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Abstract The Hetaoshu rich-PGE magmatic sulfide deposit is located in Xiaoguanhe area Huili County the ore-bearing lithofaciy
is a mafic-ultramafic intrusion which is one of the magma sulfide deposits rich in PGE content in the Emeishan Large Igneous Province
( ELIP) . This paper will provide a basic study on major elements trace elements and platinum-group elements for various rocks and
ores in the intrusion and we discussed the characteristic of magma source and parental magma the degree of partial melting of the
mantle and the process of rock-forming and ore-forming. The study show that the Hetaoshu mafic-ultramafic rocks are products of
tectonic-magmatic activity in the ELIP and belong to tholeiitic evolution trend which have the similar characteristics with Emeishan
basalts from the ratio of the trace elements. Primitive mantle-normalized patterns of Ni-Cu-PGE are similar with Jinbaoshan with the low
ratio of Pd/Ir (1.5 ~ 13.1) relative to the Ni and Cu PGE is undepletion relative to Os Ir Ru and Rh Pt and Pd are
enrichment. By estimating the parental magma was produced by fractional crystallization from picritic-like magmas generated by
relatively high degrees ( about 20. 17%) of partial melting of an OIB-type mantle source with the composition of 11.93% in MgO

49.88% in Si0, 2.61% in TiO, and 13.71% in FeO". In comparison with several types of Ni-CuPGE magmatic sulfide deposits
from the composition of PGE and sulfide segregation in the Xiaoguanhe area the enrichment of platinum group elements and low of Cu/
Pd of the Hetaoshu deposit is similar with Jinbaoshan this kind of characteristic indicated that the sulfide might segregate from the
PGE undepleted picriticdike magmas. By analysis of the mechanism of diagenesis and mineralization in the early stage of magmatic
evolution the accumulation of mafic minerals which represented as olivine ( about 12.7%) occurred after the picriticdike magmas
intruded deepdevel chamber and formed high-Mg basalt magma; affected by factors such as temperature reduction and crustal
contamination the partial residual high-Mg basaltic magma have undergone segregation ( R =2000 ~ 50000) when they flowed from
deep to high level chamber; then the sulfide melt mixed with olivine which form in magma conduit. Finally under the impacts of
tectonic compression the olivine-sulfide mixtures formed rich-PGE intrusion by accumulation in highJevel chamber its highly variable
R factor are corresponding with the wide range of PGE contents.

Key words Rich-PGE magmatic sulfide deposit; Mafic-ultramafic intrusion; Picriticlike magmas; PGE; Sulfide segregation;
Hetaoshu; Panxi area
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Fig. 1
the main magmatic deposits in the Xiaoguanhe region Panxi
area ( modified after Yao 1986)
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Fig.2  Simplified geological map and cross-section of the Hetaoshu rich-PGE magmatic sulfide deposit

(a) simplified geological map ( Zhang

1982); (b) 23* cross—section A-A’ . 1 -metamorphic rock series of the Hekou Group; 2-diorite; 3-—

metamorphic gabbroic diabase; 4-hornblende gabbro; S-hornblende pyroxenite; 6-olivine pyroxenite; 7-elinopyroxene wehrlite; 8-clinopyroxene

pyrolite; 9-quartzite Mélange; 10-ore body of Cu and Ni; 11-economical mineral resource of platinum orebody; 12-uneconomical mineral resource of

