  E¥'IL 66°6¢ 86'IL 6v'19 Y1'0L LEES S6°¢L ¥5°€9 IL'TL ISvL SN
L6'l €0'C 14X 80°S 18°C LTO Ll ¥$°0 (4 6'S 68'¢ L1C S
0886 0886 00°001 00001  1'86 1S°L6 0T'001 L9'86 8866 €8°L6 86 69°C6 90°86 89°66 [ejoL
wy SL11 76'8 1879 $8'9 SEL Ies yee €5°¢ Iy Pe'8 €8'8 011 9’9 101
1o S0°0 €0°0 90°0 90°0 00 90°0 €10 80°0 €0°0 €r'o o €0°0 10°0 ‘0%
$8'0 vTo S0 60 97’0 900 00 1o €0 ¥r0 LY'0 LTO 950 96°0 Rele}
LEO 110 $0°0 L10 1o 18°0 0T0 ¥$°0 L0 600 110 LTO cro 80°0 o™
8L°0 170 81°0 €70 SE0 €8'1 re0 0T'e €90 €o LTO €0 0T0 ¥T0 O%®N
81'8 6v'9 00°L €C6 6TL LL9 Syl srot 6°Cl $8°Cl 80°S [42Y 8¢ €0°6 (oLe]
05°81 0T'Le 069 0T’eT  00°¢T €l'L Sesl 86'6 08'%1 0,81 0Tve 0€'81 0L€T 060C O3IN
910 910 S1'0 L0 10 cro 110 0T0 4% cro €ro 910 cro 110 OUN
s¢el S6°Cl vSl S1'91 781 ¥'ic S6'11 sl 9l 9L SO°LL Ic L'81 evl f0%d
919 96'1 L'l St'e $8'C IL°L 8¢ SL'9 98 w6'C 88’1l 9¢°¢ 9Tc 1ee 04UV
LL'T IS0 w0 901 o'l 1Tl 960 LEE 91'l 680 ¥$°0 ¥0'1 690 890 ‘OLL
09ty 098¢ 098¢ 08'8€  00°LE 0r'ey 0S'Ly 0S'61 0v'8% 06'61 00°0% 05°€€ 08'LE 09'vv ‘oIS
L40 140 SO 0 130 128030 618030  8I80MO  LISOMNO  SI80MO #1800 T180M0 018030 L080MO ‘ON
01qqes mopriad suaxoikd Furreaq-asepoorgerd 9)110JSqAM UIAT[O mopriad suaxorkd 01qqes ouaxoIkd dmopriad suaxoikd ouaxoIkd 01qqes 199[qo
(2%IM) S0 dJewie)[N-djewl uryssuensuil) 9y} Jo sjuduod Inj[ns pue IPIXo 1o[eJAl 7 dqeL
suaxo1Ad
8886 L00 000 6C'0 90°0 6€0 000 00 LS'1 SeEvl 6L'ST €L'C 19°¢S 81 70 -oypo
$5'86 €00 000 4% LEO ¥8'C 200 170 6T'1C veL 8¢Cl ¥6'9 089t €1 L490
0966 ¥0°0 000 (SN0 SO'1 crl 000 81°0 £€9'1¢C LIS [439! 86'C 00°Cs cl L340
€0'86 ¥0°0 200 01°0 01°1 €0'1 100 670 91'IC 1cs 00°S1 L1E 88°0¢ I L490
LE66 00 10°0 cro wo L1'C 000 SE'0 wle L89 8Tl SeE's 86'81 8 L340
6966 100 €00 01°0 01°1 $8°0 000 €C0 LY'1T (a4 98'G1 0'c Sles 4 940
9¢€'66 000 000 (SN0 SL'O L90 10°0 wo $6'0C ISy 9791 19°1 9TYs 14 940 auoxoikd
08001 €00 200 01°0 L6°0 8L°0 000 ¥20 0Tce L8V PLST S¥'e wes € 940 -outo
7886 S0°0 ¥0°0 cro 850 660 000 9C'0 99°'1¢ Ly'S SESl 0s'c (4084 0¢ a0
9566 L00 200 €ro ¥$°0 €0'1 100 €C0 w'1e L09 LSt 9’ 67CS L1 40
€L°86 ¥0°0 €00 €ro LSO w80 00 910 €9'1¢C 0T's 06°S1 0Ll 144 14 a0
7966 L00O €0°0 800 6L°0 0Tl 000 8C°0 Iw'ic 1459 01°S1 e 00°CS €1 10
08°001 L0°0 <00 (45 760 L1'1 000 0 61CC LL'S 181 a3 $0°CS 4 1310
6'18 ¥L6 8€66 100 o €C0 800 10°0 000 000 0€0 €L91 orey 100 6L6¢ 6 L490
S6L 099 1166 L00 80°0 €00 L1°0 ¥0°0 100 10°0 6C°0 wsl L6t 10°0 ¥0°0% L L340
678 ¥L91 9986 000 170 81°0 1o w00 100 10°0 8C°0 eyl 601 000 19°6¢ 14 L490
0'8L 1eL 1€°001 cro 60°0 LTO S0°0 S0°0 100 000 9C'0 61°0¢ 86¢ 000 St'6€ 1 L340
I'v8 €091 €€°66 S0°0 020 61°0 €C0 700 100 000 ¥T0 9871 wey 00 88'6¢€ I 740
L'€8 7801 w66 ¥0°0 y1°0 wo 01°0 000 000 000 ¥9°0 €8yl ey 100 iy 01 a0
9'¢8 csel 96001 000 LT0 170 6€°0 €0°0 100 00 o 7Sl S9'ey 000 S6°0% 01 (0] sutAlo
018 656 vT'86 S0°0 o €00 800 ¥0°0 100 000 wo Ll 6801 000 8T'6€ 6 130
(x4 9111 9566 200 710 §To S0°0 700 100 100 1€0 8591 or'ey ¥0°0 Lee L M0
€8L 6201 8766 SI'o €ro 4 LO0 €0°0 000 000 8¢°0 €561 S0'6¢ 10°0 89°6€ S 1310
6'C8 TLSI 9¥°001 000 020 €C0 90°0 €00 000 000 LTO 6°S1 8Ty 10°0 060t 14 130
9'¢8 €091 ¥L°001 €00 020 81°0 800 00 000 10°0 wo €e'sl ey cro crly € 30
6'18 €LTI LE66 000 910 €00 £0°0 100 000 000 ¥T0 LL91 60Tt 100 786¢ ! 1310
04 IN [B10L *0'd OIN OUN e} ‘OLL 0 [N OeD 024 05N OV ‘o!s ‘ON JUIod ON [BIOUTA

