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Abstract

The Hongtoushan Archean Cu-Zn Massive Sulfide Deposit (MSD), which was metamorphosed (3.0~2.8
Ga) to upper amphibolite facies at temperatures between 600°C and 650°C , occurs in the Hunbei granite-green-
stone terrane, lLiaoning Province. Cordierite-anthophyllite gneiss (CAG) is widespread in Hongtoushan. The

CAG that occurs hundreds of meters below the ore horizon corresponds to the simiconformable alteration zone of
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the MSD hydrothermal system, whereas the CAG immediately below the main ore bed represents the metamor-
phosed pipe-like alteration zone. Whole-rock geochemical analyses indicate that the semiconformable CAG was
derived ultimately from five kinds of lithology (basalts, basaltic andesites, andesites, dacites, and rhyolites),
whereas the pipe-like CAG from a single lithology (rhyolites). Amphibolite and biotite gneiss are identified as
metamorphosed unaltered parent rocks. As for the comparison with unaltered rocks, mass change calculation in-
dicates that, compared with least-altered rocks, stratiform CAG is enriched in Fe and Mg and depleted in Na,
K, Ca, Cu, Pb and Zn, while discordant CAG is enriched in Fe, Mg, Si, Na, Pb, Cu and Zn and depleted in
K. HREE and HFSE (Zr, Ti, Nb, Hf and Ta) behaved inertly during submarine alteration, whereas Rb, Sr,
Ba and LREE, especially Eu, were leached off. Mass change calculations of the CAG indicate that the water-
rock interaction within both types of alteration zones is characterized by water dominated processes.; Stratiform
CAG could be used to evaluate mineralization potential of VMS in metamorphic terranes, while discordant CAG
containing sulfide-bearing quartz veins could serve as a good indicor for overlying stratiform massive sulfide ores
as well as an exploration target itself.

Key words: geology, Massive Sulphide Deposit (MSD), footwall alteration zone, upper amphibolite facies

metamorphism, elements mobilization, Hongtoushan
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Fig. 1 Regional Geological map of the Hunbei terrane after Liu et al. 1994
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Fig. 2 Geological map of the Hongtoushan ore district and its peripheral areas
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Fig. 3 Geological map of the Hongtoushan deposit at Level —647 m legends as for Fig. 2
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Fig. 5 ' Photographs of stratiform and discordant CAG alteration zones in the Hongtoushan ore district

a. A biotite-rich gneiss lens enclosed in stratiform CAG: b. Biotite-rich gneiss cut by anthophyllite-rich veins at Xiaoxipus c. Sulfide-bearing quartz

veins parallel to the foliation of discordant CAG alteration zone at Level — 647 m: d. Sulfide-bearing quartz veins cross-cutting discordant CAG alter-

ation zone at Level —647 m» arrow indicating strike of the foliation of discordant CAG alteration zone; e. Anthophyllite in stratiform CAG (trans-

