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Introduction 
Stratiform exhalative sulphide deposits are generally con- 
cordant, massive to semi-massive accumulations of sul- 
phide (primarily iron sulphide) - sulphate minerals (barite, 
anhydrite) that formed on or immediately below the 
seafloor penecontemporaneously with their host rocks. 
They range in age fi-om those that are actively forming 
within modern oceanic spreading ridges and back-arc 
basins, to those preserved in ca. 2.0 Ga sedimentary basins, 
and in ca. 3.4 Ga oceanic crust. Canada is particularly well 
endowed with classical examples of all subtypes, as well as 
with deposits that may be regarded as hybrid or of mixed 
character between the different subtypes. Four subtypes 
are identified: 

Subtype 6.1, Sedimentary exhalative sulphides (Sedex) 
occur in terranes dominated by sedimentary strata. Vol- 
canic rocks (lava, tuff) may be a minor component of the 
associated strata, and penecontemporaneous intrusions 
(mafic sills, dykes) may be present regionally. Zinc, lead, 
and silver are the primary metals recovered from the sub- 
type; copper is generally a minor product. Barite may be 
abundant (deposits of mainly Phanerozoic age) or minor 
(deposits of mainly Proterozoic age); many deposits have 
none at  all. Iron sulphide (pyrite, pyrrhotite) content is also 
highly variable. 

Subtype 6.2, Sedimentary nickel sulphides occur in 
basinal sedimentary terranes similar to those that host 
Sedex deposits, and in fact have much in common with 
them in terms of physical characteristics and genesis. How- 
ever the primary metals available from this subtype are 
nickel, zinc, molybdenum, and platinum group elements 
(PGEs). 

Subtype 6.3, Volcanic-associated massive sulphide base 
metals. All volcanic-associated de~osits occur in terranes 
dominated by volcanic rocks.  he deposits may occur in 
volcanic or sedimentary strata that are integral parts of a 
volcanic complex. Volcanic-associated massive sulphide 
deposits may be divided into two compositional groups: 
base metal enriched (subtype 6.3) and auriferous (subtype 
6.4). Deposits of the first group contain highly variable 
amounts of economically-recoverable copper, lead, zinc, 
silver, and gold. Minor elements such as tin, cadmium, 
bismuth, and selenium may also be important smelter 
byproducts; however base metals are the primary com- 
modities recovered. Some deposits are dominated by iron 
sulphide (up to 90% pyrite) and have been mined primarily 
for iron and sulphur. 

Subtype 6.4, Volcanic-associated massive sulphide gold. 
In deposits of this noup, gold is the ~r imary  commodity, 
with lopper, zinc, silver, knd lead being of lesser economic 
importance. Mineralization may be massive, disseminated, 
or in stockworks. 
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The term "Sedex" is an acronym for "sedimentary exhala- 
tive" that was proposed by Carne and Cathro (1982) as a 
short and convenient name for a class of deposits that was 
referred to by a variety of terms, including "sediment- 
hosted stratiform Zn-Pb, "shale-hosted", and "sedimentary- 
exhalative" deposits. The deposit class includes important 
producers of zinc and lead ores, such as Broken Hill and 
Mount Isa in Australia, Sullivan in Canada, Red Dog in  
Alaska, and Navan in Ireland. 

A working definition of the deposit class is a sulphide 
deposit formed in a sedimentary basin by the submarine 
venting of hydrothermal fluids and whose principal ore 
minerals are sphalerite and galena. This definition is delib- 
erately loose because more explicit definitions tend to 
exclude examples that should be included in the class. 
However, the definition serves to distinguish Sedex depos- 
its from other seafloor metalliferous deposits related to 
hydrothermal venting, of which volcanogenic massive sul- 
phides (VMS), Besshi-type, iron-formations, manganese 
formations, and bedded baritite deposits are the most 
important examples (see "Definitive characteristics", below). 

This definition requires a knowledge of the processes by 
which a deposit has been formed. In highly metamorphosed 
or intensely deformed terranes, primary textural evidence 
for genetic processes may not be preserved. Under these 
conditions, it may be difficult to distinguish Mississippi 
Valley-type (MVT) deposits from Sedex-type deposits, 
because both have similar hydrothermal mineralogy and 
bulk composition (Sangster, 1990), and a MVT deposit that 
has been structurally transposed into geometric conformity 
with its host rocks may assume an overall morphology 
comparable to a Sedex deposit. Even for well preserved 
deposits, the distinction between the two types may be 
unclear. Considering that the subsurface deposition of sul- 
phides (with its resultant epigenetic textures) is an impor- 
tant component of the ore-forming process of most Sedex 
deposits, those hosted in carbonate rocks may only be 
distinguished from MVT dcposits by evidence that the ores 
were emplaced below a submarine hydrothermal vent field. 
Similarly, there is a continuum between Sedex deposits 
and VMS deposits in both depositional environment and 
deposit characteristics, and again it is more a matter of 
prejudice than of verifiable fact, that certain deposits are 
classified as one type instead of the other. 

Lydon, J.W. 
1996: Sedimentary exhalative sulphides (Sedex); Geology of 

Canad ian  Mineral  Deposit Types, (ed.) O.R. Eckstrand, 
W.D. Sinclair, and R.1 Thorpe; Geological Survey of Canada, 
Geology of Canada, no. 8, p. 130-152 (&Geological Society of 
America, The Geology of North America, v. P-1). 

IMPORTANCE 
Sedex deposits are a major source of zinc and lead, and an  
important source of silver. A compilation by Tikkannen 
(1986) indicates that, on the global scale, Sedex deposits 
accounted for about 40% of zinc production and about. 60% 
of lead production. For known resources that are not being 
mined, the proportions are considerably greater, though no 
accurate statistics are available. In Canada, most produc- 
tion of zinc and lead from Sedex-type deposits has been 
obtained from the Sullivan mine, British Columbia, and the 
Faro and Vangorda deposits of the Anvil district in Yukon 
Territory (Fig. 6.1-1). Over the last decade, this has 
accounted for about 15% and 20% of primary Canadian zinc 
and lead production respectively (Fig. 6.1-2). 

Despite their importance in terms of proportion of metal 
production and reserves, Sedex deposits are a compara- 
tively rare type of deposit. A compilation of known Sedex 
deposits (Table 6.1-1) contains only about 70 examples, of 
which only 24 have been, or are being mined. The list is not 
exhaustive, especially for deposits in Asia, South America, 
and Eastern Europe, for which the literature is not SUE- 
ciently informative for accurate compilation. However, 
even if the list contained twice the number, it would not 
change the basic facts that: i) Sedex deposits are com- 
paratively rare; ii) the majority of Sedex deposits are 
uneconomic because the ores are of too low a grade or 
because they are too fine grained for high beneficiation 
recoveries; and iii) a minority of Sedex deposits constitutes 
the greatest individual concentrations of zinc and lead ores 
known. 

The positive aspect of this third fact outweighs the 
negative considerations of the other two, and makes Sedex 
deposits the most attractive targets for zinc and lead 
exploration. 

SIZE AND GRADE OF DEPOSITS 
The average size and grade of 62 deposits classified here as  
of the Sedex type (exclusive of Howards Pass deposits) is 
41.3 Mt grading 6.8% Zn, 3.5% Pb, and 50 g/t Ag. The size 
of Sedex deposits range up to 120 Mt, with a few, the giant 
Sedex deposits, containing reserves in excess of this figure 
(Fig. 6.1-3C). Grades of zinc and lead range up to 18% and 
9% respectively (Fig. 6.1-3A, B). Exclusive of the giant 
Sedex deposits, the amount of contained metal ranges up 
to 20 Mt of combined zinc and lead (Fig. 6.1-3F) and up to 
10 million kilograms silver (Fig. 6.1-3E). 

The Zn:Pb ratios of Sedex deposits, expressed a s  
(Zn x 100)/(Zn+Pb), range from 15 to 100 (Fig. 6.1-3F), 
a seemingly nonsystematic spread. However, there 
seems to be some geological significance to the  ratios. 
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i) The (Zn x 100)/(Zn+Pb) ratio of aqueous chloride solu- 
tions saturated with respect to sphalerite and galena 
varies from 75 to 85, depending on temperature and 
chlorinity. This would be the ratio expected of a Sedex 
deposit if the upflowing ore fluids (see "Genetic models", 
below) were saturated with metals and all the metal 
were precipitated and preserved in the deposit. About 
30% of Sedex deposits are in this range of ratios. 

ii) Sedex deposits are typically zoned, with the bulk of the 
galena being concentrated in the highest grade ores 
close to the upflow zone. Most of the deposits plotting 
between 40 and 70 are those for which mining, and not 
geological reserves, are reported. Thus, to varying 
degrees, the grades of the ore reserves do not include 
the zinc-dominant lower grade outer margins of the 
geological sulphide body. For example, drill indicated 

1975 reserves for the Tom deposit were calculated at 
15.7 Mt a t  7.0% Zn and4.61% Pb (Znx 100)/(Zn+Pb)=60 
but these figures do not include the known 600 m 
northward low grade extension to the West zone. Using 
a cut-off of Zn+Pb=7% for the "geological reserves", 
mining reserves are reported as 9.2 Mt at  7.49% Zn and 
6.19% Pb (Zn x 100)/(Zn+Pb)=55 (McClay and Bidwell, 
1986). 

iii) Those deposits with (Zn x 100)/(Zn+Pb) values of less 
than 40 include those that have been subjected to oxi- 
dative weathering during their history. The oxidative 
weathering of a sphalerite-galena body may lead to the 
preferential removal of zinc; sphalerite is solubilized as 
the sulphate but galena develops a protective rind of 
insoluble cerussite. The effect can be seen by comparing 
the compositions of the sulphide protore and secondary 

Figure 6.1-1. Distribution of Sedex deposits and geological terranes with potential for the occurrence of 
Sedex deposits in Canada. 
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Figure 6.1-2. Canadian mine production of zinc and lead by deposit type for the period 1980-1991. 

ore a t  Dariba (Table 6.1-1). The Tynagh ores also largely 
consist of the insoluble residue of subaerial weathering. 
It  is interesting to note that the Broken Hill and Big Syn 
deposits of the Aggeneys area, other lead-dominant 
examples, are associated with magnetite iron-formation 
and baritite, both products of a n  oxidative environment, 
and it may well be that these deposits represent the 
remains of sulphide deposits tha t  were partially 
oxidized while on the seafloor. 

GEOLOGICAL FEATURES 
Morphology and architecture of deposits 
The idealized characteristics of a Sedex deposit are sche- 
matically illustrated in Figure 6.1-4. Sedex deposits usu- 
ally comprise a conformable to semiconformable stratiform 
lens or lenses of sulphide and associated hydrothermal 
products (Fig. 6.1-4). The stratiform lens typically has an  
aspect ratio (the ratio of maximum lateral extent to maxi- 
mum thickness) of 20, and maximum thicknesses are most 
commonly in the range 5 to 20 m. 

Typically the stratiform lens can be divided into three 
distinct facies: i) vent complex; ii) bedded ores; and iii) dis- 
tal hydrothermal products. In some deposits, discordant 
vein and replacement mineralization stratigraphically 
below the vent complex is significant enough to warrant a 
fourth facies type being distinguished: iv) feeder zone. 

Vent complex 
The vent complex part of the deposit lies within the upflow 
zone of the hydrothermal fluids, and consists of hydrother- 
mal products that formed immediately below and within 

GSC - - 

the submarine vent field. Ore textures (see Fig. 6.1-5A, D, 
G) typically reflect recurrent cycles of hydrofracturing, 
hydrothermal cementation, and replacement. The vent 
complex usually contains the highest grade mineralization, 
and for some deposits is the only part that is of ore grade. 

Bedded ores 
The bedded ores facies is a compositionally layered apron 
of hydrothermal products, which may or may not be inter- 
layered with host rock lithologies, that is usually asyrnmet- 
rically distributed around the vent complex. Examples are 
illustrated in  Figure 6.1-5B, C ,  F. The thickness of indivi- 
dual compositional layers of hydrothermal products ranges 
from the scale of millimetres to the scale of metres. Indivi- 
dual layers are commonly very persistent laterally, and 
they decrease in thickness only very gradually away from 
the vent complex. The layers of hydrothermal products in  
most deposits are internally laminated. Their appearance, 
which is varve-like, has led to their interpretation as  prod- 
ucts of brine pool sedimentation or fallout from a hydrother- 
mal plume t h a t  has  accumulated i n  a low energy 
environment. In some deposits, the bedded ores contain 
fragmental, graded, or massive layers of hydrothermal 
products that have been interpreted to be debris flows, 
turbidites, and mudflows, respectively, and whose source 
area was a topographically elevated vent complex. Other 
schools of thought interpret sedimentary textures of the 
bedded ores to represent pseudomorphs of precursor litho- 
logies formed by selective replacement of the host sedi- 
ments by hydrothermal metasomatism just below the 
seafloor. In most deposits, the sphalerite and galena con- 
tents of the bedded ores gradually decrease with increasing 
distance from the vent complex. 
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Table 6.1-1. List of Sedex deposits for which there are sufficient published data for their classification. 