(wdd :1N pue ¢,)m :sapixo) ysodap apy[ns FOHJ-ND-IN dNewidew uryssuenysuid) dy) Wo.Lj s)I0.1 dJeWR.I)[N Y} Ul S[EIIUIW FUTULIOJ-YI0I JO SISA[eue dANRIUISIIAIY | d[qeL



Vol. 86 No. 3 ACTA GEOLOGICA SINICA (English Edition) June 2012 597
60 2
@ ° . (b)
X e i °
501 “paBewm, $ %‘ ° I
A %%, 20
% o © 8> O .0
40 e s
g ;\3 15T
g ¥ 3
0 A High-Ti basalt X Low-Ti basalt = 1ot
20 ¢ Picrite ® Qingkuangshan
O Average compositions of rocks
10 A The representative compositions of olivines ST
m The composition of the remaining melt
0 L L L 0
0 10 20 30 40 50 0 10 20 30 40 50
2.5 5
© (d)
& x
NN L
2 4 %
A
2 o
S 15[ g 31, .o
o *® ° Q. ENG °
M B x & 2 3 AM‘A \4
1 A L@ 2 A o'
s ©
X <
e AX 6 o
05T %M ° ©, Iy . POy S T
° 02 » © > %,
X 67 0'C o S T IR LA S X0
0 L % L 2. . L 0 L L X L L
0 10 20 30 40 50 0 10 20 30 40 50
4t 16
A o © A8 (®
: mﬁ% x*
L A L
3 sa 12 L NS
AlA A °
S X fo 0 S . ¥ @,
< ¥ o =
g 2] ix ML o 8 ° 00 °F
= x T o % @ = ° Xo
[ o
° o XS ® o
1+ [ ) ° o 4T () o L )
o @ o o,
xo ee O o ¢
0 L L L L 0 L L L L
0 10 20 30 40 50 0 10 20 30 40 50
18 0.6
(® (h)
16 [ ° g
05 [ A
1471 o O A
A
121 LN 041
S 1wof %fA;oo o e S AA%A °
N NS » = I o
o A 8% o c 03
S 8 A%k o ° ?xo‘c ) ;%AAOO °
6[ ) 02 [ X o 3 o
| o XX & & »
4 ° X
[ ) 0.1 ° o
2T b4 °
0 L L L L 0 ° L \‘ Q ° ‘\ L
0 10 20 30 40 50 0 10 20 30 40 50
MgO (%) MgO (%)

