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and the origin of the intrusion and related N+ Cu-( PGE) sulfide mineralization. A ccording 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 r&
tio of 1. 72 and contain 10. 2%~ 11.7% ALOs and 476x 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 Cr203 and Al203 for primary chromite of the middle zone indicates that there was subsolidus equilibration
between chromite and interstitial liquid. High T i02 and Cr" values of chromite are consistent with the chromite
of layered intrusions formed in the extensional setting. Eutectic temperatures of clinopyroxene and orthopy rox
ene in the upper and middle zone were 1 017~ 1 077 C on the basis of pyroxene thermometry and pressures w ere
(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. T he forsterite ( Fo) and Ni contents of
olivine of the upper and middle zones are 80 mol% ~ 85 mol% and 2 255 x 10” °~ 4 455 x 10" °, respectively,
indicating that olivine crystallized from magmas that might have not experienced intensive fractionation and sut
fide segregation. Olivine of the lower zone has Fo values ranging from 67 mol% to 68 mol% and w ( Ni) from
1500% 10" ®to 2 000x 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 m agmas that emplaced
the shallow magma chamber in multiple replenishments.

Key words: geology, olivine, chromite, N+ Cu-(PGE) sulfide mineralization, Zhouan ultramafic intrusion,

northern margin of the Yangtze Block
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Fig. 1 Distribution of Neoproterozoic mafie 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.
C. A column of borehole ZK2008 and sampling location (A and B after Wang et al., 2006)
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Fig. 3 Photomicrographs of lherzolite from the Zhouan intrusion
A. Olivine (Ol) 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 talc and interstitial pyroxene altered into chlorite (Chl) , crossed nicols, sam-
ple ZA-10; D. Clinopyroxene enclosed in orthopyroxene, crossed nicols, sample ZA-4; E. Euhedral chromite (Chr) enclosed in ol wine and interst+
tial pyroxene altered into chlorite, BSE image, sample ZA-16; F. Anhedral chromite scattered in chloritized clinopyroxene, BSE image, sample ZA-
16; G. Secondary magnetite (Mgt) rim of chromite, BSE image, sample ZA-10; H. Interstitial pyrrhotite (Po) and chromie, BSE image, sample
ZA-64
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Fig. 4 Fo value (left) and w (Ni) (right) variation of olivine along the profile of borehole ZK2008
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1
Table 1 Composition of olivine of Zhouan intrusion
w(B)/ %
x(Fo)/%
Si0, TO, Al,O;  Cr)04 FeO NiO MnO MgO Ca0 Na0

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

A4 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
A 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
7ZA-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
7ZA 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
7ZA-29 20 39.25 0 0.02 0.01 14. 87 0.52 0. 14 44.92 0.25 0.01 99.99 84
ZA 29 21 40. 19 0 0.07 0 15.30 0.50 0.16 44.34 0.17 0. 06 100. 79 84
7ZA 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
7ZA 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
ZA- 36 26 40. 51 0 0.01 0 15.25 0.52 0.15 43.95 0.12 0.08 100. 59 84
7ZA-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
7ZA- 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
A 42 29 38. 87 0 0. 04 0 14.85 0.57 0. 14 45.27 0.22 0.03 99.99 84
7ZA- 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)/%
Si0, TO, Al,O;  Cr)04 FeO NiO MnO MgO Ca0 Na0
A 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
A 42 33 39.33 0 0.05 0. 05 14. 12 0.44 0.11 45. 89 0. 08 0. 06 100. 13 85
7ZA- 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
7ZA- 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
A 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
7ZA- 46 37 39.49 0 0.02 0.02 15. 65 0.52 0.16 43. 65 0.12 0.05 99. 68 83
7ZA-53 38 39. 15 0 0.02 0 17.54 0.45 0. 19 42.97 0.15 0.05 100. 52 81
7A- 53 39 39.12 0 0.03 0 17. 15 0.45 0.17 43.83 0.07 0.05 100. 87 82
7ZA-53 40 39.43 0.09 0.03 0 15.22 0.42 0.17 44. 31 0.19 0.08 99. 94 84
7ZA-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
7ZA- 58 42 40. 66 0 0.02 0.04 14.73 0. 46 0.10 44.24 0.14 0. 06 100. 45 84
7ZA- 58 43 39.59 0 0.05 0.03 15.42 0.45 0.13 44.75 0.13 0.03 100. 58 84
7ZA- 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
7ZA- 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
7A- 64 46 36.77 0. 05 0 0 28.51 0.25 0.39 34.55 0 0.03 100. 55 68
7ZA 64 47 37.48 0.04 0 0 28.54 0.20 0.40 32.83 0 0.09 99. 58 67
7A- 64 48 36.76 0 0.03 0.01 29.55 0.22 0.41 33.21 0 0.14 100. 33 67
7A- 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) 100Mg/(Mg+ Fe**)
4.2 w(FeO) (60.8% ~ 74.6%)( 5A~ C,  2),
w( Ti0y) 1.6%~ 1.9%( 5D),Mg* 2~
3, Crf 9%~ 99( 6, 2)
w (A1,03) (9. 6% ~ 15.0%) w (Cr203) (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+ F*) ) 11~ 21, ¢* (100 G/ (Cr+ ,
ADJ) 64~70( 6, 2); w(MgO)  17.2% ~ 20. 0%, w (Ca0Q)  12.4%