Deposit Location Zn Pb Cu Ag Au BaSO, Size Age References 
% % % (gh) (gt) (Mt) (Ma) . . 

Santa Lucia Cuba 5.7 1.8 0.0 30.0 0.0 Yes 19.4 150 Valdes-Nodarse et al., 1993; Mining Journal, Sept. 3, 1993 
Gunga 150 Anderson and Lydon, 1990 
Duddar 
Filizchai 
Li k 
Galrnoy 
Lisheen 
Navan 
Silvermines 
Tynagh 
Walton 
Red Dog 
Tom 

' Elura 
Cirque 
Driftpile 
Jason 
Meggen 
Rammelsberg 
Zhairem 
Tekeli 

i Howards Pass 
Peaty Land 
El Aguilar 

, Ble~kvassli 
Mofjellet 
DY 
Faro 
Grum 
Swim 
Vangorda 
Koushk 
Portel 
Fuenteheridos 
Duncan 
H.B. 
Jersey 
Mel 

Pakistan 
Pakistan 
Azerbaijan 
Alaska 
lreland 
lreland 
lreland 
lreland 
Ireland 
Canada 
U.S.A. 
Canada 
Australia 
Canada 
Canada 
Canada 
Germany 
Germany 
Khazakhstan 
Khazakhstan 
Canada 
Greenland 
Argentina 
Norway 
Norway 
Canada 
Canada 
Canada 
Canada 
Canada 
Iran 
Portugal 
Spain 
Canada 
Canada 
Canada 
Canada 

/ Reeves-MacDonald Canada 
Aberfeldy 
Kholodnina 
Rosh Pinah 
Jiashengpan 
Balmat-Edwards 
New Calumet 
Sullivan 
Sargipali 
Big Syn 
Black Mtn. 
Broken Hill 
Gamsberg 
Century 
Hilton 
Lady Loretta 
Mt. Isa 
Dugald River 
H.Y.C. 
Broken Hill 
Balar~a(Zawar) 
Baroi magra 
Mochia(Zawar) 
Zarwarmala(Zawar) 
Dariba 
Dariba(sec0ndary) 
Dariba-Rajpura 
Rampura-Agucha 
Saladipura 

Scotland 
Russia 
Namibia 
China 
U.S.A. 
Canada 
Canada 
lndia 
South Africa 
South Africa 
South Africa 
South Africa 
Australia 
Australia 
Australia 
Australia 
Australia 
Australia 
Australia 
lndia 
lndia 
lndia 
lndia 
lndia 
lndia 
lndia 
lndia 
lndia 

Yes 
Yes 

? 
Yes 

? 
? 

No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 

No 
No 
No 
Yes 
Yes 
Yes 
Yes 
Yes 

? 
Yes 
Yes 

? 
? 
? 

Yes 
? 

Yes 
? 

Yes 
No 
No 
No 

476.0 
12.0 
30.0 
6.0 
4.2 

21.1 
57.6 
31 .O 
4.3 
7.5 
5.0 

35.0 
100.0 

2.8 
6.5 
7.7 
4.8 
5.8 
NIA 
N/A 
17.4 
NIA 
17.4 
1.3 

150 Anderson and Lydon, 1990 
175 Laznicka, 1981 
340 Forrest and Sawkins, 1984 
340 Mining Journal, Sept. 1990, p. 231 
340 Shearley et al., 1992 
340 Andrew and Ashton, 1985 
340 Hitzman and Large, 1986 
340 Morrissey et al., 1971 
340 Patterson, 1988 
350 Moore et al., 1986 
350 McClay and Bidwell, 1986; Goodfellow and Rhodes, 1990 
370 Schmidt, 1990 
370 Jefferson et al., 1983; Canadian Mines Handbook 1991-2, p. 127 
370 Maclntyre, 1983; Teck Corporation, 1994 (circular) 
370 Turner, 1990; Northern Miner, May 28,1990, p. 21 
370 Krebs, 1981 
370 Hannak, 1981; Krebs, 1981 
370 Smirnov and Gorzhersky, 1977; Laznicka, 1981 
380 Smirnov and Gorzhersky, 1977; Laznicka, 1981 
435 Goodfellow and Jonasson, 1986; Placer Dev., Annual Report 1982 
435 Northern Miner, Oct. 10, 1994, p. 3 
450 Sureda and Martin, 1990; Gemmell et al., 1992 
460 Skauli et al., 1992 
460 Laznicka, 1981 
510 Jennings and Jilson. 1986 
510 Jennings and Jilson, 1986 
510 Jennings and Jilson, I986 
510 Jennings and Jilson, 1986 
510 Jennings and Jilson, 1986; Canadian Mines Handbook 1988-89, p. 135 
510 Mining Journal, June 14, 1991, p. 454 
510 J.W. Lydon, unpub. data, 1968 
510 J.W. Lydon, unpub. data, 1968 
550 Hoy, I982 
550 Hoy, 1982 
550 Hoy, 1982 
550 Miller and Wright, 1983 
550 Hoy, 1982 
600 Coates et al., 1980; Willan and Coleman, 1983 

1075 Smirnov and Gorzhersky, 1977; Laznicka, 1981 
1100 Page and Watson, 1976; VanVuuren, 1986 
1300 Lang and Xingjun, 1987 
1300 Lea and Dill, 1968 
1300 McLarsn, 1946 

5.5 5.8 0.0 59.0 0.0 No 170.0 >I468 Hamilton et al., 1982; H.E. Anderson, D. Davis, and R.R. Parrish, 
? 

Yes 
Yes 
Yes 
Yes 

? 
No 
Yes 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 

1600 Sarkar, 1974 
1650 Ryan et al., 1986; Reid et al., 1987 
1650 Reid et al., 1987; Ryan et al., 1986 
1650 Reid et al.. 1987; Ryan et al., 1986 
1650 Reid et al., 1987; Ryan et al., 1986 
1670 Mining Magazine, Oct. 1991, p. 233-237 
1670 Forrestal, 1990 
1670 Australian Mining Yearbook, 1988, p. 20; Louden et al., 1975 
1670 Mathias and Clark, 1975; Forrestal, 1990 
1670 Whitcher, 1975; Mining Journal. May 4 1990, p. 352 
1690 Lambert, 1976; Logan et al., 1990 
1690 Both and Rutland, 1976; Wright et al., 1987 
1700 Deb et al., 1989 
1700 Deb et al., 1989 
1700 Deb et al., 1989 
1700 Debetal., 1989 
1800 Nandan et al., 1981; Deb and Bhattacharya, 1980 
1800 Nandan et al., 1981; Deb and Bhattacharya, 1980 
1800 Nandan et al., 1981; Deb and Bhattacharya, 1980 
1800 Nandan et al., 1981; Deb and Bhattachatya, 1980 
1800 Deb et al., 1989 

Sindesar India 2.1 0.5 0.0 0.0 0.0 No 70.0 1800 Deb, 1982; Deb et al.. 1989 
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Distal hydrothermal products Feeder zone 
The lateral lithological equivalents of the bedded ores, 
outside the economic limits of the Sedex orebody, are 
termed here "distal hydrothermal products", reflecting 
their greater distance from the vent complex than the 
bedded ores themselves. Although the boundary between 
the bedded ores and distal hydrothermal products is 
primarily an economic one, in some deposits it may also 
have geological significance, separating two distinct 
sedimentological or metasomatic facies. 

Though not documented for most deposits, the vent com- 
plex is rooted in a feeder zone of discordant vein and/or 
replacement-type mineralization. The fracture systems of 
the feeder zone may either be due to tectonism, and related 
to movement on synsedimentary faults with which many 
Sedex deposits are spatially associated, and/or may be due 
to hydrofracturing accompanying hydrothermal eruption. 
In contrast to VMS deposits, the feeder zone of Sedex 
deposits rarely contributes any significant ore reserves. 
There are two main reasons for this. 

N.B. Howards Pass 476 MI 

u 

0 40 80 120 160 200 
Millions of tonnes ore 

0 - I I 
I I u I I I I I 

0 10 20 30 40 50 
Millions of tonnes Zn + Pb 

N.B. Broken Hill 52.5 million kg 

Mt. Isa MO million kg 

t J  

0 20 40 60 80 100 
(Zn x 100) / (2 n + Pb) 

0 2 4 6 8 10 
Millions of kilograms Ag 

Figure 6.1-3. Grade and tonnage statistics for Sedex deposits listed in Table 6.1 - 1. Note that for deposits GSC 

that have not been mined, the figures reported are usually geological reserves; for deposits that have been 
or are being mined, the figures are mining reserves plus production. A) Grade of zinc in ore; B) grade of 
lead in ore; C )  tonnage of ore (production plus reserves); D) tonnes of contained zinc plus lead per deposit; 
E) kilograms of contained silver per deposit (note that silver grades are not reported for a majority of deposits); 
F) Average Zn:Pb ratio of deposit expressed as (Zn x 100)/(Zn + Pb). 
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SEDIMENTAR) 
FRAGMENTAL 
LITHOLOGIES 
(Breccia Rows. 
talus breccias, 
conglomeratrs, 

t 
Ore grade rlecreases 

\ 
Pb:Zn decreaw 
8a:Zn increases 

Pb:Zn ratio dewease-> 
Ba:Zn ratio increases -> 
Thickness decreases -> - - - - -  

- 4 -  - - - - - -  - - - - -  - - -  

VENT COMPLEX 
Massive, brecciated, c~dely bedded 
pyrite. @ma, sphalerite, Fe-carbocaates 
and Fe-Mg-Ca carbonates, barite (at top) * pyrrt~otii, sulphosalts 

FEEDER ZONE 
SYNSEDIMEMARY Veins and replacement 
FAULT ZONE galena, sphalerite, Fe-carbonates 

and F64g-Ca carbonates, pyrite, 
pyrrhotite, minor chalcopyrite 

average scale 

BEDDEDORES 
Laminated, and occasionally 
fragmented, pyrite, sphalerite, 
galena, chert. barite, Fe-Mg 
carbonates f beds of host 
lithdogies 

Figure 6.1-4. Schematic illustration of the characteristic features of the idealized Sedex deposit. 

DISTAL HYDROTHERMAL 
PRODUCTS 

Chert, barite * minor 
sphalerite. m e ,  Ca-Mg 
carbonates, magnetite, 
hematite, Mn enrichment 

The formation of high grade vein networks and miner- 
alized breccias of feeder zone ores requires a rock with 
sufficient mechanical strength to brecciate and form 
rigid clasts that can support a high fracture porosity. In 
contrast to volcanic rocks, which attain a high mechani- 
cal strength immediately upon cooling on ;he seafloor, 
unconsolidated sediments have such low mechanical 
strength that they tend to flow rather than brecciate 
when subjected to differential pore fluid pressures. 
Fault  breccias, hydrothermal vent breccias, and 
hydrothermal eruption breccias may readily form in a 
substrate of volcanic rocks to provide the host for typical 
feeder zone mineralization. In unconsolidated sedi- 
ments, however, the equivalent expressions of tectonic 
movement or hydrothermal eruption are zones of dis- 
rupted sediment, discordant columns of turbated sedi- 
ment and concordant mud flows, none of which have a 
significantly higher porosity than surrounding undis- 
turbed sediments, and hence do not provide a host for 
preferential subsurface hydrothermal precipitation. 
The main economic mineral in feeder zone ores of VMS 
deposits is chalcopyrite which, because of its higher 
economic value com~ared to s~haler i te  and galena. low- - 
ers the concentration of ore minerals required to achieve 
ore grade. The average relative proportion of copper in 
Sedex deposits (Table 6.1-1) is very much less than in 
VMS deposits, so that even though in Sedex deposits 
chalcopyrite tends to be concentrated in feeder zone 
mineralization, it rarely attains absolute concentra- 
tions of economic significance. 

Mineralogy 
Primary hydrothermal minerals 
Typical hydrothermal products of Sedex deposits include 
sulphides, carbonates, quartz, and barite. Pyrite is usually 
the most abundant sulphide, and commonly is the only iron 
sulphide in the deposit. However, in some Proterozoic 
deposits, such as Mt. Isa (Mathias and Clark, 1975), pyr- 
rhotite is common, and in the Sullivan deposit is more 
abundant than pyrite (Hamilton et al., 1982). At the 
Duddar deposit, Pakistan, which is one of the youngest 
fossil Sedex deposit known, marcasite is the dominant 
primary iron sulphide. 