mitted light): f. Mineral components in discordant CAG (transmitted light with crossed nicols). Ant—Anthophyllite: Bi—Biotite; Cor—Cordierite:
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Table 1 Whole-rock XRF and ICP-AES analyses of rocks from the Hongtoushan ore district w B %
SiO, TiO, ALO;  Fe,O; MnO MgO CaO Na,O K,O P,0Os
H-253 LA 49.20 0.50 15.70  12.05 0.19 9.84 8.75 3.08 0.35 0.08 0.54 100.28 0.064
H-341 L-A 49.45 0.28 15.46  11.38 0.18 8.14 10.35 2.56 0.19 0.06 1.01 99.06 0.60
H-442 L-A 45.93 0.56 18.75 11.23 0.29 8.00 9.61 1.54 1.20 0.23 1.81 99.13 0.61
H-342 Al 44.89 0.79 16.57 17.76 .32 12.09 2.14 2.29 0.17 0.12 1.36 98.50 0.87
HZ-2 Al 63.03 0.84 15.08 10.76 0.15 4.22 2.14 3.93 0.07 0.19 0.07 100.46  0.71
HZ-3 Al 63.39 0.79 14.77  11.32 0.16 4.28 1.95 3.60 0.06 0.15 0.03  100.56 0.73
H261 LA 54.80 0.55 15.76 9.60 0.14 5.93 8.55 3.46 0.65 0.11 0.70 100.24  0.57
H-340 L-A 55.13 0.36 14.70 8.71 0.15 6.44 7.57 3.56 0.43 0.08 2.31 99.44 0.55
H25 Al 57.68 0.70 12.93  17.43 0.32 9.55 0.39 1.49 0.06 0.13 0.21 100.88  0.93
H-257 Al 53.70 0.81 15.03 18.06 0.31 10.41 0.35 1.42 0.18 0.12 0.25 100.63  0.94
H-395 Al 54.97 1.02 14.93 15.07 0.18 9.88 0.49 1.10 0.10 0.19 0.89 98.81 0.94
H-397 Al 54.12 0.89 15.03 15.37 0.26 9.57 0.48 1.12 0.08 0.30 1.31 98.52 0.94
H-398 Al 61.46 0.86 13.19 12.76 0.21 8.11 0.36 0.93 0.03 0.22 0.65 98.77 0.94
H413 Al 50.46 0.79 15.36  12.41 0.18 10.61 1.10 1.55 1.27 0.10 491 98.72 0.85
H-432 Al 54.63 0.91 13.29  16.56 0.28 9.94 0.46 1.23 0.28 0.24 0.79 98.61 0.93
H444 LA 62.08 0.50 1530 9.66 0.15 3.09 3.66 1.78 2.39  0.20 1.17 99.98  0.62
H446 LA 62.07 0.5 17.03 5.99 0.10  3.03 4.65 2.35 276 [0.19  1.11  99.87  0.48
H380 Al 63.27 0.79 14.96 833 0.12 6.9 0.25 0.59 2.11- 0.18 1.13 98.70  0.84
H38 Al 63.61 0.65 12.11 12.25 0.27 6.52 0.5  0.54 1,27 0.37 0.36 98.54  0.89
H393 Al 65.34 0.63 11.09 11.70 0.15 7.56  0.27 0.78 0.91 0.18 0.38 98.99  0.91
H431 Al 65.81  0.78 12.03 9.32  0.05 55  0.35 0.30 2.0l 0.21 321 99.59  0.85
H436 Al 61.78 0.80 12.90 10.32 0.10  7.77  0.53" 061 .1.82 0.19 3.19 99.99  0.86
H437 Al 50.89  0.48 12.78 14.91 0.29 10.37 3.89 . 2.39 1 0.8  0.25 1.66 98.73  0.78
H439 Al 66.07 0.73 11.66 10.96 0.34  5.66  0.45 0.35° 1.71 0.22  0.48 98.62 0.87
H-440 Al 61.17 0.88 12.75 11.91 0.28 8.26 0.26 0.65 1.99 0.13 0.75 99.02 0.87
H441 Al 62.92 0.69 12.03  11.81 0.16 8.38 0.33 0.86 1.49 0.21 0.72 99.60 0.88
HZ-1 Al 64.40 0.63 14.45 11.46 0.24 6.52 0.26 0.28 1.46 0.10 0.37 100.26  0.90
H-260 L-A 69.16 0.43 13.93 5.18 0.04 2.34 3.21 3.11 1.91 0.15 0.57 100.03  0.48
H-445 L-A  65.48 0.68 15.25 6.48 0.04 2.60 2.25 3.33 2.82 0.07 1.09  100.09  0.52
H-381 Al 72.63 0.38 11.60 7.26 0:14 4.30 0.08 0.31 0.94 0.03 1.03 98.70 0.90
H-382 Al 72.24 0.59 10.48 6.41 0.12 5.43 0.19 0.45 1.50 0.15 0.96 98.53 0.85
H-383 Al 72.40 0.51 11.35 5.78 0. 11 5.18 0.20 0.38 1.47 0.15 0.69 98.22 0.84
H-384 Al 71.32 0.53 12.16 5:99 0.09 5.60 0.18 0.43 1.47 0.14 1.95 99.87 0.85
H-385 Al 65.39 0.56 13.13 8.86 0.18 6.90 0.15 0.65 1.54 0.11 1.23 98.69 0.87
H-394 Al 73.88 0.50 9.36 7.25 0.05 5.10 0.14 0.52 1.58 0.12 0.53 99.04 0.85
H-400 Al 75.06 0.46 10.17 6.42 0.15 4.24 0.14 0.53 1.22 0.04 0.55 98.97 0.85
H-102 L-A 69.57 0.43 14.83 3.51 0.05 1.54 3.29 2.29 3.58 0.13 0.80  100.02  0.36
H-110 L-A  66.90 0.49 15.37 3.54 0.05 1.58 1.80 3.24 6.18 0.16 0.68 99.99 0.31
H343 Al 76.79 0.33 10.92 6.73 0.08 1.60 0.19 0.56 0.95 0.03 0.45 98.62 0.83
H-349 Al 73.33 0.41 11.35 6.58 0.06 5.52 0.07 0.60 1.23 0.03 0.76 99.93 0.86
H-386 Al 66.35 0.68 11.82 9.68 0.20 7.01 0.16 0.69 1.76 0.11 0.96 99.42 0.86
H-387 Al 74.10 0.49 9.67 8.94 0.15 4.04 0.10 0.31 1.09 0.04 0.27 99.20 0.90
H-388 Al 79.87 0.34 8.14 6.02 0.09 3.25 0.07 0.28 0.83 0.03 0.27 99.19 0.89
H-390 Al 78.25 0.22 11.42 4.13 0.05 3.09 0.07 0.38 1.06 0.03 0.65 99.34 0.83
H-391 Al 75.20 0.36 11.28 5.00 0.06 3.81 0.12 0.51 1.58 0.03 0.61 98.55 0.80
H-370 Al 76.35 0.14 7.05 6.65 0.03 2.97 1.66 2.08 0.03 0.02 2.63 99.60 0.83
H-371 Al 56.79 0.19 12.21 16.49 0.09 8.55 2.26 2.91 0.05 0.06 0.58  100.18 0.79
H-373 Al 59.44 0.18 11.51 13.70 0.10 7.75 2.43 3.12 0.08 0.07 1.68 100.06  0.82
H-375 Al 66.33 0.17 9.92 12.27 0.08 6.09 1.57 2.49 0.06 0.06 1.17  100.21 0.82
H-376 Al 67.66 0.17 9.28 12.04 0.07 5.85 1.72 2.05 0.06 0.06 1.21 100.17  0.93
H-377 Al 53.87 0.38 12.56  14.19 0.11 13.33 0.29 0.52 1.39 0.07 3.54  100.25 0.84
L-A— Al—
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Fig. 6 Incompatible immobile element plots for amphibolites " biotite gneiss and corderite-anthophyllite gneiss