w (ALO3) (0.4~ 5.3%),
w (Cra03) (24. 3~ 39.1%) w (MgO) (0.4~ 1.9%)

w (FeO,) (55.2% ~ 76.7%) ( SA~ C,
2), Mg’ 2~ 9,Cr 81~99( 6, 2
w ( Ti02) 1. 0%~
2. 0%, ,
w (Ti02) 8.2%( 5D)

w (Al203) (0. 2%~ 1.0%) w (Cr203) (23.3%
~ 35.9%), w (MgO) (0.4% ~ 0.6%)

~ 21.9%, w ( FeO)
0.5% ~ 6.8%( 3)

: En( )= 48% ~ 55%, Fs( )=
8%~ 11% , Wo( )= 27% ~ 43%,

5.1% ~ 6.2%, w( ALO3)

w (MgO)  29.4% ~ 30. 6%,
w(Ca0)  1.8% ~ 2.3%, w (FeO)  9.2% ~
10.3%, w (ALO3)  1.2%~ 2.1%( 3)

. En= 80% ~ 82%, Fs= 14% ~ 16%, Wo
= 3%~ 4%,
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Cr203 A1203
51 (Roeder et al. , 1985) ,
) (Bliss et al., 1975),
F62+ Fe3+
Cr3+ A13+
Fo 74 mol% ~ 85 mol% , , Crn03  AlLOs
80 mol% ~ 82 mol% ( ,
1), (Li ALO; ( 5A~ Q)
et al., 2007) , ,
’ FO
’ 67 mol% ~ 68 mol% ,
Fo 17 mol%
’ FO
Fe Fo (Li et
ALO3 ( 5A), al., 2004)
(Bliss et al., 1975), , ,
Fo

Cr203

8 mol% (Liet al., 2004)
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3 Cw(B) /%]
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 ZA16 ZA-36 ZA-42 ZA-42 ZA-53 ZA-42 ZA-42 ZA-4 ZA-10
Si0, 51.12 53.32 53.70 51.28 51.08 53.01 50. 95 50.51 57.48 55.43 55.67
Ti0, 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
K,0 0.00 0.02 0. 00 0.00 0.01 0. 00 0. 00 0. 06 0.09 0.01 0.03
NasO 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
Cry03 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 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 7A-22 7ZA-29 7ZA-29 7ZA-36 ZA-46 7A-46 7ZA-53 ZA-58 ZA-58

Si0, 55.94 55.67 55.25 56.11 55.94 54. 89 56.20 56. 62 56. 18 55.96 56. 08
Ti0, 0.38 0.38 0.71 0.43 0.25 0.59 0.59 0.55 0.42 0.55 0.43
AlLO3 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»0 0. 00 0.01 0.02 0.02 0.02 0. 00 0.00 0.03 0.02 0.02 0.01
NayO 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
Cry05 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
- Mg0O) /(FeO/MgO) = 3.3 (Roeder et al.,
, 1970) Fo (Fo
Fo = 85 mol%)
Fo 17 mol% , FeO/MgO (0. 18)
FeO/MgO ,
, s FeO/MgO 0.59,
Fo , Mg* 0. 63, Mg* (Sun
Fe , Fo et al., 1991)
Ni ( Raleigh)
5.2 :
b1
Ci= CoF' ™" (1
CL Ni s

Me-Fe , Kp= (FeO/  Co Ni , F
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100 , w(Al03)
hesRkE, /R B
R \ w (ALO3)  10.2% ~
R, , 1.7% (Sun et al.,
Tt~ 1991)
80 b
60 | -
- (Brey et al., 1990),
: 1017~ 1 077C
= ( Nimis, 1995; Nimis et al., 1998)
= ol (3.6~ 4.5) x 10° Pa, 12
km s
5.3
20 b
; (Liet al., 2004) ,
o 5 B Bk UL B 6 2 » Ni
8 AR Mg Fe ,Fe
100 80 60 40 20 0 Mg ,
100Mg/(Mg+Fe’+) 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) , s
Ni (Peach et al., 1993)
. D (Liet al , 2003),
, Ni )
Dy ' = - 0.618x In[ *—]+ 92%) Ni ;
2 (Liet al., 2001) \
- 4.02 (2) Ni (Liet al.,
T , X , X =X w0 2002)
+ Xr0t+ X ot X mot X cot X no ( Liet al., 2010) .
/ )
w(Ni) 476x10°
(Liet al., 2003; Barnes, 1986)
N w (A1203) Fo
13. 3%, Ni (7.
,  w(AlRO3)  9.6%
Al 20

?

(Maurel et al. , 1982) :
w(ALQO3) = 0.035% w (Al203)

2.42
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