Sphalerite and galena are invariably the main economic 
minerals. Chalcopyrite is usually a very minor constituent, 
although it was abundant enough in the Rammelsberg 
deposit to be economically recoverable (Hannak, 1981). 
Antimony, arsenic, and bismuth, particularly in the sul- 
phosalts tetrahedrite, freibergite, and boulangerite, are 
typically concentrated in and around the vent complex, and 
in cases are the host minerals for much of the silver content 
of the ores. 

Carbonates are much more important constituents of 
Sedex deposits than VMS deposits. Siderite and ankerite 
may occur as veins in the feeder zone, as replacive masses 
in the vent complex and as  beds or laminations in the 
bedded ores, as, for example, in the Tom deposit, Yukon 
Territory (Goodfellow and Rhodes, 1990), and at  Silvennines, 
Ireland (Taylor, 1984; Andrew, 1986). Calcite is relatively 
common as veins, interstitial cement, and laminations in 
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both the vent complex and bedded ores of the Sullivan 
deposit (Hamilton et  al., 1982). Abundant bedded calcium 
carbonate is restricted to the ore zone of the XY deposit a t  
Howards Pass (Goodfellow and Jonasson, 1986). Calcite 
nodules are a common hydrothermally induced feature of 
unconsolidated sediment surrounding the modern metallif- 
erous hydrothermal vents of Middle Valley (Goodfellow 
et al., 1994). Dolomite, either as a precipitate or hydrother- 
mal alteration product, is common around Sedex deposits 
in carbonate rocks (e.g., Tynagh and Silvermines, Ireland: 
Hitzman and Large, 1986; Fuenteheridos, Spain). Secon- 
dary dolomite is co-extensive with the stratiform sulphide 
mineralization of the McArthur River deposits, Australia 
(Williams, 1978a), but there is debate whether the wide- 
spread silica dolomite alteration a t  Mt. Isa is genetically 
related to the Zn-Pb mineralization. Quartz, as chert, is 
abundant in many Sedex deposits (e.g. Tom, Silvermines), 
but is conspicuously absent in others (e.g. Sullivan). Where 
i t  is present, the proportion of quartz, relative to other 
hydrothermal products, increases with increasing distance 
from the vent complex. Barite, notably as bedded baritite 
in the bedded ores and distal hydrothermal facies, is a 
common constituent of most Paleozoic and younger Sedex 
deposits, but is much less common in Proterozoic deposits. 
Notable exceptions are the Howards Pass and Navan 
deposits of Paleozoic age which do not contain significant 
barite, and the Proterozoic deposits of the Aggeneys area, 
South Africa, which do. Tourmaline is spatially associated 
with several Sedex deposits, including Sullivan, where i t  is 
the major component in the footwall feeder zone (Hamilton 
et  al., 1982), Broken Hill, Australia (Slack et  al., 19931, and 
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Figure 6.1-5. Photographs of some macroscopic textures 
and relationships in Sedex deposits 
A) Vent complex ore, Sullivan deposit. Polished drill core (dark 
grey with white flecks - galena; light grey - pyrrhotite; black - 
silicates). GSC 1994-640C 
B) Bedded ore, Sullivan deposit. Interlayered sulphides (light 
grey) and argillite (dark grey), " A  ore band. Height of photo- 
graph about 2 m. GSC 1994-640H 
C) Bedded ore, Sullivan deposit. lnterlaminated light grey 
sulphides (pyrrhotite, sphalerite, galena) and dark grey to 
black argillite, "B-Triplet" ore band. Light grey flecks in argillite 
are pyrrhotite laths. Note both tectonic low strain (well 
laminated) and high strain (turbated) sulphide layers; polished 
slab. GSC 1994-640F 
D) Vent complex mineralization, Tom deposit. Polished slab; 
dark grey - pyrite; medium grey - ankerite; white - calcite. 
GSC 1994-640A 
E) Bedded ore, Tom deposit. Polished slab; dark grey - chert; 
medium grey - sphalerite and siderite; light grey - barite. 
GSC 1994-6401 
F) Bedded ore, Tom deposit. Height of photo about 1 m. 
Laminated barite and sphalerite (light grey) interlayered with 
siliceous argillite (black). GSC 1994-640D 
G )  Vent complex mineralization, Tom deposit. Polished slab, 
black - brecciated siliceous argillite; medium grey - pyrite; 
white - ankerite. GSC 1994-6406 

the  Rampura-Agucha deposits, India (Ranawat and 
Sharma, 1990). Because tourmaline is not readily recogniz- 
able, especially in a fine grained form, it may be more 
common in Sedex deposits than has been recognized. 

Metamorphic minerals 
The effect of high temperature and pressure metamor- 
phism on mineral assemblages typical of Sedex deposits 
does not generally obscure recognition of the original min- 
eralogy of the deposit, even though some significant min- 
eralogical changes may be produced. Pyrite may be 
converted to pyrrhotite by reaction with ferrous silicate 
minerals or by the degassing of sulphur from the sulphide 
body during metamorphism. At least some of the pyrrhotite 
a t  Broken Hill, Australia, in the Aggeneys district, South 
Africa, and in the Rampura-Agucha (Ranawat and Sharma, 
1990) and Rajpura-Dariba (Deb, 1990) deposits of India, is 
probably of metamorphic origin. During metamorphic ret- 
rogression, pyrrhotite may react to form pyrite and mag- 
netite, although the quantities of pyrite and magnetite so 
formed would be minor unless a source of oxygen were 
available. At least some of the pyrite-magnetite assem- 
blage a t  the Sullivan deposit appears to have formed by this 
mechanism. 

Sphalerite may react with aluminosilicates to form 
gahnite (ZnA1204) a t  amphibolite facies and higher meta- 
morphic grades. I t  is a common though minor mineral a t  
Broken Hill, Australia (Mackenzie and Davies, 1990; 
van de Hayden and Edgecombe, 1990) and in the deposits 
of the Aggeneys area, South Africa (Spry, 1987). 

Barite may react with aluminosilicates a t  greenschist 
facies to form cymrite, celsian, or hyalophane. At the 
Aberfeldy deposit, Scotland, a cherty layer of rock several 
metres thick, and composed largely of celsian, forms an  
envelope around the distal parts of the deposit (Coates 
et  al., 1980). 

Zonation 
Sedex deposits exhibit compositional zonation in both 
lateral and vertical directions. 

Lateral zonation 
Characteristic of most Sedex deposits is a lateral minera- 
logical, chemical, and thickness zonation with respect to 
the vent complex. Fundamentally this zonation can be 
attributed to two main effects: 

A decrease in the relative proportion of hydrothermal 
products with respect to intercalated or admixed indige- 
nous sediment with increasing lateral distance from the 
vent complex. This effect can be ascribed to mechanisms 
of hydrothermal dispersal as  a function of distance from 
the local hydrothermal upflow zone. 
A zonation due to systematic changes in the relative 
proportion of different hydrothermal products with lat- 
eral distance from the vent complex. This effect can be 
ascribed to the different chemical behaviour of different 
components during dispersal from their local source in 
the hydrothermal upflow zone. 
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The first effect largely determines the morphology of the 
deposit, in the sense that the deposit is defined as that 
volume of rock containing hydrothermal products. The 
second effect largely determines the compositional 
architecture of the deposit, especially its mineralogical 
zonation. Grades of individual hydrothermal ore components 
are a function of both effects, because the concentration of 
any one hydrothermal component may be diluted both by 
indigenous sediment and by other hydrothermal products. 

However, such a simple and consistent zonation pattern 
reflecting steady state dispersal and accumulation proc- 
esses is rarely exhibited by most Sedex deposits. The theo- 
retically simple zonation patterns that should result are 
usually disrupted by various unpredictable events, such as: 

Dilution of hydrothermal products by locally derived 
terrigenous sediments. Sedimentary fragmental rocks 
are a common feature of most Sedex deposits and 
include talus breccias and debris flows from the wasting 
of synsedimentary fault scarps, hydrothermal eruption 
breccias, and mud volcano extrusions. 
Mass transportation of hydrothermal products, particu- 
larly as slide sheets and debris flows, from topo- 
graphically elevated portions of the deposit. 
Mass removal of hydrothermal and terrigenous accu- 
mulations from the hydrothermal upflow zone by 
hydrothermal eruption. 
Preferential chemical removal of previously accumu- 
lated hydrothermal components from the upflow zone 
during the zone refinement process. The removal of 
barite from the vent complex is perhaps the most outstand- 
ing example. Barite, which is formed by hydrothermal 
barium combining with water column sulphate, is easily 
solubilized by reduced hydrothermal fluids in the 
upflow zone and may be recycled to be reprecipitated in 
more oxidized parts of the deposit. 
Notwithstanding these complications, which produce 

zonation patterns whose details are unique for each Sedex 
deposit, there are trends that are common to a high propor- 
tion of the class as a whole: 
1. There is a zonation from reduced mineral facies (e.g., 

sulphides, ferroan carbonates) within the hydrothermal 
upflow zone to more oxidized facies (e.g., barite, iron 
oxides, calcic carbonates) a t  the periphery of the 
deposit. Chemically, this trend may be reflected, for 
example, in decreasing ratios of Zn:Ba and Zn:Mn. 

2. Amongst the sulphides, there is a general zonation 
outwards from the core of the upflow zone in the 
sequence chalcopyrite, pyrrhotite, galena, sphalerite, 
and pyrite. The zonation from chalcopyrite via galena 
to sphalerite, as in VMS deposits, largely reflects a 
thermal gradient. Chalcopyrite rarely attains signifi- 
cant concentrations in most Sedex deposits because the 
temperature of the hydrothermal fluids (<30OoC) is too 
low to transport copper in reduced sulphidic fluids. The 
Rammelsberg deposit (Hannak, 1981), which contains 
1.0% Cu, is the notable exception. Primary pyrrhotite is 
common in only a few Sedex deposits, notably of 
Proterozoic age (e.g. Sullivan, Mt. Isa). If primary iron 
monosulphide was a common quenching product in 
Sedex deposits, as it is in modern black smoker buoyant 
plumes, then most of it has been sulphidized to pyrite. 
In terms of metal ratios the most consistent zonation is 

complex. In deposits in which most of the iron is con- 
tained in pyrite, ratios of Fe:Pb and Fe:Zn also generally 
increase with increasing distance from the vent com- 
plex. The polarity of the normal upward and outward 
increase in Fe:Pb and Fe:Zn ratios is reversed in the 
core of the Sullivan deposit by the replacement of 
sphalerite and galena by pyrrhotite, upward and out- 
ward from the base of the vent complex. 

3. Tin, bismuth, arsenic, and mercury tend to be concen- 
trated in the vent complex in sulphosalt minerals and 
arsenopyrite. Silver, animportant economic constituent 
in most Sedex deposits, is frequently hosted by sul- 
phosalts as well as being held in solid solution in galena. 
Consequently, the highest grades of silver are typically 
in the vent complex. A significant proportion of the trace 
copper content of Sedex deposits may also be contained 
in sulphosalts (e.g., Tynagh, Tom). 

4. Carbonates are probably an integral hydrothermal com- 
ponent of most Sedex deposits, but their importance 
may have been overlooked in many cases. It might be 
expected tha t  carbonates are  more abundant in  
Phanerozoic deposits than in Proterozoic deposits, 
because of the increased abundance of marine calcare- 
ous faunal remains in the younger terrigenous source 
rocks for the hydrothermal fluids. For example, the Tom 
deposits contains 15-20% C02 in the vent complex 
(Goodfellow and Rhodes, 1990), whereas the Sullivan 
deposits contains 0.2-1.0% C02 (Hamilton et al., 1982). 
The carbonates tend to be zoned from ferruginous, in 
the core of the upflow zone, to calcic at the periphery of 
the deposit, and occur both as subsurface infillings and 
replacements in the upflow zone, as well as layers in the 
stratified part of the deposit. For example, siderite, 
occurs as vein fillings and as an interstitial cement of 
discordant mineralization a t  Jason deposit (Bailes 
et al., 1986; Turner, 1990), and as a basal layer to the 
massive bedded sulphides in the Mogul B deposit, 
Silvermines, Ireland (Taylor, 1984; Andrew, 1986). 

5. Sulphide grades, especially for Zn and Pb, generally 
systematically decrease towards the periphery of the 
deposit from maxima in the vent complex. Elemental 
ratios diagnostic of the gradual dilution of hydrother- 
mal sulphide by indigenous sediment (e.g. Zn:A1203; 
S(sulphide):AlzOs) or by other hydrothermal products 
(e.g., Zn:Ba) gradually decrease towards the periphery 
of the deposit. 