platinum orebody; 13-transitional geological boundary; 14-drill hole; 15-deduction fault; 16-geological boundary; 17-sectional line
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Table 1  Major oxide and sulfur contents of the Hetaoshu mafic-ultramafic rocks ( wt%)
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HT1 HT2 HT4 HT6 HT8 HT9 HTI0 HT11 HTI3 HT17 HTI8 HT20 HT21 HT22
Si0, 47.5 43.2  47.1 40.4 45,5 46.6 45.7 48.8 47.5 46.8 47.3 45.8 44.6 46.3
Al, Oy 4.78 2.22  4.32  2.21 1.98 3.25 2.03 2.03 1.53 1.52 2 2.3 2.22 4.78
FeO" 14.3 16.5 13.7 20.2 15 12.7 14.6 10.7 14.2 12.6 12.1 14 16.2 14.3
Ca0 12.2 11.4 12.3 11.9 12.7 14. 6 12.7 14. 8 11.9 13.1 13.3 12.8 12. 4 13.5
MgO 16. 1 19.7 18 16.8 22 17.1  21.9 18.7 21.1 22.5 21 21 22.6 16.2
Na, O 0. 65 1.01 0.48 0.4 0.51 0.89 0.78 0.65 0.58 0.52 0.99 0.8 0.66 0.52
K,0 0.14 0.24 0.15 0.13 0.15 0.27 0.17 0.15 0.2 0.16 0.13 0.17 0.2 0.16
TiO, 2.12 3.36 1.84 6.16 1.06 2.3 1. 11 1.22  1.05 0.91 1.21 1.44 1.26 2.41
MnO 0.22 0.24 0.21 0.24 0.22 0.22 0.2 0.18 0.2 0.18 0.18 0.2 0.21 0.21
P,0s 0.24  0.04 0.2 0.03 0.04 0.04 0.04 0.03 0.04 002 0.02 0.02 0.06 0.15
LOIT 0.29 0.58 0.41 0.6 0.65 0.68 0.7 1.33 0.79 0.13 0.69 0.71 0.38 0.1
Total 98.5 98.5 98.7 99.1 99.8 98.7 99.9 98.6 99.1 98.4 98.9 99.3 100.8 98.6
S 0.68 0.57 0.48 0.66 0.78 0.58 0.53 0.62 0.61 0.53 0.41 0.50 0.65 0.48
(Na,0 +K,0) /(Si0,-39) 0.09 0.30 0.08 0.38 0.10 0.15 0.14 0.08 0.09 0.09 0.13 0.15 0.15 0.09
Mg* 0.67 0.68 0.70 0.60 0.73 0.71 0.73 0.76 0.73 0.76 0.76 0.73 0.72 0.67
m/f 2.20 2.35 2.58 1.64 2.8 2.63 295 3.42 293 350 3.5 295 275 2.23
2 - ( x107%)
Table 2 Trace element concentrations ( x 10 °) and Eigen values of the Hetaoshu mafic-ultramafic rocks
HT1 HT2 HT4 HT6 HT8 HT9 HT10  HT11 HT13  HT17 HT18 HT20 HT21 HT22
Sc 47.4 49.0 46.5 56.0 45.7 59.1 38.5 50. 1 41.0 41.1 46. 1 51.6 38.8 52.4
A% 349 431 333 547 271 431 225 285 282 280 285 292 248 268
Cr 1950 2440 2450 1650 1930 2260 1610 2590 1820 2010 1910 1630 1400 582
Co 105 129 103 139 129 90 100 69 91 109 97 108 131 223
Ni 107 179 116 447 458 158 394 220 372 329 262 266 352 158
Cu 13.4 33.5 21.7 26.4 20.7 49.7 5.85 7.03 7.08 150 24.3 10.2 16.6 13. 1
Rb 20.9 3.70 17.6 1.05 3.77 4.57 3.83 1.28 1.54 1.53 1.02 1.29 2.50 16.3
Sr 319 110 322 87.7 119 133 119 78.7 80. 8 78.3 116 74.3 123 293
Y 20. 4 13.4 18.4 14.9 10. 4 16. 6 10. 4 11.3 10.5 8.18 10.3 13.2 9.82 17.1
Zr 135 79.2 116 86.5 60. 1 93.1 61.0 44. 4 43. 1 34.3 47.5 53.7 59.3 128
Nb 21.2 15.5 19.8 18.8 2.68 6.99 3.46 2.21 1.94 1. 14 0.90 2.42 4.21 22.2
Ba 221 32.8 172 23.4 26.8 40.5 33.7 26.8 23.5 12.5 10. 4 9.76 23.5 172
La 23.9 6. 89 23.8 7.92 7.18 8.58 8.93 7.36 6.58 5.01 6.29 5.50 6. 89 21.5
Ce 60. 2 21.6 56.3 21.4 20.9 26.8 25.9 22.9 20.6 16. 1 21.5 19.9 20.6 53.9
Pr 7. 64 3.45 7.12 3.86 3.14 4.27 3.89 3.70 3.45 2.61 3.51 3.41 3.17 7.05
Nd 32.2 17.1 29.7 19.0 15.0 20.3 17.7 17.8 16.6 12.9 17.2 17.5 15.1 29.8
Sm 6. 87 4.28 6.35 4.77 3.56 4.99 4.19 4.62 4.35 3.26 4.33 4. 65 3.73 6.38
Eu 1. 66 1. 14 1.72 1.28 0.98 1.31 1.18 1.19 1.09 0.90 1.21 1.20 1.07 1. 83
Gd 5.39 3.63 4.97 3.90 3.02 4.10 3.33 3.54 3.24 2. 65 3.34 3.80 2.92 5.03
Th 0.85 0.57 0.78 0.62 0.47 0. 69 0.53 0.59 0.54 0.42 0.54 0.62 0.49 0. 81
Dy 4.05 2.90 3.88 3.09 2.22 3.40 2.64 2.88 2. 66 2.07 2.57 3.03 2.36 3.95
Ho 0. 81 0.56 0.73 0.57 0.42 0. 66 0.49 0.54 0. 49 0.39 0.49 0. 60 0.43 0.75
Er 1.97 1.32 1. 87 1.37 1. 00 1.62 1.21 1.27 1.17 0.92 1.17 1. 40 1. 04 1.87
Tm 0.26 0.17 0.23 0.18 0.12 0.20 0.15 0.15 0.14 0.11 0.14 0.17 0.13 0.23
Yb 1.62 0.99 1.45 0.99 0.79 1.22 0.90 0.99 0.91 0. 68 0.83 1.05 0.76 1. 41
Lu 0.23 0.14 0.20 0.14 0.10 0.17 0.13 0.13 0.13 0.09 0.11 0.16 0.10 0.20
Hf 3.66 2.68 3.35 3.24 2.01 3.18 2.34 1.93 1.93 1.50 2.11 2.25 2.19 4.11
Ta 1.31 1.18 1.28 1.68 0.20 0. 61 0.29 0.18 0.16 0.10 0.10 0.23 0.32 1.52
Th 2.48 0. 49 1.75 0.18 0. 65 0.55 0.75 0.43 0.34 0.26 0.20 0. 20 0.43 2.44
U 0.67 0.15 0. 47 0. 06 0.16 0.17 0.21 0.17 0.11 0.09 0. 08 0.05 0.12 0. 60
Ti 12703 20167 11013 36947 6331 13794 6624 7338 6283 5443 7230 8603 7554 14442
> REE( Y) 147.6 64.7 139.1 69. 1 58.9 78.3 71.2 67.7 61.9 48. 1 63.2 63.0 58.8 134.7
SEu 0. 83 0. 88 0.94 0.90 0.92 0.89 0. 96 0.90 0. 89 0.93 0.97 0. 87 0.99 0.99
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2
Continued Table 2

