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Abstract

The ~ 635 Ma Zhouan ultramafic intrusion on the northern margin of the Yangtze Block hosts Ni-Cu-
(PGE) sulfide mineralization and is mainly composed of lherzolite. The compositions of olivine, chromite and

pyroxene from a drill core cutting through the intrusion were documented to discuss the fractionation of magmas
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and the origin of the intrusion and related Ni-Cu-(PGE) sulfide mineralization. According to mineral assemblage
and degrees of alteration, the intrusion can be divided into three zones: the upper zone composed of chloritized-
serpentinized lherzolite, the middle zone composed mainly of fresh lherzolite and the lower zone composed of
chloritized-amphibolized lherzolite. Parental magma is estimated to have Mg” of 0.63 with MgO/FeO molar ra-
tio of 1.72 and contain 10.2% ~11.7% ALO; and 476 X 10 ® Ni on the basis of the compositions of olivine and
chromite of the middle zone, indicating that the parental magma is of high-Mg basaltic nature. Positive correla-
tion of Cr,O3 and Al,O;5 for primary chromite of the middle zone indicates that there was subsolidus equilibration
between chromite and interstitial liquid. High TiO, and Cr* values of chromite are consistent with the chromite
of layered intrusions formed in the extensional setting. Eutectic temperatures of clinopyroxene and orthopyrox-
ene in the upper and middle zone were 1 017 ~1 077°C on the basis of pyroxene thermometry and pressures were
(3.6—4.5) X 10® Pa on the basis of clinopyroxene geobarometry, indicating that the shallow magma chamber
from which the Zhouan intrusion formed was about ~12 km in depth. The forsterite (Fo) and Ni contents of
olivine of the upper and middle zones are 80 mol% ~85 mol% and 2 255X 10 °~4 455X 10 %, respectively,
indicating that olivine crystallized from magmas that might have not experienced intensive fractionation and sul-
fide segregation. Olivine of the lower zone has Fo values ranging from 67 mol% to 68 mol% and w (Ni) from
1 500%10 °to 2 000 % 10 %, much lower than Fo values of the olivine from the upper and middle zones, sug-
gesting the formation of the olivine from evolved magmas that may have undergone sulfide segregation. It is
therefore proposed that the Zhouan intrusion was formed by both evolved and less evolved magmas that emplaced
the shallow magma chamber in multiple replenishments.

Key words: geology, olivine, chromite, Ni-Cu-(PGE) sulfide mineralization, Zhouan ultramafic intrusion,
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Fig. 1