6. Manganese tends to be concentrated at the margins of 
the deposit in carbonates, iron oxides or, in the case of 
more highly metamorphosed deposits, in garnet. A 
manganese enrichment in carbonates surrounding the 
Meggen deposit may be detected several kilometres 
away from the deposit (Gwosdz and Krebs, 1977). At 
Tynagh, Ireland, manganese is concentrated in the 
hematite iron-formation which constitutes a distal 
hydrothermal products facies, but also forms a halo of 
manganese enrichment in the host carbonates for a 
distance of 7 km around the deposit (Russell, 1974, 
1975). At Sullivan, manganese garnets are concen- 
trated in the bedded ores, particularly a t  the margins 
of the deposit, and in the footwall conglomerate. 

7. The thickness of the deposit generally decreases towards 
its periphery, though its maximum thickness may not be 
coincident with the central part of the vent complex. 

an increase in Zn:Pb ratios outwards from the vent 
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Maximal Zn or Pb grade may or may not coincide with 
the thickest part of the deposit. This is particularly true 
where there has been dichotomy of processes that pro- 
duced maximum thicknesses of hydrothermal products 
on the one hand (e.g., sedimentation, tectonic deforma- 
tion) and maximum zinc and lead concentrations on the 
other (e.g., zone refinement). The Tom deposit (McClay 
and Bidwell, 1986; Goodfellow and Rhodes, 1990) and 
the Cirque (Stronsay) deposit (Jefferson et  al., 1983; 
Pigage, 1986; MacIntyre, 1992) are examples in which 
the thickest part of the deposit occurs in the bedded 
ores, but the highest Zn and Pb grades occur in the vent 
complex. The Sullivan deposit is an  example where both 
the highest grades and the thickest part of the deposit 
occur in the vent complex. 

Vertical zonation 
In most deposits, especially in the vent complex, the verti- 
cal zonation of mineral assemblages and chemistry mimics 
the lateral zonation. This upward and outward zonation is 
similar to that observed above the feeder zone in VMS 
deposits, and would seem to be most logically interpreted 
to be the result of a subsurface zone refinement process. 

The sequence of vertical zonation within the bedded 
part of the deposit need not necessarily duplicate that 
observed in the vent complex portion, nor is there a consis- 
tency in zonal order of mineral facies from deposit to 
deposit. For example, baritite, which usually is most abun- 
dant towards the periphery of the deposit e.g., Silvermines 
deposit (Taylor, 1984; Andrew, 19861, Tom deposit (McClay 
and Bidwell, 19861, and Jason deposit (Bailes et al., 1986), 
may be concentrated near the stratigraphic top of the 
bedded part of the deposit, for example, Rammelsberg 
(Hannak, 1981) or a t  the stratigraphic base, for example, 
Duddar deposit. The variation of metal ratios as a function 
of stratigraphic position in the bedded portion of Sedex 
deposits has been examined by Lydon (1983). Lead:zinc 
ratio generally decreases stratigraphically upwards in 
some deposits (e.g., Tom, Sullivan), decreases downwards 
in others (Rammelsberg, Broken Hill) whereas in others 
there is no discernible trend (H.Y.C. and Howards Pass 
[according to Lydon, 19831). Si1ver:lead ratios generally 
decrease stratigraphically upward in most deposits (e.g., Tom, 
Sullivan, Broken Hill), although a Ag enrichment in the 
stratigraphically highest ores is apparent in some deposits. 
Stratigraphically upward Zn:Fe ratios may increase overall 
(e.g., Sullivan), decrease overall (e.g., Rammelsberg), or not 
show any discernible trend (e.g., H.Y.C.). 

Fluid inclusions 
There are few published data on fluid inclusions from Sedex 
deposits. At the Tom (Gardner and Hutcheon, 1985) and 
nearby Jason (Ansdell et al., 1989) deposits of the Selwyn 
Basin, homogenization temperatures average about 260°C 
and salinities average about 9 wt.% NaCl equivalent (i.e. 2 
to 3 times sea water salinity). At the Silvermines deposit, 
Ireland, homogenization temperatures range between 
50°C and 260°C and salinities between 8 and 28 wt.% NaCl 
equivalent (Samson and Russell, 1987). Anegative correlation 
between homogenization temperature and salinity in 
quartz was interpreted by Samson and Russell (1987) to 
indicate the mixing of higher temperature, lower salinity, 

hydrothermal fluids with either lower temperature high 
salinity brines of a seafloor brine pool or shallow pore fluids 
formed by contemporaneous evaporitic processes. At the 
Sullivan deposit, Leitch (1992) reported homogenization 
temperatures that range from 150°C to 320°C and salini- 
ties that range from 8 to 36 wt.% NaCl equivalent but no 
prima facie evidence to link the values to the ore fluids. 

GEOLOGICAL SETTING 
Sedex deposits occur in sedimentary basins that are con- 
trolled by tectonic subsidence associated with major intrac- 
ratonic or epicratonic rift systems. Most commonly, Sedex 
deposits occur within rift-cover sequences as  opposed to the 
rift-fill sequences (Fig. 6.1-6). That is, they occur in that 
sequence of sediments that covers the coarse clastic sedi- 
ments, turbidites, and/or volcanic rocks which were depos- 
ited within the rift during its most active stages of 
extension and subsidence. The rift-cover sequence, which 
commonly consists of shallow water sedimentary facies, is 
deposited during the thermal subsidence or rift sag stage 
(of rifting) and covers both the buried site of the rift and its 
adjacent platformal shoulders. 

The time lapse between initiation of rifting and deposi- 
tion of Sedex deposits may be as much as 400 million years. 
For example, in the Mount Isa area, the initiation of rifting 
and infilling of the Leichhardt River Fault Trough was a t  
about 1800 Ma. Infilling of the rapidly subsiding rift zone 
with about 16 km of fluviatile to shallow marine clastics 
and mafic volcanics was completed by about 1740 Ma. A 
rift-cover sequence, 2.5 km thick, dominated by quartzites 
and carbonates, but with subaerial felsic volcanic rocks at  
it base, is overlain by a marine transgressive sequence that 
is 6 km thick. The transgressive sequence consists of basal 
arenites, siltites, and shales and overlying fine grained ter- 
rigenous and dolomitic sediments that form the host rocks to 
Sedex deposits. Tuff beds in the ore host have been dated 
at  about 1670 Ma (Page, 1981), indicating for the Mount Isa, 
Hilton, and H.Y.C. deposits atime lapse ofabout 130 Mabetween 
initiation of rift-fill and the formation of Sedex deposits. 

Similarly, the Cambrian to Devonian basinal rocks host- 
ing Sedex deposits in the Selwyn Basin of Canada can be 
viewed as a rift-cover sequence to Upper Proterozoic rift-fill 
clastics of the Windermere Supergroup. Windermere depo- 
sition began along a newly rifted margin of western North 
America at  about 770 Ma (Abbott et al., 1986; Gabrielse 
and Campbell, 1991). Although only the eastern margin of 
the westward thickening rift-fill sequence is exposed, a t  
least 3 km of coarse feldspathic turbidites occur beneath 
the lowest calcareous rift-cover strata of Cambrian age 
(Eisbacher, 1981). Sedex deposits i n  Cambrian to 
Mississippian host rocks therefore postdate rift initiation 
by between 200 and 400 Ma. 

In Ireland, extensional basins were initiated during the 
Lower Devonian, either in  response to crustal extension or 
as pull-apart basins along transcurrent faults. More than 
6 km of conglomerate, sandstone, and mudstone fill the 
Munster Basin (Phillips and Sevastopulo, 1986). The Irish 
deposits of middle Dinantian age were thus formed only 
about 40 Ma after initiation of rift-controlled subsidence. 

The major exception to the generalization that Sedex 
deposits occur in a rift-cover sequence is the Sullivan 
deposit of the middle Proterozoic Belt-Purcell Supergroup. 
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Figure 6.1-6. Schematic representation of the geoiogical setting of Sedex deposits. Sedex deposits are 
hosted by the cover sequence to an intracontinental rift system that has been filled by continental clastics, 
volcanics, and/or marine clastics. Chloride brines, formed during an evaporitic period of rift filling or by the 
later subsurface dissolution of the evaporites, collect in the deep part of the rift fill sequence. The rift cover 
sequence acts as a hydrothermal caprock (base marked by bold dashed line) to the brines during heating 
by burial or deep magmatism. The heated brines flow to the contemporaneous surface of the cover sequence 
when the caprock is ruptured by renewed extensional tectonism. 

The deposit occurs in a rift-fill sequence of turbidites and 
tholeiitic sills of the Aldridge Formation in the lower part 
of the exposed stratigraphy. However, some exploration 
potential can be inferred from the presence of a few rela- 
tively small baritic Zn-Pb deposits, possibly of Sedex type, 
(Mineral King, Paradise, Leg) which are located near the 
top of the preserved rift-cover sequence (Dutch Creek and 
Mount Nelson formations). 

AGE AND PALEOGEOGRAPHIC 
DISTRIBUTION 
Sedex deposits span the range from the Middle Proterozoic 
to the present. There are two frequency peaks to the distri- 
bution of deposit ages, namely in the Middle Proterozoic 
and in the Paleozoic (Fig. 6.1-7A). These peaks are accen- 
tuated in terms of contained metal (Fig. 6.1-7B), emphasiz- 
ing that the bulk of known reserves of the Sedex type occur 
in the Middle Proterozoic of Australia, and in the middle 
Paleozoic of Western Canada, Alaska, and Western Europe 
(Table 6.1-1). 

The oldest Sedex deposits may be those of the highly 
metamorphosed Bhilwara and Aravalli supergroups of 
northwestern India. Model Pb dating indicates an age of 

about 1800 Ma for the deposits themselves, and Rb-Sr 
dating of an intrusive granite constrains their host rocks to 
a minimum age of 1500 Ma (Deb et al., 1989). The Black 
Angel deposit of Greenland, which is hosted by Lower 
Proterozoic (i.e. >I800 Ma) carbonate rocks of the 
Marmorilik Formation (Garde, 1978; Thomassen, 19911, 
has been metamorphosed and structurally deformed 
beyond unequivocal classification. Though considered by 
Sangster (1990) to be of the Sedex type and by Pedersen 
(1981) as a syndiagenetic (i.e., Irish) type , it could also be 
of the Mississippi Valley type (Cannichael, 1988). If the 
last, i t  could belong to the same metallogenetic province as 
the MVT deposits of the Lower Proterozoic Ramah Group 
in Labrador (Wilton et al., 1993) or the Middle Proterozoic 
Society Cliffs Formation on B f f i  Island (Clayton and 
Thorpe, 1982). Because of its uncertain genesis, i t  has been 
excluded from the present classification. A deposit inter- 
preted to be of Sedex type, with a Pb-Pb model age of 1350 Ma, 
is reported for the Lower Proterozoic of China (Hou and 
Zhao, 1993), but because it occurs in a Pb-Zn skarn metal- 
logenetic province, and is itself situated within the meta- 
morphic aureole of a granite and contains elevated 
molybdenum concentrations, i t  is excluded from the pre- 
sent classification because of its dubious genesis. The 
Boquira deposit of Brazil, containing 5.6 Mt at 1.43% Zn 
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Figure 6.1-7. Age distribution of Sedex deposits. 

A) Number of deposits per 100 Ma interval. Note the two frequency peaks during the Middle Proterozoic 
(1600-1800 Ma) and the Cambrian-Mississippian span of the Phanerozoic (300-600 Ma). 

B) Tonnes of Zn+Pb per 100 Ma interval. Note that the great majority of Sedex resources are about 
equally divided between the Middle Proterozoic deposits of Australia and South Africa on the one 
hand and the Paleozoic deposits of Canada and Western Europe on the other. 

C) Average metal content of deposits per 100 Ma interval. The number of deposits in each group is 
indicated. The vertical bar indicates the average metal content of deposits exclusive of the "giant" in 
each group, the name of which is indicated. 

and 8.85% Pb in an amphibolite-magnetite iron-formation 
of attributed late Archean age (Espourteille and Fleischer, 
1988), and suggested to be of sedimentary exhalative origin 
(Carvalho et al., 1982), is also excluded from the classifica- 
tion because of its suspect genesis. 

There does not appear to be any compelling reason, 
based on current understanding, why Sedex deposits 
should not occur in rocks older than Middle Proterozoic. 
The onset of the Middle Proterozoic does not seem to coin- 
cide with any major permanent change in global climate, 
ocean water composition, atmosphere composition, or 
geotectonic processes. For example, the >3.2 Ga (Kroner et 
al., 1991) sedimentarybaritite of the Fig Tree Group, South 
Africa (Heinrichs and Reimer, 1977) indicates that a 
deposit type most closely related to Sedex deposits (see 
below) was being formed very much earlier in the Earth's 
history than Middle Proterozoic. 