from the Hongtoushan ore district Legerds as for Fig. 4
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Fig. 7 TiO,-Zr a and AlLOs-Zr plots b for the least altered amphibolites and biotite gneiss and altered

cordierite-anthophyllite gneiss from the Hongtoushan ore district legends as for Fig. 4

Solid line indicating the fractionation trend dashed lines indicating alteration trend grey ellipses highlight least altered samples from each

volcanic lithology
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Fig. 8 Distribution patterns of chondrite-normalized REE and MORB-normalized incompatible elements

MORB values from Sun et al. 1989 for altered and least altered rocks from the Hongtoushan ore district

a and b. Basalts c and d. Basaltic andesites e and f. Andesites g and h. Dacites



29 5 799
10°° w Zr 195.08 X 10°% w Nb 17.23 X
3 4 10°° w Hf 5.11X10°°% w Ta 1.07x10°°
n=2 n=>2 n=>2 Zr Y 5.71 11.54 2 8h
2 La Yb N
9.20 12.00 Eu 8e 1 TiO,
10 Zr Y 5.81 7.62 w TiO, 0.46% >REE
0.55% HFSE w Y 25.15 X La Yb y 13.39 17.36
10°% w Zr 165.32x10 % w Nb 5.83 % Eu Eu Eu* 0.95 1.01
10 % w Hf 3.77X10 % w Ta 0.43x10°° HFSE w Y 42 . 46%X107° w Zr
28 250.25X10°°% w Nb  9.11 X 10 ° 1w Hf
w TiO, 5.97x10°% w Ta  0.69x10°° 9b Zr Y
0.55% Z=REE 11.44  11.99 2 9a 10
La Yb 10.28  13.79 52 )
Eu Eu Eu™ 0.5 0.93 -
8g 10 HFSE w Y 26.95 X
200 400 T T T T T T T T T T T T T T T T T T3
100 2 E
e | ]
% 10 & -
oz F ]
# ]
1 0.01 [ L I A A A A A
300 400 F L I B B
| | 100 -
100 | = F E
5 w0k :
s L 4 & E 3
B ~ [ ]
& i 1 % - .
& oL 4
= 10 F 1% F 3
# F 1= F 1
[ 1 4 [ ]
[ 1 of E
T e T T T TN T T M TR T N o1 [ v ]
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ’ RbBa U Pb Sr ThNbLa Ce NdSm Zr Hf EuGdDy Y Er Yb Lu
9 Sun et al. 1989
a b. c d. 4