Distribution of Neoproterozoic mafic-ultramafic intrusions in Suizao basin on the northern margin of the Yangtze Block
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Fig. 2 A. A planar projection of the intrusion 220 m in depth. B. A profile of the intrusion along No. 20 prospecting line.
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Fig. 3 Photomicrographs of lherzolite from the Zhouan intrusion
A. Olivine (OD enclosed in orthopyroxene{Opx ) crossed nicols, sample ZA-29; B. Olivine enclosed in clinopyroxene ( Cpx? and orthopyroxene
(Opx)» crossed nicols, sample ZA-16; C. Rim of olivine altered into tale and interstitial pyroxene altered into chlorite (Chl) » crossed nicols, sam-
ple ZA-10: D. Clinopyroxene enclosed in orthopyroxenes crossed nicols, sample ZA-4: E. Euhedral chromite (Chr) enclosed in olivine and intersti-
tial pyroxene altered into chlorite; BSE images sample ZA-16: F. Anhedral chromite scattered in chloritized clinopyroxene, BSE images sample ZA-
16: G. Secondary magnetite (Mgt) rim of chromite, BSE image, sample ZA-10; H. Interstitial pyrrhotite (Po) and chromite; BSE image, sample
ZN-64
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1
Table 1 Composition of olivine of Zhouan intrusion
w B
x Fo %
SiO, TiO, ALOs Cr,05 FeO NiO MnO MgO CaO Na,O
ZA2-14 50 40.37 0.02 0.01 0.04 18.45 0.36 0.29 40.18 0.29 0.04 100.05 80
ZA2-14 51 39.15 0.08 0.01 0 17.59 0.38 0.16 41.93 0.62 0.01 99.93 81
ZA2-16 52 39.47 0.06 0.03 0.01 15.58 0.36 0.17 42.36 0.12 0.02 98.18 83
ZA2-16 53 38.98 0.02 0.02 0.04 17.74 0.29 0.20 42.37 0.09 0.07 99.82 81
ZA2-17 54 38.78 0.08 0.03 0.06 18.51 0.35 0.21 41.80 0.13 0 99.95 80
ZA2-17 55 38.62 0.01 0.02 0.05 16.78 0.43 0.17 42.32 0.13 0.03 98.56 82
ZA2-18 56 39.03 0.03 0.06 0 22.19 0.37 0.31 35.75 1.56 0 99.30 74
ZA2-18 57 38.61 0 0.01 0.02 18.87 0.39 0.21 41.11 0.08 0 99.30 80
ZA2-19 58 39.05 0.03 0.01 0 17.16 0.45 0.26 42.60 0.10 0.02 99.68 82
ZA2-19 59 38.48 0.08 0.03 0.03 21.72 0.40 0.31 39.02 0.13 0.05 100.25 76
ZA2-20 60 38.70 0.03 0.13 0.25 18.91 0.51 0.28 39.12 1.64 0.04 99.61 79
ZA2-20 61 39.71 0 0.13 0.01 14.79 0.42 0.19 43.39 0.41 0 99.05 84
ZA-4 1 39.08 0 0.03 0 16.54 0.49 0.16 43.73 0.07 0.02 100.12 82
ZA-4 2 39.38 0.02 0.01 0 15.62 0.43 0.24 43.98 0.10 0.02 99.80 83
ZA-4 3 39.26 0 0.05 0.01 16.17 0.45 0.19 44.35 0.02 0.01 100.51 83
ZA-4 4 39.08 0.04 0.01 0.01 16.42 0.39 0.15 43.76 0.02 0.01 99.89 83
ZA-4 5 40.34 0.03 0.03 0 16.97 0.46 0.13 42.42 0.12 0.02 100.52 82
ZA-10 6 38.61 0 0.01 0 18.64 0.41 0.11 42.23 0.04 0.04 100.09 80
ZA-10 7 39.09 0 0.02 0 18.57 0.47 0.15 42.00 0.32 0.07 100.69 80
ZA-10 8 38.73 0 0.06 0 18.11 0.51 0.20 42.38 0.00 0.11 100. 10 81
ZA-10 9 31.86 0.02 0.03 0 18.67 0.43 0.19 41.95 0.18 0.02 93.35 80
ZA-16 10 38.87 0.04 0.01 0.01 15.80 0.50 0.15 44.80 0.07 0.05 100.30 83
ZA-16 11 38.81 0.06 0.02 0.02 16.55 0.49 0.12 44.03 0.10 0.05 100.25 83