Fig. 5. Diagram of MgO versus major oxides of the Qingkuangshan intrusion.
Picrites from Zhang et al., 2006; high Ti basalts and low Ti basalts from Xu et al., 2001.

5.3.2 Trace elements

The primitive mantle-normalized trace element patterns
of the mafic-ultramafic rocks are similar to that of OIB
except for slight depletion of Ba, Nb, Ta, Sr and Ti, and

enrichments of Th and U (Fig. 6b). The depletions of Nb,
Ta, Ti and Zr may have been due to crustal assimilation
which is present in the coeval basalts (Xu et al., 2001; Xiao
et al.,, 2004; Zhang et al., 2006; Tao et al., 2007b). The
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Fig. 6. Chondrite-normalized REE patterns and primitive mantle-normalized trace element patterns for the

Qingkuangshan mafic-ultramafic rocks.

CI, OIB, MORB and Primitive mantle values after Sun and MacDonough, 1989.

subparallel primitive mantle-normalized trace element
patterns of the mafic-ultramafic rocks suggest that these
rocks are related to a single magma.

5.4 Ni, Cu, and platinum-group elements

The concentrations of PGE, Cu and Ni in whole rock
samples are listed in Table 4. The primitive mantle-
normalized Ni-PGE-Cu patterns of the sulfide-bearing
samples in recalculated 100% sulfide and sulfide-barren
samples are illustrated in Fig. 7. These plots show that all
samples from the Qingkuangshan intrusion are enriched in
PPGE (Pt, Pd) relative to IPGE (Os, Ir, Ru and Rh), Ru
depletion is present in the samples.

Previous studies have showed that the primitive mantle-
normalized PGE patterns of mantle xenoliths, Alps-type
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Ni Ir

Cu
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peridotites and komatiites are nearly flat and have lower
Pd/Ir ratios. The enrichments of PPGE relative to IPGE in
Qingkuangshan samples may have been related to mantle
partial melting, furthermore, variation in mantle source
compositions and mantle partial melting can also contribute
to the fractionation of PGE in mantle-derived magma (Tao
et al., 2004). The Qingkuangshan intrusion is thought to
have derived from magma generated in an OIB-type mantle
characterized by PPGE enrichments and high Pd/Ir ratios
ranging from 10 to 30. In the plot of Ni/Cu-Pd/Ir (Fig. 8),
the Qingkuangshan samples mainly fall within the field of
high-Mg basalt or below it, suggesting that the primary
magma of the Qingkuangshan intrusion formed by high
degree of mantle partial melting.

1000000

------ Limahe
Qingkuangshan

10000

100}

100%sulfide/Primitive mantle

0.01% -
Ni Ir

1000000

10000f

100}

100%sulfide/Primitive mantle

Ni Ir Ru Rh Pt Pd Cu

Fig. 7. Primitive mantle-normalized Ni-PGE-Cu patterns of sulfide ores on a 100% sulfide basis and sulfide-

barren rocks of the Qingkuangshan Ni-Cu-PGE magmatic sulfide deposit.
Cu, Ni, PGE of primitive mantle values after Barnes and Maier, 1999; Jinbaoshan and Limahe from Tao et al., 2007a, 2008; Zhubu

from Zhu et al., 2007; Yangliuping from Song et al., 2003, 2008.
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Fig. 8. Ni/Cu against Pd/Ir ratios diagram for the Qingkuang-
shan intrusion (Fields from Barnes and Lightfood, 2005; Eme-
ishan basalts from Zhong et al., 2006).