HT1 HT2 HT4 HT6 HT8 HT9 HT10  HT11 HT13  HT17 HTI8 HT20 HT21 HT22
8Ce 1. 09 1.09 1. 06 0.95 1.08 1.09 1.08 1.08 1. 06 1.09 1.12 1.13 1. 08 1.07
(La/Yb) y 10. 6 5.00 11.8 5.74 6.53 5.04 7.13 5.35 5.16 5.32 5.43 3.76 6.49 10.9
(La/Sm) 2.25 1. 04 2.42 1.07 1.30 1.11 1.38 1.03 0.98 0.99 0.94 0.76 1. 19 2.18
(Ce/Yb) 10.3 6.07 10.8 6. 00 7.36 6. 10 8.01 6.44 6.26 6. 62 7.19 5.26 7.51 10. 6
(Gd/Yb) 2.75 3.04 2.83 3.26 3.17 2.78 3.07 2.96 2.93 3.24 3.33 2.99 3.17 2.95

3 - MgO-

2006; Ti Ti Xu et al. 2001

Fig.3 Diagram of MgO vs. major oxides of the Hetaoshu intrusion

Picrites data from Zhang et al. 2006; Emeishan high Ti and low Ti basalts data from Xu et al.

2001
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Fig.4 AFM diagram for the mafic-ultramafic rocks of the
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The shadow region is the evolution trends of Hawaii tholeiitic basalts
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Chondrite-normalized REE patterns and primitive