The majority of Proterozoic Sedex ore deposits were 
formed in the time range 1650-1700 Ma and, together with 
the Sullivan deposit (1467 Ma - H.E. Anderson, D. Davis, 
and R.R. Parrish, unpub. data, Geological Survey of Canada, 
Minerals Colloquium, January, 1994, Ottawa, Ontario), 

seem to be spatially associated with the suture systems that 
separate the Australian, Antarctican, and South Afiican cra- 
tons from the North American craton on a reconstruction 
of the Upper Proterozoic Supercontinent (see Fig. 6.1-8A). 
This remarkable correlation might be fortuitous, because 
the mineralization and the rifting with which it is associ- 
ated predate the orogenic belts of Grenville age, along 
which assembly of the Upper Proterozoic supercontinent is 
inferred to have taken place. If, as suggested by Hoffman 
(1991), the Laurentian, Australian, and Antarctican cratons 
were fellow travellers from 1900 Ma to 600 Ma, then the rift 
systems along which the Sedex deposits are located did not 
lead to oceanic spreading a t  that time but remained intrac- 
ratonic. They did, however, provide the cratonic perfora- 
tions along which the cratons ultimately separated during 
the latest Proterozoic. 

The bulk of Paleozoic Sedex resources are located in the 
Cambro-Silurian Road River Group of Selwyn Basin and 
the Devono-Carboniferous Earn Group of northwestern 
Canada and their continuation into Alaska. The deposits 
are clustered at  Cambrian, Silurian, and Devonian ages. 
Selwyn Basin is filled by a condensed sequence of shales 
and carbonaceous cherts representing a semistarved basin, 
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is bounded by a carbonate shelf, and is interpreted to cover 
the site of an Upper Proterozoic rift zone (Abbott et al., 
1986). The unconformably overlying Earn Group comprises 
shales to conglomerates of coarsening upward clastic 
wedges of a western provenance (Gordey et al., 1982). 
Mississippian carbonate rocks of Ireland and Devonian 
shales of the Rhenish Basin in Germany are the two other 
most important host successions for Paleozoic Sedex deposits 
(Fig. 6.1-8B). 

The youngest fossilized Sedex deposits reported in the 
literature are of Jurassic age (Table 6.1-1). Those hosted by 
Jurassic carbonate rocks of the Lasbela-Khuzdar Belt of 
Pakistan (Anderson and Lydon, 1990) were formed on the 
flanks of the riR system that separated Madagascar from 
the Indian craton. Lead-zinc-barium mineralization near 
the top of a thick deltaic sequence that comprises the 
Jurassic San Cayetano Formation in Cuba, has been inter- 
preted to be of seafloor origin (Zhidkov and Jalturin, 1976; 
Simon et al., 1990; Valdes-Nodarse et al. 1993). 

Figure 6.1-8. A) Geographical distribution of Proterozoic 
Sedex deposits shown on the continental reconstruction for 
the Upper Proterozoic by Hoffman (1 991). Numbers refer to 
the most reliable radiometric age of the host rocks and bold 
lines indicate known outlines of modern day margins of conti- 
nents. Arrows indicate present day north. B) Geographic 
distribution of Paleozoic Sedex deposits shown on the conti- 
nental reconstruction for the Upper Devonian by Scotese 
(1 984). 
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It  is debatable whether there are any modern analogues 
of Sedex deposits. The metalliferous sediments of the Red 
Sea brine pools (Degens and Ross, 1969), which are often 
cited as  the analogue for Sedex deposit genesis in connec- 
tion with the brine pool model, have a Zn:Pb ratio of about 
50:l and Zn:Cu ratio of 4:l (Bignell et  al., 19761, which is 
not typical for Sedex deposits. The sulphide deposits of 
Middle Valley (Goodfellow and Franklin, 1993) and the 
Escanaba Trough (Zierenberg et al., 1993) are composed 
dominantly of pyrrhotite, and have elevated copper concen- 
trations. The Bent Hill sulphide deposit a t  Middle Valley 
(Juan de Fuca Ridge), which is the only seafloor sulphide 
deposit investigated by deep drilling, has the morphology 
of a discordant pipe (Davis et  al., 1992b), which is in 
contrast to typically stratiform Sedex deposits. In the 
geological record these modern sulphide deposits of sedi- 
ment-covered oceanic ridges would be preserved in, or just 
above, ophiolite sequences. The brines of the Salton Sea 
geothermal system, which occur within deltaic sediments 
that infill an intracontinental rhombochasm, have both the 
chemical composition and geological setting typical of most 
Sedex deposits. If situated in a submarine, rather than a 
subaerial environment, brines of this hydrothermal plume 
would have the potential to form Sedex-type deposits. 

DISTRIBUTION IN CANADA 
The distribution of the major Canadian Sedex deposits is 
shown in Figure 6.1-1. The Sullivan deposit hosted by 
turbidites in the bottom part of the Middle Proterozoic 
Purcell Supergroup has been the major producer. Cambro- 
Silurian shales and carbonaceous cherts of the Selwyn 
Basin and the overlying Devono-Mississippian Earn Group 
in Yukon Territory and northern British Columbia, contain 
the great bulk of known Canadian Sedex resources. Only 
the Faro and Vangorda deposits of the Anvil district have 
been mined. The Howards Pass deposits (XY, Anniv, OP) 
are one of the world's greatest concentrations of sphalerite 
and galena. The Windsor Basin in Nova Scotia has similar 
age and geological attributes to the Irish metallogenetic 
province, of which it may be considered to be a pre-Atlantic 
opening extension. The major Zn-Pb deposit in this area, 
Gays River, is classified as a MVT deposit. The Walton 
deposit, which has Irish-type Sedex characteristics, was 
mined only for barite. The Grenville Supergroup contains 
many minor sphalerite-rich deposits in carbonates and 
shales that accumulated on the flanks of a rift, and is very 
similar in  geological attributes to the Middle Cambrian 
Sedex metallogenetic province of the Iberian Peninsula. 
Intense deformation of the  major deposit a t  Balmat- 
Edwards, New York, precludes an unequivocal classifica- 
tion as a Sedex deposit, (for example it may be a salt-dome 
related sulphide deposit). 

Terranes considered favourable for the occurrence of 
Sedex deposits, but in which no examples of Sedex deposits 
are known, are also shown on Figure 6.1-1. The Richardson 
Trough has similar geological characteristics to the Selwyn 
Basin. The Hazen Basin, of similar age to the Selwyn Basin, 
is considered favourable because its extension in northern 
Greenland contains Sedex-type mineralization. Lower 
Proterozoic sediments of the Labrador Trough have all the 
positive regional and local indicators for the occurrence of 
Sedex deposits (H.S. Swinden and F. Santaguida, Geological 

Survey of Canada, Minerals Colloquium, January, 1994, 
Ottawa, Ontario), including initiation of sedimentation as  
redbed intracontinental rift-fill, with subsequent marine 
sedimentation in a volcanically active spreading environ- 
ment  (see "Exploration guidelines"). The Proterozoic 
Borden Basin and Foxe Fold Belt are considered as  having 
Sedex potential because of their thick shale accumulations, 
abundant evidence for synsedimentary faulting, and 
scattered centres of contemporaneous magmatic activity 
(Sangster, 1981). 

HOST ROCKS AND RELATED 
LITHOLOGIES 
Sedex deposits occur in  sedimentary rock types considered 
typical of most epicontinental marine environments or 
playa lakes of inland drainage systems. Their depositional 
settings range from deep water distal turbidite fans (e.g. 
Sullivan) through relatively deep water, off-shelf to slope 
shales (e.g. Rammelsberg), and shelf carbonates (e.g. Irish 
and Pakistani deposits) to back-reef or playa lake calcareous 
siltstones and shales (e.g. H.Y.C. and Mt. Isa, Australia). The 
siliceous carbonaceous shales of the Selwyn basin deposits 
reflect a euxinic, starved, semirestricted marine basin, and 
their depositional setting may have been comparable to the 
Black Sea. 

Whatever the dominant lithology of the host rocks, 
locally derived fragmental sedimentary rocks are a typical 
feature of most Sedex deposits. These fragmental rocks 
comprise slide sheets, debris flows, stratiform and discor- 
dant breccias, conglomerates, and mud flows, and are usu- 
ally composed of rock types which occur a t  the same or 
deeper stratigraphic levels as the Sedex deposit itself. The 
fragmental rocks may occur in  the near footwall, within, or 
in the near hanging wall to the deposit, or as  local litho- 
logical facies some distance from the locus of mineralization. 
The fragmental rocks may be divided into two categories: 
1. Those associated with tectonic activity, and include fault 

scarp talus, slide sheets, slumps, and debris flows; and 
2. Those associated with fluid upflow and include hydrother- 

mal vent and eruption breccias; discordant zones of 
hydraulically fractured or turbated sediment; and 
extrusion breccias and mudflows resulting from mud 
volcano activity. 
These sedimentary fragmental rocks are considered to 

be most positive indicators for favourable environmental 
conditions (i.e., tectonic activity and fluid upflow) for the 
formation of Sedex deposits. 

HOST ROCK ALTERATION 
Hydrothermal alteration of the host rocks to Sedex deposits 
has not been documented a t  the same level of detail a s  it 
has for VMS deposits for two main reasons: 
1. Feeder zone mineralization associated with Sedex 

deposits usually is not, in contrast to VMS deposits, of 
economic grade. Hence the hydrothermal upflow zone 
where the most intense hydrothermal alteration takes 
place is not made accessible for study via underground 
workings or systematic drill cores. 



TYPE 6 

The most common alteration minerals of fossilized 
seafloor hydrothermal systems (chlorite, muscovite, 
quartz, and accessory sulphides, carbonates, and oxides) 
is similar to the rock-forming mineralogy of terrigenous 
sedimentary rocks that have been metamorphosed to 
greenschist facies (essentially quartz, muscovite, and 
chlorite, and accessory carbonates, and iron sulphides). 
A hydrothermal alteration pipe in metamorphosed ter- 
rigenous sediments may therefore be difficult to recog- 
nize on mineralogcal grounds alone, and requires 
significant metasomatic or textural signatures for it to 
be readily distinguished. 
The lack of a sufficient number of case examples of host 

rock alteration associated with Sedex deposits precludes 
generalizations to the same extent as is possible for VMS 
deposits, and so only a range of examples is presented here. 

One of the most remarkable Sedex alteration pipes is 
that associated with the Sullivan deposit, which is under- 
lain by a tourmalinite pipe about 1000 m in diameter 
(Hamilton et  al., 1982). Whether this tourmalinite is 
directly related to hydrothermal upflow that formed the 
sulphide deposit is debatable, because tourmalinite pipes 
without any base metal sulphide associations occur else- 
where within the Belt-Purcell Supergroup (e.g. Beaty et al., 
1988). At Sullivan, the tourmalinite is cut by veins and 
networks of sulphides that appear to be feeder mineraliza- 
tion to the overlying massive ore, which suggests that the 
bulk of the tourmalinite predates the sulphide mineraliza- 
tion. Significant silicification, either by replacement or as 
bedded chert, has not been recognized at the Sullivan 
deposit. Alteration patterns at Sullivan are complicated by 
a postore overprinting by an albite-chlorite-pyrite altera- 
tion that is most extensively developed in the hanging wall 
of the deposit (Hamilton et al., 1982) and may be related to 
the emplacement of a thick tholeiitic sill and its offshoots 
(Jardine, 1966; Ethier et al., 1976) about 200 m below the 
ore horizon. 

Silicification may have been an  integral part of 
hydrothermal alteration at both the Tom and nearby Jason 
deposits, but the host siliceous carbonaceous shales make 
it difficult to distinguish hydrothermal silicification from 
normal diagenetic effects. The most obvious and extensive 
footwall alteration at the Tom deposit is ankeritelpyrite 
alteration (Goodfellow and Rhodes, 1990). Carbonatiza- 
tion, notably by ferroan ankerite, is strongest within the 
feeder zone and vent complex, where there appears to have 
been a concomitant removal of silica. At the Jason deposit, 
footwall alteration consists of variably silicified and car- 
bonatized rocks (Bailes et al., 1986). The feeder zone and 
vent complex are characterized by a lower siderite zone and 
upper ferroan dolomite zone (Turner, 1990). 