6 Discussion

6.1 Parental magma compositions

Previous studies showed that the ratios of chalcophile
elements (Ni, Cu and PGE) are rarely affected by crustal
contamination and mainly reflect the composition of
parental magma (e.g., Keays, 1995). Ultramafic magmas
usually give rise to Ni-dominated sulfide deposits with Ni/
Cu ratios higher than 7, such as the komatiite-associated Ni
deposits in Kambalda, Western Australia (Ni/Cu=13.5)
(Lesher et al., 1984). Mafic magmas commonly produce Ni
-Cu-(PGE) sulfide deposits with Ni/Cu usually less than 2
(Naldrett, 2004), such as the Noril‘sk Ni-Cu-PGE deposits,
Siberia (Ni/Cu=0.5-1.06) and the Voisey’s Bay Ni-Cu-Co
deposit, Canada (Ni/Cu=1.87). As shown in Table 4, the
Qingkuangshan samples have an average Ni/Cu ratio of
1.03, with a small range of 0.48 to 1.85. Therefore, the
Qingkuangshan intrusion may have derived from a mafic
magma.

Under equilibrium conditions, olivine composition
reflects the composition of the magma from which the
olivine crystallized. Thus, using Mg-Fe exchange
coefficient (K4= [(FeO/MgO)oi/(FeO/MgO)magmalmolar=0.3—
0.34) (Roder and Emslie, 1970; Hanson and Langmuir,
1978; Ulmer, 1989; Thompson and Gibson, 2000) and the
composition of most Mg-rich olivine in the rocks (Chai and
Naldrett, 1992), we can estimate the parental magma
composition. The most Mg-rich olivine in the
Qingkuangshan intrusion is Fo=84.9, which corresponds to
an MgO/(MgO+FeO) value of 0.946 for the liquid in
equilibrium with olivine, based on a distribution coefficient
of K4=0.3(Roeder and Emslie, 1970). We then estimated
other oxide contents in the magma based on of the

correlation between MgO and other oxides (Fig. 5b). The
average estimated values are 14.65% MgO, 48.66% SiO,,
15.48% FeOt, 0.93% Na,0, 0.42% K,0 and 1.80% TiO,.

If values for the most Mg-rich olivine compositions from
a sample plot on an olivine—liquid equilibrium curve at
approximately the same FeO content as present in the bulk
rock, the MgO content of the rock is close to that of the
liquid from which the olivine crystallized. The calculated
MgO/(MgO+FeO) value is much lower than the MgO/
(MgO+FeO) values of the Qingkuangshan intrusive rocks.
In Fig. 9 olivine Mg-number is plotted vs. whole-rock MgO
content, the compositions of the most Mg-rich olivine plot
below the liquid-olivine mixing line of closed system,
indicating excess (cumulus) olivine in the samples (Zhang
and Wang, 2003; Chai et al., 2007). Due to re-equilibration
with trapped silicate liquid before complete solidification,
final olivine is less Mg-rich than original cumulus crystals.
Therefore, the estimated MgO content for the parental
magma is likely less than the true value (Wu et al., 2004).

In terms of the major elemental discrimination of
Hawaiian picrites in primary magma (MgO=16%-21%)
(Hirschmann and Ghiorso, 1994; Norman and Garcia,
1999; Herzberg and O’Hara, 2002), the estimated parental
magma for Qingkuangshan area is low-Ti tholeiite with the
character of high-Mg (Fodor, 1990; Xu et al., 2001), far
from high-Ti basalt with the character of low-Mg from
ELIP (Xiong et al., 1984).

Figure 10 compares the Qingkuangshan intrusion with
associated volcanic rocks using incompatible trace
elements such as La, Sm, Gd, Yb and Y, and their ratios
such as La/Sm, Gd/Yb, and Ti,O/Y. Samples from the
Qingkuangshan intrusion, low-Ti basalts and picrites of the
ELIP have similar trends, which are significantly different
from coeval high-Ti basalts. The results show that the
parental magmas of the Qingkuangshan mafic-ultramafic
intrusion are similar to of the coeval low-Ti basalts reported
previously by Xiao et al. (2004), suggesting that the
Qingkuangshan mafic-ultramafic intrusion was produced
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Fig. 9. Diagram of MgO-Fo-FeO.
o, the highest Fo values of olivine; o, the other high Fo values of oli-
vine; O, primitive magma.
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Fig. 10. Plots of trace elements on La/Sm-La, Gd/Yb-Gd
and TiO,/Y-TiO, (Picrites from Zhang et al., 2006; high
Ti basalts and low Ti basalts from Xiao et al., 2004)

by higher degree of mantle partial melting.