mantle-normalized trace element patterns for the Hetaoshu

mafic-ultramafic rocks

CI OIB MORB and primitive mantle values after Sun and

McDonough ( 1989)
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3 - . (x107%) ( x
107%) MgO/FeO
Table 3 Copper nickel ( x 107®) and PGE ( x 107°) <Ni
concentrations and eigenvalues of the Hetaoshu magmatic Fe-Mg
sulfide deposits Fe-Mg
HTI HT17 HT20 HT21 HT22 ( Thompson and Gibson 2000; Chai and Naldrett 1992;
Roder and Emslie 1970) ( 0.3~0.33 ) o
Ni 107 329 266 352 158 ( )
Os 0.07 1.6 0. 64 1.98 0.51
Ir 0. 06 0.58 0.28 1.6 0.62
Ru 0.29 0.79 0.59 1.01 0.34
Rh 0.01 0.18 0. 08 0.15 0.12
Pt 0.31 1.6 2.4 7.5 5.53 ( 7o
Pd 0.27 7.62 1.55 2.37 1.84 (2003) MgO/FeOt
Cu 13.4 150.0 10.2 16.6 13.1 Fo =82.5(
S I N N O B
v ‘ ' ‘ ‘ ‘ 0.87 Fo=82.5 MgO
Cu/Pd 49608 19691 6563 7011 7095
Pd/Ir 4.5 13.1 5.5 1.5 3.0
Pt/Pd 1.1 1.5 1.6 3.2 3.0 o
MgO 11.93%
Noril” sk( Ni/Cu =0.5 ~ 1. 06) Voisey (Ni/Cu=  gjo, 49.88% | FeO" 13.71%  Na,0 0.90% -
1.87) o Ni/Cu 2.9 Ca0 17.09% < TiO, 2.61% . Al 0O, 3.54%
Ni/Cu ( 1.03. Mg .
3.58; Zhueral. 2012; Taoet al. 2007 2008) 3 MgO/FeO" 0. 87
0 o MgO-
6 - 100% Ni.PGE.Cu
Cu-Ni.PGE  Barnes and Maier ( 1999) ; N Tao et al. (2007 2008) ; (2007) ; Song et al.

(2003 2008)

Fig.6  Primitive mantle-normalized patterns of Ni-Cu-PGE on a 100% sulfide basis of the Hetaoshu magmatic sulfide deposits

Cu Ni PGE of primitive mantle values after Barnes and Maier ( 1999) ; Jinbaoshan and Limahe data from Tao et al. (2007 2008) ; Zhubu data

from Zhu et al. (2007); Yangliuping data from Song et al. (2003 2008)
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Fig.7 Composition of the Hetaoshu intrusion magma ( whole rock average) and its component parts: olivines as well as remaining
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( unpublished)

Fo¥eO ( 8) Fo MgO
( 2003; 2007) o
MgO ( ) 16% ~ 21%
( Hirschmann and Ghiorso 1994; Norman and Garcia 1999;
Herzberg and O’ Hara 2002) o
(19860)
(1986) :

REEimelt - REEim(-k /( 1 _ f + ki()l—melt x f)

REE, ™' —

REE, ™ —

REEI Ol - melt l (
Bédard 1999)

f— o

MgO.FeO" (2002)
24%
4 o
5.2
5.2.1
( Naldrett
1999; Maier et al. 2002) .
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4
Table 4 Inversion of REE compositions for parental magma of Hetaoshu intrusion
(9 )
La Ce Pr Nd Sm Eu Gd
13.08 33.30 4.31 19. 85 4.74 1.27 3.78
Y I 0. 0003 0. 0003 0. 0003 0. 0002 0.00018 0. 0002 0. 00025
17.21 43. 80 5. 66 26. 11 6.23 1. 67 4.97
Th Dy Ho Er Tm Yb Lu
0.61 2.98 0.57 1.37 0.17 1.04 0.15
D ( / ) 0. 000475 0. 0007 0. 00122 0.00174 0. 00384 0. 00522 0. 00852
0. 80 3.92 0.74 1. 80 0.22 1.37 0.19
;9 Bedard 1999
5
Table 5 Estmating the degree of partial melting for the primary magma of the Hetaoshu intrusion
(9 )
©) La Ce Pr Nd Sm Eu
A / ) 0. 0003 0. 0003 0. 0003 0. 0002 0. 00018 0. 0002
15.02 38.24 4.94 22.80 5.44 1.46
b) 3.70 8.00 0.97 3.85 1. 00 0.30
(%) 24.63 20.92 19. 62 16. 89 18. 38 20. 59
29 Bedard 1999; b Arndt and Christensen 1992; Kl LREE LREE
- Sm/Yb ( Sm/Yb 12.7% »
=4.24 ~5.22) Sm/Yb =3.81 ~4.67( Zhu et al. O — i
2012) ; Sm/Yb =3.07 ~4.55( Tao et al. 2008) 5.
(
5) ( Arndt and Christensen
N . HREE 1992) 20. 17%
/ (Gd/ ( 4
Yb) ., (2.73 ~3.31) Pd/Ir  (Pd/Ir=1.5~13) (
o 2001) o
5.2.2
5.3
( F) ( CiS(lul’('é‘)
( Cimem) F = e j gjmaems ( Naldrett 1989)
( Xu et :
al. 2004 2007; Zhang et al. 2005; Zhou et al. 2006) Ni-Cu-PGE
PGE / 10* ~
o 10° Cu-Ni Raleigh cl=C
x F(-y (N i
( 1986) : D, / F
G =G =fo + k"™ % fo) . 0.01%
C;"— 90% PGE Ni  Cu
cM— PGE PGE
Jo— o ( Peach et al. 1990;
(2002) Bezmen et al. 1994; Fleet et al. 1996; 2009) .