ZA-16 12 39.08 0.04 0.01 0 17.11 0.48 0.16 43.55 0.13 0.05 100.61 82
ZA-16 13 39.40 0 0.03 0.01 16.01 0.42 0.13 44.07 0.14 0.04 100.25 83
ZA-22 14 40.19 0 0.01 0.02 14.97 0.40 0.17 43.98 0.15 0.05 99.94 84
ZA-22 15 40.50 0.03 0.01 0.04 14.96 0.42 0.13 44.56 0.04 0.08 100.77 84
ZA-22 16 39.36 0 0.01 0 15.19 0.54 0.13 45.00 0.10 0.01 100. 34 84
ZA-22 17 40.21 0 0.04 0 16.21 0.46 0.13 43.50 0.18 0.09 100. 82 83
ZA-22 18 39.23 0 0 0.02 15.68 0.50 0.13 45.18 0.13 0.05 100.92 84
ZA-29 19 40.09 0.04 0.01 0.04 15.39 0.47 0.15 43.97 0.06 0.01 100.23 84
ZA-29 20 39.25 0 0.02 0.01 14.87 0.52 0.14 44.92 0.25 0.01 99.99 84
7ZA-29 21 40.19 0 0.07 0 15.30 0.50 0.16 44.34 0.17 0.06 100.79 84
ZA-29 22 39.99 0 0.04 0.01 14.79 0.44 0.18 44.65 0.13 0.03 100.26 84
ZA-29 23 39.17 0 0.02 0.03 15.04 0.45 0.13 44.02 0.22 0.06 99.14 84
ZA-36 24 39.53 0.03 0.02 0.02 15.88 0.47 0.15 43.98 0.10 0.03 100.21 83
ZA-36 25 40.20 0.01 0.02 0.07 15.56 0.46 0.13 43.50 0.33 0.04 100. 32 83
7ZA-36 26 40.51 0 0.01 0 15.25 0.52 0.15 43.95 0.12 0.08 100.59 84
ZA-36 27 40.17 0.05 0.03 0.05 15.51 0.36 0.15 44.07 0.11 0.02 100.52 84
ZA-36 28 39.75 0.01 0.01 0.05 14.18 0.43 0.15 44.86 0.22 0.02 99.68 85
ZA-42 29 38.87 0 0.04 0 14.85 0.57 0.14 45.27 0.22 0.03 99.99 84
ZA-42 30 38.80 0.03 0 0.01 18.29 0.42 0.12 42.22 0.14 0.23 100.26 80
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1
Cont. Table 1
w B %
x Fo %
SiO, TiO, AlLOs Cry,04 FeO NiO MnO MgO CaO Na,O
ZA-42 31 39.23 0 0.02 0.04 15.58 0.41 0.15 44.61 0.21 0.05 100. 30 84
7ZA-42 32 39.14 0 0.04 0 14.59 0.41 0.14 45.17 0.21 0.08 99.78 85
ZA-42 33 39.33 0 0.05 0.05 14.12 0.44 0.11 45.89 0.08 0.06 100.13 85
ZA-46 34 39.22 0.07 0.04 0.01 16.84 0.42 0.18 43.67 0.10 0.04 100.59 82
ZA-46 35 39.95 0.02 0.01 0.05 16.30 0.47 0.13 43.32 0.20 0.05 100.5 83
ZA-46 36 39.47 0.03 0.01 0.01 15.31 0.44 0.18 44.40 0.13 0.05 100.03 84
ZA-46 37 39.49 0 0.02 0.02 15.65 0.52 0.16 43.65 0.12 0.05 99.68 83
ZA-53 38 39.15 0 0.02 0 17.54 0.45 0.19 42.97 0.15 0.05 100.52 81
ZA-53 39 39.12 0 0.03 0 17.15 0.45 0.17 43.83 0.07 0.05 100.87 82
ZA-53 40 39.43 0.09 0.03 0 15.22 0.42 0.17 44.31 0.19 0.08 99.94 84
ZA-53 41 39.28 0.01 0.04 0.05 15.49 0.42 0.17 44.42 0.24 0.10 100.22 84
ZA-58 42 40.66 0 0.02 0.04 14.73 0.46 0.10 44 .24 0.14 0.06 100.45 84
ZA-58 43 39.59 0 0.05 0.03 15.42 0.45 0.13 44.75 0.13 0.03 100.58 84
ZA-58 44 39.80 0.04 0.02 0.05 15.50 0.49 0.17 43.76 0.14 0.04 100.01 83
ZA-58 45 40.20 0.01 0.02 0.02 13.54 0.46 0.16 44 .64 0.60 0.06 99.71 85
ZA-64 46 36.77 0.05 0 0 28.51 0.25 0.39 34.55 0 0.03 100.55 68
ZA-64 47 37.48 0.04 0 0 28.54 0.20 0.40 32.83 0 0.09 99.58 67
7ZA-64 48 36.76 0 0.03 0.01 29.55 0.22 0.41 33.21 0 0.14 100.33 67
ZA-64 49 36.64 0 0 0.04 29.18 0.23 0.39 33.53 0.01 0.39 100.41 67
x Fo 100 Mg Mg+ Fé*’
4.2 w FeO, 60.8% ~ 74.6% 5A~C 2
w TiO, 1.6%~1.9% 5D Mg” 2~
3 Cr? 96~99 6
w ALO; 9.6% ~15.0% w CrO; 30.2% ~