6.2 Petrogenesis

Because Yb is compatible in garnet but not in
clinopyroxene, Sm/Yb ratio can be used to constrain
mantle source mineralogy of alkaline magmas
(Aldanmaz et al., 2000). Fig. 11 is the plot of garnet-
dependent Sm/Yb ratio vs. Sm. It can be seen that the
Qingkuangshan mafic-ultramafic rocks have high Sm/Yb
ratios, consistent with the products of magma derived
from a mantle garnet-lherzolite. This is supported by

high (Gd/Yb),n, ratios (2.2-3.6) of the samples. Magma
derived from a garnet-stable source mantle is expected to
have high (Gd/Yb),, ratios because the garnet-melt
partition coefficients for HREE are much higher than those
for LREE.

On the basis of some correlatively researches for source
characters of ELIP in recent years (e.g. Xu et al., 2004;
Zhang et al., 2005a; Zhou et al., 2006; Xu et al., 2007), and
the aforementioned discussion of source characters for
Qingkuangshan intrusion, the magmatic source of
Qingkuangshan intrusion was being analogous to oceanic
island basalts sources. And based on this condition, using
the content of REE in primary magma, we can estimate the
degree of mantle partial melting by way of that:

F=Couree jCmagma

F—the degree of partial melting of the mantle,

i—the strong incompatible element i,

Ci®"*—the content of strong incompatible element in
source region,

C"™__the content of strong incompatible element in
primary magma,

The approach to estimate the content of strong
incompatible elements in primary magma (e.g. REE) is to
use the method of the Li. (1986)®

REE™!'= REE* /(1—f+ K™ xf),

i—the rare earth element (REE),

REE™"—the content of REE in primary magma,

REE/*_the content of REE in rocks,

KOMmelt__the distribution coefficient of REE between
olivine and melt (after Bedard, 1999),

f—the weight percentage of olivine in their coexistence
melt (f=0.415). The method of estimating the weight
percentage of olivine is the principle of mass balance. We
absorb the way of Tao et al. (2002) to estimate the weight
percentage of olivine in their coexistence melt.

The estimated results of the degree of partial melting for
the primary magma of the Qingkuangshan intrusion are

0.1

Sm/Yb
T

L=
DMM PM

o
Depletion i Enrichment

0.1

1 10 100
Sm (ppm)

Fig. 11. Plot of Sm-Sm/Yb showing melt curves for Qingkuangshan
intrusion (after Aldanmaz et al., 2000).
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listed in Table 5. According to the contents of La and Ce 25
. . . . [ON-MORB
elements in Qingkuangshan mafic-ultramafic intrusion, the
corresponding degrees of partial melting for the primary 2 f
magma are respective 23.8% and 22.6%. Considering the
influences of crustal assimilation, the calculated value is 15 Picrite

high than the true value, it is roughly estimated that about
20%. That high degree of partial melting for the primary
magma corresponding to lower Pd/Ir ratio (about 22) (Chu
etal., 2001).

6.3 Crustal contamination

(Nb/Th),,,, is best used to indicate the extent of Nb
anomaly and (Th/Yb),, is a sensitive indicator of crustal
contamination, so, the degree of crustal contamination of the
magmas can be estimated using (Nb/Th),y, and (Th/Yb),y,
ratios where the rock values have been normalized to the
relevant trace element content of the primitive mantle (Zhou
et al., 2008; Wang, 2008).

In Fig. 12, the (Nb/Th),, vs (Th/Yb),, diagram, we
assume that these mafic-ultramafic rocks are formed from a
mixture of different proportions of mantle-derived magma
and crustal contaminant. For the mantle-derived end
member, we used two compositions, one being N-MORB
(Sun and McDonough, 1989) and the other being the most
primitive and least contaminated picrites of the west
Emeishan flood basalt province. For the crustal end
member, owing to lack of systematic analytical data of the
upper crust sediments for this region, we used the average
compositions of the upper crust and lower crust (Taylor and
Mclennan, 1985). Compared to N-MORB, the
Qingkuangshan rocks have lower (Nb/Th),, but higher
(Th/Yb),m ratios, consistent with a high degree of crustal
contamination. And compared to the upper crust and lower
crust or the lithosphere (Taylor and Mclennan, 1985), the
contents of Th element have a large range of variation from
0.4 ppm to 7.0 ppm which have some similarities with the
former. The results of the comparison showed that the
Qingkuangshan intrusion has underwent the contamination
by little lithospheric or crustal before the formation of the
rocks. The simulation results show that, using N-MORB as
the mantle-derived end member do not correspond with the
evolutionary trend of Qingkuangshan rocks, whereas the
use of the average composition of the Emeishan picrites as
the mantle-derived gives a good fit, and the degree of
crustal contamination of the Qingkuangshan rocks varied
from 3% to 12% by the upper crust.