Fig. 9 Distribution patterns of chondrite-normalized REE and MORB-normalized incompatible elements
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Table 3 Results of mass-change calculations of altered cordierite-anthophyllite gneiss from the Hongtoushan ore district

w B %
SO, TiO, ALO; Fe,O5 MgO CaO Na,O K,O

H-342 —25.98 -0.05 -8.44 —2.76 —2.68 -8.51 -1.26 -0.49 -50.75
HZ-2 —30.03 -0.20 -12.29 —8.45 -7.44 -8.95 -1.26 —0.56 —70.54
HZ-3 -29.10 -12.19 -8.14 -7.37 -8.98 -1.29 -0.56 -69.21

H-256 7.05 0.30 -1.32 9.59 4.08 —7.64 -1.91 —0.48 8.64
H-257 -5.42 0.30 -1.37 7.50 3.41 -7.74 -2.20 -0.37 —7.00
H-395 —16.41 0.26 -4.76 1.42 0.74 -7.72 -2.74 -0.47 —30.55
H-397 -13.35 0.23 -3.67 2.66 1.17 -7.70 -2.65 —0.47 —24.09
H-398 -5.38 0.24 -4.59 1.14 0.36 -7.78 -2.76 -0.51 —20.16
H-413 —-11.77 0.22 —2.08 1.47 2.90 -7.12 -2.18 0.55 -15.33
H-432 —15.48 0.20 -5.63 2.82 1.00 -7.73 -2.62 -0.33 —28.57
H-433 —-11.81 0.22 -6.76 1.48 0.44 -7.81 —2.68 =0.34 —28.12
H-450 —16.71 0.25 -5.88 -0.84 -0.26 -7.75 -3.05 0.29 -35.03
H-451 -6.83 0.27 -3.21 3.80 1.31 -7.73 —2.95 0.44 -15.85
H-452 —-12.74 0.31 -4.73 2.06 0.48 -7.78 —2.94 —0.08 —26.45
H-465 —17.04 0.30 -0.76 0.34 1.45 =17.75 =3.00 -0.52 —27.83
H-331 —4.81 0.05 —4.69 -0.56 3.30 —3.89 -1.55 -0.74 —12.66
H-347 -8.10 0.04 —6.64 -1.83 1.62 —4.06 —-1.64 —-1.64 —22.90
H-351 10.14 0.59 3.29 4.62 9.71 -3.51 -0.89 -1.10 22.98
H-380 -12.32 0.07 —4.40 -1.27 2.43 -3.96 —1.60 -0.92 —22.31
H-389 4.85 0.13 -3.42 5.06 3.80 -3.54 -1.50 —1.24 3.75
H-392 8.33 0.05 -5.87 -2.19 2.36 -3.94 —-1.61 —-0.61 -4.18
H-393 3.81 0.09 —4.98 AN7 4.56 -3.88 -1.27 —1.66 -0.11
H-396 —4.52 0.14 -3.86 4.64 4.42 -3.72 -1.41 -0.77 —4.81
H-431 17.92 0.40 —1.54 3.50 3.65 -3.73 -1.70 -0.13 21.13
H-436 16.89 0.47 0.32 5.37 6.87 —3.48 -1.29 -0.25 27.89
H-437 21.58 0.24 4.84 16.68 13.99 2.24 1.87 -1.23 62.37
H-438 -0.24 0.08 2.72 9.85 15.21 -1.01 0.41 -1.01 30.61
H-439 3.86 0.19 —4.53 3.11 2.59 -3.71 -1.72 -0.87 -1.50
H-440 -2.17 0.32 —3.68 3.84 5.03 -3.90 —1.43 -0.63 -2.95
H-441 3.74 0.18 -3.58 4.53 5.71 -3.81 -1.17 —1.02 4.26
H-447 -6.23 —0:04 —2.68 18.16 —0.65 -1.12 -2.05 -1.69 2.63
H-464 -7.27 0.27 -3.71 4.80 4.48 -3.97 -1.20 -2.57 -9.80
H-468 12.69 0.11 -1.32 —1.51 2.79 -3.69 —1.43 —1.54 5.82
HZ-1 8.80 0.14 -0.29 4.77 4.10 -3.87 -1.75 -0.97 10.24
H-381 3.19 -0.18 -3.33 1.22 1.70 —2.65 -2.92 —1.45 —4.24
H-382 5.70 0.04 —4.00 0.65 3.02 -2.53 -2.76 -0.85 -0.47
H-383 19.20 0.06 -1.03 1.08 3.72 -2.50 -2.76 -0.62 17.31
H-384 10.03 0.02 —1.40 0.67 3.60 -2.53 -2.75 -0.77 8.26
H-385 5.30 0.06 -0.01 4.01 5.19 -2.56 -2.49 -0.66 9.54
H-394 22.34 0.05 -3.23 2.97 3.72 —2.56 —2.58 —0.45 20.12
H-400 -5.35 -0.18 -6.19 -0.53 1.03 —2.61 -2.78 -1.36 —18.35
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3-1
Continued Table 3-1
w B %
SiO, TiO, ALO; Fe,O4 MgO CaO Na,O K,O
H-343 -16.51 -0.28 -8.20 0.88 -0.53 —1.68 -2.87 -5.56 —35.28
H-345 —6.69 —-0.28 —-6.53 —-0.24 1.80 -1.78 -2.99 -5.29 —22.05
H-349 -6.74 -0.15 -6.06 1.86 2.95 —-1.74 -2.75 -5.18 —18.01
H-386 -0.70 0.19 -3.58 6.12 5.41 —1.64 -2.55 —4.43 -0.80
H-387 1.37 -0.03 —6.46 4.70 2.14 -1.71 -2.96 -5.17 —8.60
H-388 9.55 -0.16 -7.58 2.22 1.53 -1.73 -2.97 -5.39 -5.05
H-390 16.68 -0.26 -3.17 0.87 1.72 -1.73 —-2.83 -5.05 6.12
H-391 1.43 -0.16 -5.12 1.00 1.88 -1.69 -2.78 —4.75 -10.44
H-371 14.03 -0.18 2.59 20.36 10.82 0.73 1.45 —4.81 45.11
H-370 79.44 —=0.20 —1.46 9.34 4.18 0.66 1.25 —4.82 92.64
H-373 20.94 -0.19 2.17 17.03 10.07 1.10 1.92 —4.76 50.11
H-375 33.28 =0.20 0.08 15.25 7.76 -0.14 1.05 <4/79 53.37
H-376 53.34 -0.15 1.58 18.11 8.95 0.55 0.92 —4.77 79.99
H-377 -23.90 -0.15 —4.76 8.15 9.41 —-2.31 —2.34 -3.74 —17.49
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Fig. 13 Plots of least altered and altered volcanic rocks from the Hongtoushan ore district A-K,O versus Ba B-K,O versus Rb
Legend as for Fig.4