41.5% w MgO 2.1% ~4.2% w FeO, 4.3
39.6% ~50.7% 5A~C 2 Mg® 100
Mg Mg+ Fe*? 11~21 ¢ 100 Cr Cr+
Al 64~70 6 2 w MgO  17.2%~20.0% w CaO  12.4%
w ALO; 0.4 ~35.3% ~21.9% w FeO  5.1% ~6.2% w ALO;
w Cr0; 24.3~39.1% w MgO 0.4~1.9% 0.5%~6.8% 3
w FeO, 55.2% ~76.7% 5A~C En =48% ~55% Fs =
2 Mg” 2—9 (CrF 81—99 6 2 8% ~11% Wo =27% ~43%
w TiO, 1.0% ~
2.0% w MgO 29.4% ~ 30.6%
w TiO, 82% 5D w CaO 1.8% ~2.3% w FeO 9.2% ~
10.3% w ALO; 1.2%~2.1% 3
w ALO; 0.2% ~1.0% w Cr,O; 23.3% En=80% ~82% Fs=14% ~16% Wo
~35.9% w MgO 0.4% ~ 0.6% =39% ~4%
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3 wB %
Table 3 Composition of clinopyroxene Cpx and orthopyroxene Opx of Zhouan intrusion w B %
Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Opx Opx
ZA-4 ZA-10 ZA-16 ZA-36 ZA-42 ZA-42 ZA-53 ZA-42 ZA-42 ZA-4 ZA-10
SiO, 51.12 53.32 53.70 51.28 51.08 53.01 50.95 50.51 57.48 55.43 55.67
TiO, 0.45 0.39 0.43 0.52 1.22 0.52 1.04 0.49 0.05 0.34 0.25
ALO; 2.80 2.11 1.83 2.90 2.06 2.14 2.80 6.81 0.48 1.77 1.62
FeO 5.46 5.43 6.07 5.10 5.48 5.09 5.43 6.20 4.62 10.31 9.35
MnO 0.15 0.12 0.07 0.05 0.12 0.12 0.07 0.07 0.11 0.18 0.14
MgO 17.32 18.63 19.97 17.56 17.16 18.17 17.16 18.25 21.59 29.41 29.95
CaO 21.15 19.47 17.88 21.55 21.91 20.42 21.71 12.99 12.35 2.13 2.25
KO 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.06 0.09 0.01 0.03
Na,O 0.27 0.25 0.22 0.27 0.39 0.23 0.27 2.56 0.70 0.05 0.10
NiO 0.03 0.06 0.03 0.08 0.04 0.10 0.11 0.03 0.10 0.04 0.11
CrO;3 0.89 0.56 0.47 0.72 0.38 0.53 0.66 0.00 0.03 0.34 0.38
99.64 100. 36 100. 67 100.03 99.85 100.33 100.20 97.97 97.60 100.01 99.85
En mol% 49 52 55 49 48 51 48 59 65 80 81
Fs mol% 9 10 8 9 8 9 11 8 16 14
Wo mol% 43 39 35 43 44 41 44 30 27 4 4
Opx Opx Opx Opx Opx Opx Opx Opx Opx Opx Opx
ZA-16 ZA-22 ZA-22 ZA-29 7ZA-29 ZA-36 ZA-46 ZA-46 ZA-53 ZA-58 ZA-58
SiO, 55.94 55.67 55.25 56.11 55.94 54.89 56.20 56.62 56.18 55.96 56.08
TiO, 0.38 0.38 0.71 0.43 0.25 0.59 0.59 0.55 0.42 0.55 0.43
ALO; 1.55 1.52 1.39 1.59 1.43 0.92 1.16 0.99 1.57 1.34 1.49
FeO 9.53 9.46 9.97 9.36 9.84 9.97 9.84 9.83 9.23 9.45 9.43
MnO 0.16 0.17 0.14 0.11 0.14 0.20 0.16 0.13 0.14 0.14 0.17
MgO 30.04 30.07 29.96 30.12 30.06 31.03 30.58 30.61 30.30 30.61 30.34
CaO 2.18 2.13 1.78 2.21 2:18 1.82 1.86 1.77 2.21 2.10 2.24
K,O 0.00 0.01 0.02 0.02 0.02 0.00 0.00 0.03 0.02 0.02 0.01
Na,O 0.07 0.10 0.22 0.04 0.09 0.08 0.07 0.09 0.12 0.04 0.00
NiO 0.10 0.19 0.12 0.09 0.11 0.12 0.13 0.13 0.12 0.13 0.15
Cn05 0.35 0.34 0.27 0.35 0.31 0.16 0.24 0.09 0.43 0.35 0.28
100. 30 100. 04 99.83 100.43 100. 37 99.78 100.83 100. 84 100.74 100. 69 100. 62
En mol% 81 81 81 81 81 82 82 82 82 82 81
Fs mol % 15 15 15 14 15 15 15 15 14 14 14
Wo mol% 4 4 3 4 4 3 4 3 4 4 4
- MgO FeO MgO = 3.3 Roeder et al.
1970 Fo Fo
Fo =85 mol%
Fo 17 mol% FeO MgO 0.18
FeO MgO
FeO MgO 0.59
Fo Mg* 0.63 Mg* Sun
Fe Fo et al. 1991
Ni Raleigh
5.2
Cp. = CoF P! 1
Cp Ni
Mg Fe Kp= FO Co Ni F