The Rammelsberg deposit is stratigraphically under- 
lain by a zone of silica-rich lenses termed "Kniest" (Hannak, 
1981). Large (1983) stated that the Kniest has a pipe-like 
geometry that distinctly crosscuts the bedding and contains 
veins of chalcopyrite. At Mount Isa, an extensive zone of 
quartz and dolomite with associated chalcopyrite ores occurs 
down dip from the Sedex-type Zn-Pb ores, but there is 
debate whether it is contemporaneous with the formation 
of the Zn-Pb ores (e.g., Stanton, 1963; Mathias and Clark, 
1975) or whether it  is a much later superimposed event 
(e.g., Perkins, 1984; Bell et al., 1988). 

Dolomitization, with or without silicification, is associ- 
ated with several Sedex deposits whose host rocks have a 
calcareous component. Generally throughout Ireland, a 
pervasive dolomitization is interpreted to have preceded 
the main sulphide-depositing event (Hitzman and Large, 
1986; Hitzman, 1986). At the Silvermines deposit, perva- 
sive iron-free dolomitization of the footwall rocks preceded 
seafloor sulphide and siderite mineralization, whereas 
iron-bearing dolomite, as fracture fillings and secondary 
cements, was precipitated both during and after accumula- 
tion of the stratiform ores (Andrew, 1986). Similarly a t  
Tynagh, replacement and cementation by dolomite and 
ferroan calcite preceded sulphide mineralization whereas 
precipitation of iron-bearing dolomite took place both dur- 
ing and after the main sulphide event (Boast et al., 1981; 
Clifford et al., 1986). At the Navan deposit, replacement of 
micritic host rock by low-iron dolomite and minor chalced- 
ony preceded and accompanied sulphide mineralization 
(Andrew and Ashton, 1985). In the H.Y.C. and Ridge I1 
deposits of the McArthur River area, Australia, multiple 
generations of dolomite and the development of nodular 
dolomite distinguish mineralized calcareous siltstones 
from nonmineralized lithological equivalents (Williams, 
1978a). 

If the above examples are representative of the deposit 
type as a whole, then iron- and magnesium-bearing car- 
bonatization is probably the most common easily recogniz- 
able hydrothermal alteration type associated with Sedex 
deposits. Silicification may also be significant, though more 
difficult to recognize. Argillic alteration, including the 
prominent chloritization and sericitization typical of VMS 
deposits, may be too cryptic to recognize, unless the host 
rock originally contained significant concentrations of 
feldspar. 

ASSOCIATED STRUCTURES 
As discussed above, Sedex deposits occur in structurally 
controlled sedimentary basins, and most of these basins are 
related to major rift zones. Large (1983) classified the 
sedimentary basins that host the deposits according to 
their lateral dimensions. First-order basins have lateral 
dimensions of the order of 100 km and correspond to the 
major rift structure. Second-order basins generally have 
lateral dimensions in excess of 10 km and third-order 
basins range from hundreds of metres to ten kilometres, 
both commonly having the form of a half-graben. Sedex 
deposits are spatially associated with the synsedimentary 
faults that control these second- and third-order basins. As 
noted above, Sedex deposits, and the second- and third- 
order basins with which they are associated, occur in the 
rift-cover sequence and hence postdate the main phase of 
rifting. It is not clear whether the localized extensional 
faults, which control the second- and third-order basins, 
form an integral part of the tectonic evolution of a sediment- 
covered rift, and hence are predictable, or whether they 
represent a separate tectonic event, and hence are unpre- 
dictable features of sediment-covered rifts. Most authors 
agree that a rift-cover sequence represents basinal develop- 
ment due to thermal relaxation after extension or the rift 
sag stage. For example, the Mount Isa Group of Australia 
is considered to represent a rift sag sequence following 
renewed extension of the Leichardt River Fault Trough at 
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1678 Ma. Large (1983) considered Sedex deposits to be 
associated with a tectonic extensional pulse superimposed 
upon postrift subsidence. 

Not all Sedex deposits are directly related to a tectonic 
rifting process per se. In some cases a t  least, the second- 
and third-order basins are interpreted as rhombochasms or 
pull-apart basins associated with transcurrent faulting in 
a sedimentary basin. For example, the Macmillan Pass 
Central Block, hosting the Tom and Jason Sedex deposits, 
is thought to represent a Devonian pull-apart basin (Abbott 
et al., 1986). The clastic-filled Devonian extensional basins 
tha t  control the siting of the  Sedex deposits in  the 
Mississippian carbonate rift-cover sequence in Ireland are 
good candidates for rhombochasms developed along 
transcurrent faults that are controlled by the Caledonian 
structural grain of the basement. I t  is significant to note 
that the Salton Sea geothermal system, the best modern 
analogue for a hydrothermal system capable of forming 
Sedex-type deposits, is located in a rhombochasm along the 
San Andreas transcurrent fault system (McKibben et al., 
1988; McKibben and Eldridge, 1989). 

DEFINITIVE CHARACTERISTICS 
Sedex deposits were loosely defined in the "Introduction" 
as a sulphide deposit formed in a sedimentary basin by the 
submarine venting of hydrothermal fluids and whose prin- 
cipal ore minerals are sphalerite and galena. Irrespective 
of the definition used, examples of mineral deposits can 
invariably be cited that are intermediate in characteristics 
between the Sedex type on the one hand and the VMS, 
MVT, bedded barite, or iron-formation types on the other. 
The key concepts in the definition used here that distin- 
guish Sedex deposits from these other deposit types are: 

Sedex deposits occur in a sedimentary basin. The scale 
of sedimentary basin referred to is in the order of 102 to 
103 km2. In other words Sedex deposits occur in a 
geological terrane that is defined by the presence of a 
specified sequence of sedimentary rocks (i.e., a sedimen- 
tary basin). This criterion helps to distinguish Sedex 
deposits from VMS deposits, which typically occur in a 
geological terrane distinguished by the presence of vol- 
canic rocks (i.e., a volcanic belt). The mere presence of 
sedimentary rocks in  the immediate footwall of a 
conformable sulphide deposit is in itself not diagnostic 
of a Sedex deposit - the  immediate host rocks of many 
VMS deposits are sedimentary rocks. (see subtype 6.3 
"Volcanic-associated massive sulphide base metals7'). 
The principal economic minerals are sphalerite and 
galena. The importance of this concept is that i t  not only 
distinguishes Sedex deposits from other nonsulphide 
seafloor metalliferous sediments such as baritite depos- 
its, iron-formations, and manganese formations, but 
also is another criterion to distinguish them from VMS 
deposits, in which chalcopyrite, is almost invariably a 
principal ore mineral. The presence or absence of chal- 
copyrite a s  a primary hydrothermal product in a 
seafloor sulphide deposit directly reflects the tempera- 
ture of the hydrothermal fluids. The solubility of 
chalcopyrite in a reduced (i.e. H2S >> SO 3-) aqueous - - - - - 

fluid in which metals are present mainly as chloride 
complexes is insignificant (<1 ppm) below about 300°C. 
Fluid inclusions and other geothermometers indicate 
tha t  the  temperature of the  hydrothermal fluids 

responsible for Sedex deposits are in the range 150°C- 
30OoC, whereas for VMS deposits the temperatures of 
the ore fluids are generally >300°C. 
S e d a  deposits were formed during the submarine vent- 
ing of hidrotherma1 fluids.  hisc concept emphasizes 
that Sedex de~osi ts  formed a t  or iust below the seafloor 
and are essentially a quasi-synsedimentary phenome- 
non, although there is debate whether the deposits are 
dominantly seafloor metalliferous sediments around 
hydrothermal vent fields or are dominantly the prod- 
ucts of subsurface replacement of sediments around the 
hydrothermal upflow conduits. This depositional envi- 
ronment distinguishes them from MVT deposits, which 
are essentially epigenetic deposits formed in lithified 
carbonate rocks, and for which there is a significant 
difference between the age of the mineralization and the 
age of the host rocks. 

GENETIC MODELS 
There are two distinct sets of problems concerning the 
genesis of Sedex deposits. One is with regard to the origins 
of the ore fluids and the reasons for their upflow to the 
seafloor. The other pertains to the processes of sulphide 
precipitation and accumulation to form the ore deposit. 

Generation and upflow of 
hydrothermal fluids 
The majority of opinion is that the ore fluids for Sedex 
deposits are formational waters of the sedimentary basin 
that for whatever reason have become unusually hot, 
saline, and metalliferous (e.g., Walker et al., 1981; Badham, 
1981; Carne and Cathro, 1982; Lydon, 1983; Sawkins, 
1984). The salient points of this model are illustrated in 
Figure 6.1-6. The reason the formational waters become 
unusually hot is thought to be unusually high geothermal 
gradient of an  area undergoing extensional tectonism. 
Although this high heat flow can be ultimately linked to 
contemporaneous, usually deep, magmatic activity of a 
spreading geotectonic environment, there is little or no 
evidence to support direct heating by a magmatic body of 
the hydrothermal systems responsible for Sedex deposits. 
Heatingby an  elevated geothermal gradient, even as highly 
anomalous as  70°C/km, requires that the hydrothermal 
fluids originate from a depth of several kilometres. Lydon 
(1983) suggested that the most plausible geological envi- 
ronment which would allow the heating of large volumes of 
formational water to greater than 200°C was one in which 
a sequence of porous rocks, forming the aquifer or 
hydrothermal reservoir, was overlain by a sequence of 
argillaceous rocks. The argillaceous sequence performs the 
double function of an impermeable caprock, which prevents 
the dissipation of heat by the upward convective mass flow 
of heated fluids, and also a thermal insulator, which pre- 
vents the dissipation of heat by conduction, and thus allows 
the buildup of high temperatures in the reservoir. This is 
the configuration of most sediment-covered rift systems 
that host Sedex deposits, in which coarse clastic and 
volcanic rocks of the rift-fill sequence are overlain by 
argillaceous rocks of the rift-cover sequence, deposited 
during the marine transgression associated with the 
thermal subsidence stage of the rifting cycle. 
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Although the sparse fluid inclusion data (see above) 
suggest that the ultra high salinities of the Salton Sea, for 
example, are not necessary to form an ore fluid, they do 
suggest that the ore fluids must have salinities a t  least two 
to three times that of seawater. The origin of these high 
salinities in the ore fluids, like their modern analogues, is 
most likely to be a result of the dissolution of evaporites in  
the sedimentary sequence stratigraphically below the 
deposit. In terms of Lydon's (1983) model outlined above, 
these evaporites could be withln or a t  the base of the rift-fill 
sequence. Candidates for such a role in the formation of 
Sedex deposits in the Selwyn Basin would be the evaporites 
of the Little Dal Group and the Coates Lake Group. These 
may extend completely beneath Selwyn Basin a t  the base 
of the Windermere Supergroup, which is the Upper Proter- 
ozoic rift-fill sequence to the overlying Paleozoic rift-cover 
sequence of the Selwyn Basin. 

Processes of sulphide precipitation 
and accumulation 
A wide spectrum of hypotheses have been suggested in 
attempts to explain the precipitation, accumulation, and 
preservation of sulphides and other hydrothermal products 
in Sedex deposits. The common theme in most cases is an 
explanation of the bedded or laminated textures typical of 
the bedded ores and distal hydrothermal products facies of 
the  idealized Sedex deposit (Fig. 6.1-4). The ideas 
expressed can be conveniently grouped into four models. 

Brine pool / bottom-hugging brine model 
The brine pool model advocates that the bedded ores and 
distal hydrothermal products facies represent sedimenta- 
tion from a stagnant brine pool, formed by the collection of 
hydrothermal effluent in a topographic depression adjacent 
to the vent area or from a migrating bottom-hugging brine. 
Advocates of a dense brine model for Sedex deposits include 
Solomon and Walshe (1979), Finlow-Bates, (1980), Russell 
et al. (1981), Carne and Cathro (1982), Lydon (1983), and 
Samson and Russell (1987). The brine pool variant of the 
model has a modern analogy in the brine pools and metal- 
liferous sediments of the Red Sea (e.g., Degens and Ross, 
1969; Backer, 1975). The merits of this model are that it 
explains: 
i) The finely laminated nature of the bedded ores, which 

is consistent with the very low energy depositional 
environment provided by a stagnant brine pool. 

ii) The sheet-like morphology of the bedded part of a Sedex 
deposit, suggesting uniform depositional rates of com- 
positionally unique sediments of hydrothermal origin 
within the confines of a limited area. 

iii) The lateral continuity of individual lamina of hydrother- 
mal products, many of which are monomineralic, sug- 
gests synchronous precipitation and settling from an 
overlying water column that is distinctly different from 
normal seawater and whose chemical characteristics 
undergo repetitive cyclic changes. 

iv) The lack of bioturbation of the laminated hydrothermal 
products, indicating a bottom environment hostile to 
burrowing organisms, even though, in the Phanerozoic 
at  least, such organisms are common. 