6.4 Sulfur saturation and sulfide segregation

Keays pointed out whether the magmas had reached
sulfide saturation was the crucial factor for the formation of
the sulfide magmatic deposit. Experimental and theoretical
studies suggest that Pd can be strongly concentrated in

Nb/Th

Upper Crust

0 1 1 1 1 1 1
0 5 10 15 20 25 30 35

Th/Yb

Fig. 12 (Th/Yb) pm vs (Nb/Th) ,n diagram showing the
degrees of crustal contamination.

Primitive mantle, OIB and MORB after Sun and MacDonough (1989);
upper and lower crust after Taylor, S.R and Mclennan, S.M (1985);
picrites from Zhang et al., 2006; curve on the figures represent the
degrees of crustal contamination; partial data from mining compani-
es’material.

sulfide, owing to the much larger sulfide liquid-silicate
liquid partition coefficient for Pd (17000) relative to Cu
(~1383), therefore, Cu/Pd ratio is an effective tool to
evaluate sulfide saturation in magmas (Barnes and Maier,
1999). If the magma was S-unsaturated, Cu and Pd behave
as incompatible elements, and therefore the Cu/Pd ratios of
a primary magma should be similar to those observed for
the mantle (about 6300) (Barnes et al., 1988); but in sulfide
unsaturated magma, the Cu/Pd ratios of a primary magma
should be much greater than 6300.

Almost all the samples from Qingkuangshan intrusion
are characterized by Cu/Pd ratios higher than 6300, this
may be due to the fact that sources of these basalts retained
residual sulfides during melting or sulfide saturation had
occurred in the early stage of magma evolution. The above
discussion has shown that, because of the relatively large
degree of partial melting of the mantle and the phenomenon
of moderate PGE depletion in ores, the high Cu/Pd ratios
for almost all the samples are unlikely due to retention of
sulfides in the mantle. Therefore, the above analysis and
evidence indicate that, during the magma ascent, the
parental magmas had reached sulfide saturation and caused
sulfide segregation, and then led to the formation of weakly
PGE depleted magma.

From the Pd-Cu/Pd diagram (Fig. 13), we can see that
different types of Ni-Cu-PGE magmatic sulfide deposit in
Emeishan Large Igneous Province have different
distribution. The Limahe and Baimazhai Ni-Cu deposits are
characterized by strong depletion in PGE relative to Ni and
Cu, with lower Pd and high Cu/Pd ratios (greater than
200000); the Jinbaoshan Pt-Pd deposit is characterized by
the enrichment of PGE, with higher Pd and low Cu/Pd
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ratios (lower than 1000); and the Yangliuping and Zhubu
deposits are characterized by intermediate Pd contents and
Cu/Pd ratios. Song et al. (2008) pointed out that
Yangliuping deposit was produced by extensive sulfide
segregation from weakly PGE-depleted magmas, because
of earlier sulfide Samples from the
Qingkuangshan, Yangliuping and Zhubu deposits have
similar trends, which show that Qingkuangshan deposit
was produced by extensive sulfide segregation from
weakly PGE-depleted magmas.

In order to study the influence of sulfide segregation on
Qingkuangshan intrusion, it is necessary to do the model
calculation via the following equation of Campbell and
Naldrett  (1979):  C3M=C"xDS < (R+1)/(R+DFWST),
where C?“l and CiS“ represent the concentrations of element
i in the sulfide melt and in the parental silicate magma,
respectively; D! is the sulfide melt/silicate liquid
partition coefficient of element i; and R is the R-factor.

On the basis of the aforementioned discussion of
magmatic origin for Qingkuangshan intrusion, we assume
that the ELIP basaltic magmas had 15 ppb Pt, 22 ppb Pd, 1
ppb Ir, and 200 ppm Cu before reaching S-saturation, which
represents the primary magma of the Qingkuangshan
intrusion. The model calculation result (Fig. 13) indicates

removal.

that the parental magma had undergone a small amount of
segregation sulfide lost (about 0.014%) in the early magma
evolution, which led to the formation of moderately PGE
depleted magma. Subsequently, the moderately PGE
depleted magma underwent the further contamination and
further sulfide segregation with R-factors ranging from
1000 to 6000, and then led to the formation of sulfide melts,
which are roughly consistent with the contents of Pd, Ni
and Cu of the pure sulfide melts of the Qingkuangshan PGE
ores.