191

31 2
100 R w AbOs
ﬂiﬁgﬁ%\m \ w ALO;  10.2% —
ﬁ)llﬁﬁs 11.7% Sun et al.
1991
80 I
60 | B
_ Brey et al. 1990
i 1017 ~1 077C
Q
= Nimis 1995 Nimis et al;, 1998
S . 8
w0l 3.6 ~4.5 X10° Pa 12
km
5.3
20 |
= INEFNS
: Li et al. 2004
o TR B B UL B B TS Ni
0 AR Mg Fe Fe
100 80 60 40 20 0 Mg
lOOMg/(Mg+F62+) FeO Mgo Ni
6 Mg® -Cr¥ Wang et al. 2005 Ni  MgO
Fig. 6 Mg™ versus Cr™ of chromite | reference
fields after Wang et al. 2005
Ni Peach et al. 1993
D Liet al. 2003
Ni
Dy = -0.618xI £— +920 Ni
* 50, Lietal. 2001
—4.02 2 Ni Li et al.
T x x =Two 2002
TXro TXco TX ot Tao+Tno Lietal. 2010
w Ni 47610 °
Lietal. 2003 Barnes 1986
w ALO; Fo
13.3% Ni 7
w A1203 9.6%

Al

Maurel et al. 1982
w AlLOs =0.035%w ALO; **

2%



192 2012
5000 Nadrett
4500 - BRI T s Mg'=0.63 1999 39,
w(Ni) =476%10"
4000 - - o
L 3500 1% '\@ ®e
_,::‘ 3000 | w‘ @“g.\ & ® Voisey' Bay
% 2500 | ¢ \.\Oﬁ.%uo Ni-Cu Li
2000 L ¢ R 2 1999 Voisey’ Bay Fo
1500 | 20 e Ni
1000 |
500 L
. VEAT T IR AT A S 5 4
90 85 80 75 70 65 6
x (Fo) /%
7 Fo Ni
Fig. 7 Forsterite content Fo versus Ni content Roeder et al. « 11985
of olivine TiO,
Ni sD Crf 64~170
Mg®  11~21
Fo Ni 6
Fo Ni
Ni
Li et al. 2007
Ni Fo w Ni
1500<10°°~2000x10"°
3H
Fo
Ni
- AFC
Fo
NiO FeO
Ni
NiO FeO
Li et al. 1999 2007
Fo
6

Ni



31 2

193

0.63 w ALO; 10.2% —11.7%
3
Fo 80 mol% ~ 85 mol%
w Ni 2255X10 ©~4455x10 °
Fo 67
1 500X 10 °~2 000 X

mol % ~ 68 mol %

10°°

w Ni

References

. 2007.
U-Pb
] 81 620-625.
. 2009.
J. 44 1  231-244.