V) The preferential siting of Sedex deposits in third- or 
second-order basins, indicating that a topographic 
depression on the seafloor is required for their forma- 
tion. Although a topographic depression is a requisite 
for the brine pool model, i t  is not an  integral part of 
alternative models. 

vi) The large average tonnage of metals contained in a 
Sedex deposit. A brine pool confines the upward disper- 
sal of hydrothermal products to below the pycnocline 
which defines its upper surface, and limits lateral dis- 
persal to the brine pool margins. As a consequence, a 
high proportion of the metals that are carried upward 
by the hydrothermal fluids are precipitated within the 
limits of the brine pool and not dispersed in the open 
ocean. 
The bottom-hugging brine variant of the model was 

inspired by the experiments of Turner and Gustafson 
(1978) and Solomon and Walshe (1979). A difference 
between the bottom-hugging brine model and the brine pool 
model is that there is only a single pass of each pulse of 
hydrothermal fluid over the proximal site of hydrothermal 
precipitation (which is used to explain mineralogical zona- 
tion). Another difference is that the migrating brines may 
collect in a basin distal from the upflow zone and result in 
the hydrothermal sediments being disconnected from a 
hydrothermal vent zone. 

Buoyant plume model 
Calculations by Sato (1972) have shown that in order for 
hydrothermal effluent cooled to below 100°C by mixing 
with seawater to be denser than seawater and hence to 
form a bottom-hugging brine or brine pool, the vented 
hydrothermal solutions must have a salinity greater than 
four times seawater if their vent temperature is above 
250°C. The basis of this model is that the only fluid inclu- 
sion data available (see above) suggests that ore fluids for 
Sedex deposits have salinitcs in the range of only two to 
three times seawater. Therefore, the plume formed by mix- 
ing seawater with hydrothermal fluids of these salinities 
and temperatures around 25OoC, would remain buoyant for 
most of its cooling and precipitational history. 

The model has only been explicitly applied to Sedex 
deposits (Goodfellow and Jonasson, 1986; Goodfellow and 
Rhodes, 1990) in conjunction with a postulated stratified 
oceanic water column during times of oceanic anoxia 
(Goodfellow, 1987). The stratified water column is required 
to provide sulphide for ore deposition over a long time 
period and to prevent the rapid oxidation of sulphides 
nucleated in the water column or accumulated on the 
normally oxic ocean floor. 

Clastic apron model 
Clastic sedimentary textures in Sedex deposits, such as 
debris flows of fragmental sulphides (e.g. Sullivan; 
Hamilton e t  al., 1983) and  graded bedding (e.g. 
Rammelsberg; Large, 1983) have been cited as evidence for 
their synsedimentary seafloor origin. The origin of the 
clastic sulphides is by contemporaneous erosion or collapse 
of a topographically elevated sulphide mound formed above 
the hydrothermal upflow zone, with the resulting talus 
breccia, debris flows, and turbidites collecting as a clastic 
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apron around the base of the mound. Modern analogies for 
this process have been described for Middle Valley 
(Goodfellow and Franklin, 1993). Although no one has 
advocated that the bedded ores of Sedex deposits have 
formed entirely by a process of clastic reworking of vent 
complex, the process is evidently of some significance in 
certain deposits. 

Subsurface replacement model 
This model is gaining increasing advocacy, especially by 
those working on the Australian Proterozoic deposits of the 
McArthur Basin and Mount Isa Inlier. The essence of the 
model is that the bedded ores of Sedex deposits represent 
the very early diagenetic, precompaction replacement of 
fine grained bedded sediments in the subsurface around 
seafloor hydrothermal vents. The sedimentary textures of 
Sedex deposits are therefore not primary but result from 
pseudomorphism of those of the host sediment. Prominent 
advocates of the model, based on studies of the McArthur 
River deposits (H.Y.C., Ridge II), have been Williams and 
Rye (1974), Williams (1978a, b), and Eldridge et al. (1993), 
who showed that texturally the ore sulphides postdate 
early diagenetic pyrite and that sulphur isotope data 
require interpretations involving different sulphur sources 
for the diagenetic and ore sulphides. It has been argued 
that the geochemistry of the Mount Isa ores indicates that 
the Cu-silica dolomite and Pb-Zn ores are cogenetic during 
diagenesis, and that the finely layered Pb-Zn ores inherited 
their textures from the original clastic sediments. Andrew 
and Ashton (1985) have shown that the bulk of the Zn-Pb 
ore of the Navan deposit postdates the earliest carbonate 
cements. 

The merits of the subsurface replacement model are 
that: 
i) It gives the most satisfactory explanation for the char- 

acteristic mineralogical and chemical zonation of the 
ores around the upflow zone. Zone boundaries form 
concentric shells, both in vertical and lateral sections, 
around the upflow zone. This suggests a zone refine- 
ment process that simultaneously affected the entire 
stratigraphic sequence of the ore body. Zonation pat- 
terns of the vent complex ores, which are generally 
agreed to be the products of subsurface replacement and 
infilling, continue with the same polarity and gradients 
into the bedded ores (e.g., Sullivan, Tom, and Jason 
deposits). This suggests that mineralogical and chemi- 
cal distribution patterns for the bedded ores are also a 
product of subsurface dispersal or zone refinement. 

ii) Subsurface replacement is consistent with the observa- 
tions at the two modern analogues of metalliferous 
hydrothermal systems in unconsolidated sediments 
(Salton Sea and Middle Valley), that the bulk of subsur- 
face hydrothermal fluid is contained in a plume that 
pervasively occupies the porosity of the host sediments 
and is not confined to channels. 

Source of sulphide sulphur 
Sedex deposits not only contain on average large quantities 
of metal, but also large quantities of sulphur. Experimental 
investigations have shown that aqueous chloride solutions 
with five times the salinity of seawater can carry hundreds 
of parts per million of zinc, lead, and hydrogen sulphide in 

stoichiometric proportions to form sphalerite and galena a t  
temperatures above 200°C and pH<4 (Barrett and Anderson, 
1982). However, these concentrations are reduced by orders 
of magnitude at the pH of hydrothermal fluids emanating 
from sedimentary rocks which are in the range 5.5 to 7.0 
(e.g., Salton Sea pH=5.5 (McKibben et al., 1988) and 
Guaymas Basin pH=5.9 (Von Damm et al., 1985). For the 
ore fluids to carry sufficient concentrations of metal (tens 
or hundreds parts per million) to form a large Sedex 
deposit, they must be sulphur deficient (i.e., the metal:sul- 
phide ratio in the fluid greater than stoichiometric propor- 
tions for the metal sulphide). In other words, a t  least some 
of the sulphide sulphur must be supplied at the depositional 
site of the Sedex deposit. The only viable source of local 
seafloor sulphur in the sulphide form is that produced by 
the bacteriogenic reduction of seawater sulphate, and 
stored at the depositional site either in the subsurface as 
hydrogen sulphide dissolved in porewater andlor as diage- 
netic iron sulphides (e.g., Williams, 1978a; Samson and 
Russell, 1987), or in the lower part of a stratified anoxic 
water column (e.g., Goodfellow, 1987; Turner, 1992). 

In Sedex deposits that contain barite, the sulphur iso- 
tope ratios of the barite are usually close to those of coeval 
seawater sulphate, indicating that much of the barite was 
precipitated by hydrothermal barium fixing ambient 
marine sulphate. The sulphur isotope ratios of sulphides in 
the same deposit usually range from the barite values to 
values with an increasing proportion of 32S, consistent with 
the explanation that most of the sulphide in Sedex deposits 
is derived by the bacterial reduction of coeval marine 
sulphate. Goodfellow and Jonasson (1986) have shown 
that the average sulphur isotope ratios of Sedex deposits in 
the Selwyn Basin closely track the stratigraphic variation 
in sulphur isotope ratios of diagenetic pyrite and thus 
supports this conclusion. Studies by Shanks et al. (1987) of 
the Anvil Range deposits suggested a mixed source involv- 
ing reduced seawater sulphate and hydrothermal hydrogen 
sulphide. Interpretations of sulphur isotope analysis of 
bulk mineral separates from the H.Y.C. deposit led Smith 
and Croxford (1973) to interpret a hydrothermal source of 
sulphide for sphalerite and galena but a biogenic reduction 
of ambient sulphate for pyrite. Williams and Rye (1974) and 
Williams (1978a, b) interpreted the same data to indicate 
that all sulphur was supplied as sulphate in the ore fluid. 
The reduction of the sulphate supplied sulphide to form 
early diagenetic pyrite, which in turn was partially redis- 
solved to form a hybrid sulphide supply, from which the 
texturally later ore metal sulphides were formed. Interpre- 
tation of more recent SHRIMP analyses concluded that 
both diagenetically early and diagenetically late pyrite 
were formed from the same bacterially reduced sulphate 
batch but that the ore sulphides were formed from an 
unknown independent supply of sulphide (Eldridge et al., 
1993). A similar two-stage model has been advocated for 
the Rammelsberg deposit (Eldridge et al., 1988), although 
the interpretation has been disputed and a single marine 
sulphate source suggested (Goodfellow and Turner, 1989). 

RELATED DEPOSIT TYPES 
Although all seafloor metalliferous deposits that formed 
directly or indirectly by the submarine venting of 
hydrothermal fluids, such as VMS deposits, Besshi-type 
deposits, iron-formations and manganese formations, can 
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be considered to be genetically related to Sedex deposits, 
only stratiform barite deposits appear to be consistently 
related to the same geological environments in which Sedex 
deposits occur. Barite is an important accessory mineral in 
the bedded ores facies and the most important constituent 
of the distal hydrothermal products facies of many 
Phanerozoic Sedex deposits. In some cases, as at Silvennines, 
Ireland and Walton, Nova Scotia, baritite has been mined 
as an ore in its own right. The Selwyn Basin is the prime 
example where barite deposits are directly related to Sedex 
deposits. Here, especially in Middle Devonian to Lower 
Mississippian strata, there are numerous "barren barite" 
deposits. In the Macmillan Pass area alone, site of the Tom 
and Jason Sedex deposits, there are thirteen known bari- 
tite occurrences at  approximately the same stratigraphic 
level. The barren baritites consist of various proportions of 
bedded barite, limestone, and chert, and form lens-shaped 
bodies that usually contain less than a million tomes of 
hydrothermal products. 

It has been proposed by Lydon et al. (1979,1985) that 
the barren baritite deposits of the Selwyn Basin were 
formed from hydrothermal systems that were contempora- 
neous with, but derived from different reservoirs than those 
that formed the Sedex deposits. The hydrothermal fluids 
that formed the baritite deposits were cooler, less saline, 
and derived from shallower reservoirs within the carbona- 
ceous sediments of the Paleozoic rift-cover sequence, whereas 
the hydrothermal fluids for the Sedex deposits were 
derived from deeper reservoirs within the feldspar-rich 
clastic rocks of the Upper Proterozoic rift-fill sequence. 

EXPLORATION GUIDELINES 
Geological attributes and interpretations listed below that 
serve as guides for exploration for Sedex deposits are 
grouped according to scale, in the sequence: regional, local, 
and deposit scale. 

Regional scale 
1. A sedimentary basin that accumulated in a tectonically 

active environment. Extensional tectonic regimes, in 
which magmatic activity is contemporaneous with sedi- 
mentation, are the most favourable. 

2. The deeper parts of the sedimentary basin, or precursor 
basin, contain, or did contain, evaporites. Low latitude 
intracontinental &-fill sequences are the most favourable. 

3. The most productive stratigraphic intervals for Sedex 
deposits are those in the rift-cover sequence, that accu- 
mulated during the thermal subsidence stage of the 
rifting cycle. 

Local scale 
1. Evidence of synsedimentary faulting. The presence of 

synsedimentary fragmental rocks representing fault 
scarp talus and debris flows are the most easily recog- 
nized criteria during reconnaissance mapping. 

2. Evidence for synsedimentary hydrothermal sulphide 
mineralization. The Dresence of subhides or barite. 
either as epigenetic beins along the synsedimentary 

fault or as clasts in synsedimentary fragmental rocks, 
are strong indicators that the synsedimentary fault was 
a conduit for mineralizing fluids. 

3. Evidence of hydrothermal upflow. Discordant zones of 
disrupted sediments, especially those indicating 
hydrothermal metasomatism, and concordant mud 
flows and debris flows, indicating mud volcano activity, 
are among the most easily recognized criteria. 

4. Evidence of hydrothermal sediments. Local lenses of 
chert, baritite, carbonate, and magnetitehematite iron- 
formation are the most useful nonsulphide indicators. 