Seyfried 1977 Brunswick 12 MSD 400C
150C Lentz et al.
Si 1996 Si
MSD MacLean et al. 1991 Brauhart
et al. 2000 Si 2 KRb Ba K, ORb Ba
MSD
Si Skirrow Maclean et al.
et al. 1994 Brauhart et al. 2001 1991 Roberts et al. 2003 K Rb  Ba
340C Si 13

Fournier 1985 MacLean et al. 1991 Ba



29 5 805
Ba Na
SO;~ Na
SOz~ Na Skirrow et al. 1994
SOF -
McDuff et al. 1982 Ogawa et al.
2005 Ba
SOF~
SOF -
4 Fe Mg
3 NaCa Sr Ca Sr Fe Mg
14 Na Ca Sr MacLean et al. 1991
Ripa 1994 Roberts et al. 2003
_ Na Ca  Sr Fe Roberts et al. 2003
Fe Fe+ Mg
B, Ca Sr Kranidiotis et
Na al. 1987
Si-Al- Fe + Mg Kranidiotis et al.
Fu Fu 1987 15 -
Eu” 0.26~0.56 0.34 SiE%
Eu Eu” 0.95 1.01
K
20%
Ca
20 ——rrr ——rr
0E ¢ eyt eT Py
: : Y~ wawn
: A} o
| > n v ]
i - L] o o u % - .
i b i BB
© 'E > 3 FetMg Al
~ F > > ]
S b sl ]
St g > > v ] 15 Si-Al-
1EY > v B Fe+ Mg Kranidiotis et al. 1987
E Vv ¥ ] )
i ] Roberts et al. 2003 4
[ v ]
I T Ab— Chl— Ep— Mt— Qzr—
o 10 100 400 Ser— Ta—
Ww(Sr)/10 Fig. 15 Si-Al- Fe+ Mg cation plot for bulk compositions
of least altered and altered volcanic rocks from the Hong-tou-
14 shan ore district modified after Kranidiotis et al. 1987 and
CaO-Sr 4 Roberts et al.  2003. Legends as for Fig. 4

Fig. 14 CaO versus Sr plots of least altered and altered
volcanic rocks from the Hongtoushan ore district

Legends as for Fig. 4

Solid lines indicating the stability field of chlorite and quartz double
arrow indicating chlorite solid solution. Ab—Albite Chl—Chlorite
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