. 2006.

ELA-ICPMS
22 2 387-39.

U-Pb ]

. 2008.
D .

. 2009. -

25 11 2769-2775.

. 2006. -

J. 26 3
. 2011. -
SHRIMP U-Pb
1116-1130.
. 2002. M .

31-37.

J . 27 4

. 7-16.

Barnes S J. 1986. The effect of trapped liquid crystallization on cumulus
mineral compositions in layered intrusions ] . Contributions to
Mineralogy and Petrology 93 524-531.

Barnes S ] and Tang Z L. 1999. Chrome spinels from the Jinchuan Ni-
Cu sulfide deposit Gansu Province People’ s Republic of China J .
Econ. Geol. 94 343-356.

Barnes S J and Kunilov VY. 2000. ' Spinels and Mg-ilmenites from the
Noril' sk and Talnakh intrusion and other mafic rocks of the Siberian
flood basalt province J . Econ. Geol. 95 1701-1717.

Barnes S J and Roeder P L. 2001. The range of spinel compositions in
terrestrial mafic and ultramafic rock J . Journal of Petrology 42
2279-2302.

Bliss N W and Maclean W H. 1975. The paragenesis of zoned chromian
spinel from central Manitoba J . Geochimica et Cosmochimica
Acta. 39 973-990.

Brey G P and Kéhler T. 1990. Geothermobarometry in Four-phase
Lherzolites Il . New Thermobarometers and Practical Assessment
of Existing Thermobarometers J . Journal of Petrology 31 1353-
1378.

Dick H J B and Bullen T. 1984. Chromian spinel as a petrogenetic indi-
cator in abyssal and alpine-type peridotites and spatially associated
lavas J . Contrib. Mineral. Petrol. 86 54-76.

Gaul OF Griffin WL O Reilly SY and Pearson N J. 2000. Mapping
olivine composition in the lithospheric mantle J . Earth and Plane-
tary Science Letters 182 223-235.

Irvine T N. 1967. Chromian spinel as a petrogenetic indicator part 2.
Petrology applications ] . Canadian Journal of Earth Sciences 4
71-103.

Kamenetsky V'S Elburg M Arculus R and Thomas R. 2006. Mag-
matic origin of low-Ca olivine in subduction-related magma Co-exis-
tence of contrasting magmas ] . Chemical Geology 233 346-
357.

Li C S and Naldrett A J. 1999. Geology and petrology of the Voisey' s
Bay intrusion Reaction of olivine with sulfide and silicate liquids

J . Lithos. 47 1-31.

LiCS Maier W D and de Waal S A. 2001. Magmatic Ni-Cu versus
PGE deposits Contrasting genetic controls and explotation implica-
tions J . South African Journal of Geology 104 309-318.

LiCS Ripley EM Maier W D and Gomwe T E S. 2002. Olivine and

sulfur isotopic compositions of the Uitkomst Ni-Cu sulfide ore-bear-



194

2012

ing complex South Africa Evidence for sulfur contamination and
multiple magma emplacements J . Chemical Geology 188 149-
159.

Li CS Ripley E M and Mathez E A. 2003. The effect of S on the par-
titioning of Ni between olivine and silicate melt in MORB ] .
Chemical Geology 201 295-306.

LiCS XuZH de Waal SA Ripley E M and Maier W D. 2004.
Compositional variations of olivine from the Jinchuan Ni-Cu sulfide
deposit west China Implications for ore genesis J . Mineralium
Deposita 39 159-172.

Li CS Naldrett A J and Ripley E M. 2007. Controls on the Fo and Ni
contents of olivine in Sulfide-bearing Mafic ultramafic intrusions
Principles Modeling and Examples from Voisey’ s Bay J . Eatrh
Science Frontiers 14 5 177-185.