6.5 A diagenetic and metallogenic model

Studies showed that PGE contents in primary magma are
strongly dependent on the composition of mantle-derived
rocks, the degree and the mechanism of mantle partial
melting. Keays (1995), Rehkdmper et al. (1999) and Peach
(1996) assume that the primitive mantle had 4 ppb Pd and
250 ppm S, if the degree of batch partial melting was about
20%, the content of Pd in melts can reach to the
theoretically maximum value (about 20 ppb). So far, the
search has not been reported of the content of Pd in primary
magma more than 40 ppb. Hamlyn et al. (1985) had
reported that the Boninites derived from the depleted
mantle have very high content of Pd with the highest
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Fig. 13. Pd vs Cu/Pd diagram of typical Ni-Cu-PGE magmatic sulfide deposits in Emeishan

Large Igneous Province.

F, content of segregated sulfide; A, the distribution of Limahe and Baimazhai; B, the distribution of Yangliuping and
Zhubu; C, the distribution of Jinbaoshan. Primitive mantle values after Sun and MacDonough, 1989; Limahe from
Tao et al., 2008; Baimazhai from Wang CY et al., 2006; Zhubu from Zhu et al., 2007; Yangliuping from Song et al.,

2008; Jinbaoshan from Tao et al., 2007a.



Vol. 86 No. 3

ACTA GEOLOGICA SINICA (English Edition)

June 2012 605

content of Pd (about 38 ppb), but the content of Pd in the
melts derived from undepleted mantle is generally less than
30 ppb. The content of Pd in Qingkuangshan ore-bearing
intrusion is far higher than 30 ppb with the average content
of 100 ppb, which is well above the highest content of Pd in
the melts derived from any mantle by partial melting,
indicating that the primary magma of Qingkuangshan
intrusion had undergone the accumulation of PGE before
the formation of Qingkuangshan deposit.

The concentration of cumulate segregated sulfides in
magma can trigger the accumulation of Cu, Ni and PGE;
therefore, sulfide segregation is the main controlling factors
on metallogenesis of magmatic sulphide deposit. The
Qingkuangshan deposit is marked by relatively high PGE
grades was thought to have been formed by accumulation
of immiscible sulfide droplets from a large amount of
magma in a sill-like conduit.

According to the calculation of sulfide segregation
shown in Fig. 13, in the early stage of magma evolution,
about 0.014% sulfide melt removal from the PGE rich
primary magma would give rise to a moderately PGE
depleted magma. Subsequently, owing to the contamination
by crustal materials for moderately PGE depleted magma
(ranging from 3% to 12%), the sulfides segregated from the
moderately PGE depleted magma under R values ranging
from 1000 to 6000, and mixed with olivine and chromite in
the staging chamber to form mineral-laden mush. In a word,
the intrusion was formed by concentration of cumulate
minerals and segregated sulfides in magma conduit system.

7 Conclusions

(1) The major and trace elements variations of the
Qingkuangshan mafic-ultramafic rocks show that the
Qingkuangshan mafic-ultramafic rocks are products of
magmatic activity in the ELIP, and their evolutionary trend
is corresponding with Emeishan picrites; by estimating, the
primary magma is picritic, with degree of about 20%
mantle partial melting which is analogous to the source
mantle of OIB;

(2) The segregation model analysis indicates that the ore-
forming magma had undergone a small amount of
segregation sulfide lost (about 0.014%) in the early magma
evolution, which led to the formation of moderately PGE
depleted magma, subsequently, the moderately PGE
depleted magma underwent the further contamination and
further strong sulfide segregation, and then led to the
formation of sulfide ores with the character of moderate
PGE-depletion;

(3) The model calculation suggests that the ore sulfides
segregated from the moderately PGE depleted magma and
mixed with olivine and chromite in the staging chamber to

form mineral-laden mush, subsequently, the intrusion was
formed by concentration of cumulate minerals and
segregated sulfdes in magma conduit system.
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