Ir
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(2004) ; Tao et al. (2008) ; Zhu et al.
(2012)
Fig.9  Plots of trace elements on ( La/Sm) , vs. La
(Gd/Yb)  vs. Gd and Ti/Y vs. Ti

pm

Picrites data from Zhang e al. (2006) ; high Ti and low Ti data from
Xiao et al. (2004); Limahe data from Tao et al. (2008);
Qingkuangshan data from Zhu et al. (2012)

; Rh
; Pt
Pd Cu
( Capobianco et al. 1990 1994; Hill e
al.  2000; Puchtel and Humayun 2001; Ely and Neal 2002;
Righter et al. 2004) .
S

Ni.Ir  Rh Cu.Pt  Pd
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Ni.Cu Pd/Ir
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Pd /
Cu Pd
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Cu Pd Cu/Pd
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Pd Cu Cu/Pd o
11 Ir
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Pd/Ir
Pt Pd Ir Pd/Ir
IPGE  PPGE
(Tao et al. 2008; Zhu et al. 2012) ,
PGE Cu/Pd
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( Campbell and Naldrett 1979)
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10 Sm-Sm/Yb ( Aldanmaz et al. 2000)
Tao et al. (2008) ; Zhu et al. (2012)
Fig. 10  Plot of Sm-Sm/Yb showing melt curves in Qingkuangshan intrusion ( after Aldanmaz et al. 2000)
Limahe data from Tao ef al. (2008) ; Qingkuangshan data from Zhu et al. (2012)

11
Zhu et al. (2012); Tao et al. (2008)
Fig. 11  Diagrams of PGE against Ir and Cu/Pd versus Pd/Ir in sulfides of both sulfide-poor rocks and ores of the Hetaoshu
Qingkuangshan and Limahe intrusions

Qingkuangshan data from Zhu et al. (2012) ; Limahe data from Tao et al. (2008)

PGE o Keays ( 1995) .Rehkiimper et al.
( (1999) .Peach and Mathez ( 1996) Pd
Zhu et al. 2012; 2007) 4%x107° 250 x 10 ¢
20% Pd
5.4 20 x 1077,

N Pd 40x107°
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- ; Sun and McDonough ( 1989) ;
(2006) ; Zhu et al. (2012); Tao et al. (2008) ;
(1974 D)
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Zhang et al. (2005) ; Zhong et al.

601

Fig. 12 Pd vs. Cu/Pd diagram of typical Ni-CuPGE magmatic sulfide deposits of the Xiaoguanhe region Panxi area

Primitive mantle values after Sun and MacDonough ( 1989) ; Picrites data from Zhang et al. (2005) ; Emeishan basalt data from Zhong et al.
(2006) ; Limahe data from Tao et al. (2008) ; Qingkuagnshan data from Zhu et al. (2006)

Hamlyn et al. ( 1985)

( Boninites)

38 x107° 30 x 1077 .
Pd + Pt 4x10°° 1.6 x
10°° ( 1974; 601
1974) _
1% ( 1974;
601 1974)
Pd 22 x107°
( 20x107°%)
( )
( 2007 2008)
MgO (16.1% ~22.6% 1)
MgO
( 10% 8) .
( Wang et
al. 2010) ( Tao et al. 2015)
Ni-Cu-PGE .
@ 601 . 1974.

13
Fig. 13 The genetic pattern of the Hetaoshu rich-PGE
magmatic sulfide deposit

( 13): Ni-Cu-PGE
PGE

( 20.17%)

.3-12
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