Li CS and Ripley E M. 2010. The relative effects of composition and
temperature on olivine-liquid Ni partitioning Statistical deconvolu-
tion and implications for petrologic modeling J . Chemical Geology
275 99-104.

LiipoJ Vuwollo] Nykanen V  Piirainen T Pekkarinen L. and Tuokko
I. 1995. Chromites from the early Proterozoic Outokumpu-Jormua
ophiolite belt A comparison with chromites from Mesozoic ophiolite

J . Lithos 36 15-27.

LiuXM GaoS Diwu CR and Ling W L. 2008. Precambrian crustal
growth of Yangtze Craton as revealed by detrital zircon studies -J. .
American Journal of Sciences 308 421-468.

Maurel C and Maurel P. 1982. Etude expérimentale de la distribution de
I' aluminum entre bain silicaté basique et spinelle chromifére. Impli-
cations pétrogénétiques Teneur en chrome des spinelle J . Bull.
Mineral. 105 197-202

Naldrett A J. 1999. World class Ni-Cu-PGE deposits  key factor in their
genesis J . Mineralium Deposita 34 227-240.

Nimis P. 1995. A clinopyroxene geobarometer for basaltic systems based
on crystal-structure modeling '] . Contributions to Mineralogy and
Petrology 121 115-125.

Nimis P and Ulmer P. 1998. Clinopyroxene geobarometry of magmatic
rocks Part 1 An expanded structural geobarometer for anhydrous

Contributions to

and hydrous basic and ultrabasic systems ] .

Mineralogy and Petrology 133 314-327.

Peach C L and Mathez E A. 1993. Sulfide melt-silicate melt distribution
coefficients for nickel and iron and implications for the distribution
of other chalcophile elements J . Geochimica et Cosmochimica
Acta 57 3013-3021.

Ringwood A E. 1962. A model for the Upper Mantle J . Journal of
Geophysical Research 67 2 857-867.

Roeder P L and Emslie R F. 1970. Olivine-liquid equilibrium J . Con-
tributions to Mineralogy and Petrology 29 275-289.

Roeder P L and Campbell I H. 1985. The effect of postcumulus reaction
on compositions of chrome-spinels from the Jinberlana Intrusion J .
Journal of Petrology 26 3  763-786.

Simkin T and Smith J V. 1970. Minor-element distribution in olivine

304-325.

Sun S S Wallace D A Hoatson D M Glikson A Y and Keays R R.

J . The Journal of Geology 78 3

1991. Use of geochemistry as a guide to platinum group element po-

tential of mafic-ultramafic rocks Examples from the west Pilbara

Block and Halls Creek Mobile Zone Western Australia J . Pre-
cambrian Research 50 1-35.

Wang Y Zhou M F and Zhao D G. 2005. Mineral chemistry of
chromite from the Permian Jinbaoshan Pt-Pd-sulfide-bearing ultra-
mafic intrusion in SW China with petrogenetic implications J .
Lithos 83 47-66.

Zhao ] H and Zhou M F. 2009. Secular evolution of the Neoproterozoic
lithospheric mantle underneath the northern margin of the Yangtze
Block South China J . Lithos 107 152-168.

Zhao ] H Zhou M F and Zheng J P. 2010. Metasomatic mantle source
and crustal contamination for the formation of the Neoproterozoic
mafic dike swarms in the northern Yangtze Block South China J .
Lithos 115 177-189.

Zhou M F  Lightfoot PC Keays RR Moore M L and Morrison G G.
1997. Petrogenetic significance of chromian spinels from the Sud-
bury Igneous Complex Ontario Canada ] . Canadian Journal of

1405-1419.
Zhou M F Kennedy A K Sun M Malpas ] and Lesher C M. 2002.

Earth Sciences 34

Neo-proterozoic arc-related mafic intrusions in the northern margin
of South China Implications for accretion of Rodina J . Journal of

Geology 110 611-618.