Deposit scale 
Increasing Pb:Zn ratios and Ag content are the best indica- 
tors for increasing proximity to the vent complex, which 
contains the highest grade ores. 
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6.2 SEDIIUENTARY NICKEL SULPHIDES 

Larry J. Hulbert 

INTRODUCTION 
The significant nickel occurrences of this type that have 
been recognized to date are typically thin, sheet-like, 
nickel-enriched pyritic sulphide layers of great lateral 
extent in phosphoritic marine shale basins. In the Nick 

1996: Sedimentary nickel sulphides; Geology of Canadian Mineral 
Deposit Types, (ed.) O.R. Eckstrand, W.D. Sinclair, andR.1. Thorpe; 
Geological Survey of Canada, Geology of Canada, no. 8, 
p. 152-158 (also Geological Society of America, The Geology of 
North America, v. P-1). 

basin, Yukon Territory, the main associated metals are Zn 
and platinum-group elements (PGEs), whereas those in 
several deposits in Lower Cambrian strata of southern 
China are mainly Mo, but also include PGEs, Cu, and Zn. 
These two districts contain the only presently known, near- 
or subeconomic examples, and the following account is 
based almost entirely on findings from the Nick property 
(Hulbert et al., 1992). 

The Nick property is centred on 64O43'N latitude and 
135'13'W longitude in  the  Yukon Territory, Canada 
(Fig. 6.2-1). At this locality a thin, sheet-like, Ni-Zn-PGE- 
enriched, pyritic massive sulphide layer was deposited over 
the entire expanse of a small Middle to Upper Devonian 
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shale subbasin known informally as the "Nick basinn that 
represents an outlier of (eroded) Selwyn Basin sediments. 
A concretionary Limestone Ball member represents an 
important stratigraphic marker in the immediate footwall 
of the mineralized horizon. 

In the discussion to follow, this new style of Ni-Zn-PGE 
mineralization is considered from the viewpoint of (i) regional 
and local geology; (ii) stratigraphic, structural, and tectonic 
setting; (iii) base metal, metalloids, noble metal, and stable 
isotope characteristics; and (iv) mineralogy. A model for the 
origin of this unusual style of mineralization, with its 
extraordinary assemblage of ore-forming and ore-associated 
elements will be presented. 

IMPORTANCE 
The Nick mineralization is believed to represent a new 
geological environment and potentially economic deposit 
type for Ni and PGEs. Globally, similar mineralization is 
only known from southern China (Fan, 1983; Coveney and 
Chen Nansheng, 1991). Now that it is fully appreciated that 
high grade Ni mineralization can be hosted in black shale 
environments, there is reason to believe that additional 
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Figure 6.2-1. Map showing the location and geological setting 
of the Nick property and tectonic elements controlling the 
Lower Paleozoic facies distribution in the Northern Cordillera 
(modified after Tipper et al., 1978). 

occurrences and exploitable deposits will be discovered. 
One deposit near Zunyi, Guizhou province, southern China 
has been mined for molybdenum and oil shale since 1985 
(Coveney et al., 1992). 

SIZE AND GRADE OF DEPOSIT 
The mineralization in the Nick subbasin has been traced 
around the circumference of two major synclines, and con- 
stitutes a potentially mineralized area greater than 80 km2 
(Fig. 6.2-2). Assays of sulphide mineralization from this 
horizon indicate average grades of 5.3% Ni, 0.73% Zn, and 
776 ppb PGEs+Au based on 9 samples (Table 6.2-1). 
Anomalous levels of Re, U, Mo, Ba, Se, As, V, and P are also 
present. Conservative estimates of the amount of Ni depos- 
ited at  this mineralized horizon is about 0 . 9 0 ~ 1 0 ~  t of Ni 
metal (based on an average thickness of 3 cm), clearly 
indicating a major North American Ni-metallogenic event. 
This is large by comparison with the amount of contained 
Ni in various major Ni camps in the world (Naldrett, 1973; 
Hulbert et al., 1992). 

GEOLOGICAL FEATURES 
Geological setting 
The Nick property is located within the Mackenzie 
Platform tectonic province (Fig. 6.2-1). The associated 
stratiform Ni-Zn-PGE mineralization is hosted by two syn- 
clinal outliers of a late Paleozoic shale sequence (Fig. 6.2-2) 
that belong to the Road River Group and Earn Group strata 
typically associated with the contiguous Selwyn Basin to 
the south. The shale outliers overlie Cambrian to Ordovi- 
cian carbonate rocks of the Mackenzie Platform and there- 
fore the Nick basin is considered to be the erosional 
remnant of a local trough or embayment on the north- 
eastern margin of the Selwyn Basin. 

The main syncline is approximately 16 km by 2 krn: A 
second syncline of about equal strike length, but of consid- 
erably narrower width, lies to the north (Fig. 6.2-2). These 
regional north-northwest-trending folds were generated in 
response to Cretaceous Laramide compression. Prominent 
regional-scale normal faults (Green, 1972) occur to the 
north, south, and east of the Paleozoic shale and are 
believed to represent the reactivated margins of a graben 
that was the site of Ordovician to Devonian deep water 
sedimentation within the platform (Fig. 6.2-2). 

The Ni-Zn-PGE mineralization in the Nick basin occurs 
as a thin conformable massive sulphide horizon located 
near the stratigraphic contact between lower Earn Group 
strata, which consist of siliceous shale, mudstone, 
phosphatic chert, and concretionary limestone, and older 
calcareous rocks of the Road River Group. All strata are 
correlative with similar rocks of the Selwyn Basin. Prelimi- 
nary age determinations based on conodonts extracted 
from the concretionary limestone in the immediate footwall 
of the mineralized horizon, suggest a Givetian-Frasnian 
age bracket (Middle-Upper Devonian boundary). The lower 
Earn Group is overlain by the Devonian-Mississippian 
upper Earn Group comprising noncalcareous siliceous and 
fine grained clastic rocks. Field relationships are illustrated 
in Figure 6.2-2 and stratigraphic relationships between the 
units and their approximate thickness are depicted in the 
stratigraphic column presented in Figure 6.2-3. 
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Stratigraphy 
T he oldest rocks in the vicinity of the Nick basin are part 
of an unnamed sequence of basinal Cambrian-Ordovician 
limestones (perhaps equivalent to the R abbit K ettle 
Formation of the Selwyn B asin) formed during subsidence 
along a major east-trending, westerly deepening graben. 
T he basin margins are now represented by regional faults. 
T hese dark calcareous rocks consist of platey dolomitic 
limestones that grade upward into calcareous shales. T his 
sequence is at least 300 m thick but the base has not been 

observed in the map area. Following deposition of this 
sequence, Road R iver Group fetid calcareous graptolitic 
shale dominated sedimentation for the duration of the 
Ordovician to L ower Devonian. T hese dark grey to black 
shales attain a thickness of at least 100 m in the study area. 
T he lower E arn Group rocks were deposited unconformably 
on Road R iver Group shales. Sedimentation had changed 
from that of a relatively quiescent and euxinic starved 
basinal sequence environment to an environment with 
increased circulation and ventilation and accompanying 
elastic sedimentation (Gordey et al., 1982). Locally, the 
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Table 6.2-1. Metal content of 9 representative samples from the Nick horizon: C, S in wt.%; Pt, Pd, 
Au, Ir, Ru, Rh, Os, Re in ppb; all others in pprn (after Hulbert et al., 1992); " - " signifies no data. 

Sample 1 1035 

Middle to Upper Devonian lower Earn Group is composed 
of four members (Fig. 6.2-3). The Transition member (20-80 m) 
marks the base of the Earn Group and preserves thin 
bedded (10 to 25 cm), black calcareous and cherty shales 
deposited in a restricted euxinic environment. The Lime- 
stone Ball member (3 to 20 m) is unique because of unusual 
texture, composition, stratigraphic confinement, and enig- 
matic genesis. The member consists of black- to grey- 
weathering, moderately phosphatic, siliceous shale 
containing 35 to 40% limestone spheroids. The spheroids 
range in size from 5 cm to 1.5 m and are interpreted to be 
concretions. These were probably formed under dystrophic 
conditions. The Phosphatic Chert member (5 to 8 m) repre- 
sents a return to euxinic conditions and is dark grey, thin- 
to medium-bedded, and grades into the overlying siliceous 
shale over a distance of several metres. The base is marked 
by the recessive Ni-Zn-PGE sulphide horizon whch char- 
acteristically occurs 20 to 120 cm above the top of the 
Limestone Ball member. The uppermost member of the 
lower Earn Group is an unnamed, 175 to 225 m sequence 
of rhythmically banded, thin, dark grey to black siliceous 
shale beds. Limy beds are common near the base of the 
member, whereas ochrous weathering pyritic beds are more 
common up-section. The pyrite occurs as thin (5 mm to 1.5 
cm) interbeds and ubiquitous disseminations. 

Upper Earn Group strata are composed of two lithofa- 
cies: Sequence I consists of a fine grained, black carbona- 
ceous muddy siltstone that coarsens upwards into chert 
pebble conglomerate approximately 80 to 120 m from the 
base; Sequence I1 is a fine- to medium-grained, similarly 
coarsening upwards, siltstone sequence which ranges in 
thickness from 60 to 100 m. The top of the group is not 
exposed in the map area. 

Stratiform Ni-Zn-PGE mineralization 
The Nick mineralization consists of a thin nickeliferous 
massive sulphide layer ("vaesite horizon") that lies a t  the 
base of the Phosphatic Chert member, approximately 20 to 
120 cm above the top of the Limestone Ball member 
(Fig. 6.2-2 and 6.2-3). The thickness of the sulphide layer 
ranges from 0.4 to 10 cm. The horizon is readily oxidized 
and highly recessive, and for this reason its recognition on 
the surface has been restricted to creek beds and cliff faces. 
However, accurate prediction of the position of the miner- 
alized horizon can be made based on location of the under- 
lying Limestone Ball member marker horizon. Evidence to 
date suggests that this mineralized horizon is a continuous 
sheet of sulphide that formed over the entire floor of the 
Nick subbasin during the Middle Devonian. 
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Figure 6.2-3. Stratigraphic column for the Nick basin showing 
the position of the stratiform Ni-Zn-PGE (Nick) mineralization 
and the footwall Limestone Ball member (after Hulbert et al., 
1 992). 

Fresh mineralized specimens commonly contain 40 to 
65% sulphides and display a variety of sedimentary fea- 
tures, the most notable being a soft sediment deformation 
of laminated metalliferous sediments (Fig. 6.2-4). The 
sulphides form thin (1 to 3 mm) convolute and discontinu- 
ous laminae <5 cm in length. The sulphide laminae are 
enclosed in a dark grey siliceous matrix that contains fine 
disseminations of pyrite. Some of the sulphide laminae 
have a vermiform structure (Fig. 6.2-4) and may have 
formed by replacement of organic matter or precipitation 
in pore space. 

The stratiform Ni-Zn-PGE mineralization in the Nick 
basin is mineralogically unique. It  consists of pyrite (46%), 
vaesite (NiS2; lo%), melnikovite (2%), sphalerite and 
wurtzite (2%), with a gangue (39%) of phosphatic- 
carbonaceous chert, amorphous silica, and intergrown 
bitumen (1%). Although the thickness of the horizon varies, 
the grade and mineralogical composition are extremely 
consistent. 

Sulphur-isotope values (63%) in sulphides of the Nick 
mineralization and overlying lower Earn Group pyritic 
intervals exhibit a compositional range of 34.6%0. The 
heaviest sulphur (+11.5 to +19.9%0) occurs in the pyritic 
bands in the overlying siliceous shale, whereas the lightest 
sulphur (-14.7 to -10.m) was found in the Nick horizon. 

Bitumen veins 
A number of float and outcrop occurrences of bituminous 
vein material have been discovered in the area and all are 
confined to the Road River Group. The largest is known as 
the Bitumen showing and is located in a fault zone on Olfert 
Creek (Fig. 6.2-2). It  is a tabular body, 3 m wide, that is 
exposed in a canyon wall for a vertical extent of 9 m and for 
a strike length of 21 m. Internal siliceous pipe-like features 
are present within the bitumeninfilled vein structures, and 
localized silicified bituminous wall rocks have also been 

Figure 6.2-4. Typical stratiform Ni-Zn-PGE (Nick) mineraliza- 
tion illustrating soft sediment deformational fabrics that 
include load casts and slump fragmentation of sulphide-shale 
laminae. Note local colloform sulphides and sulphide rims 
surrounding some fragments. GSC 1995-026 
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noted. Consolidated and ashed bitumen samples contain 
anomalous concentrations of Ni, Zn, As, Mo, V, and Re and 
have a chemical signature similar to that of the Nick 
mineralization. These veins have been interpreted to be 
possible feeder structures to the stratiform Nick sulphide 
mineralization (Hulbert et al., 1992). 

STRATIFORM Mo-Ni MINERALIZATION, 
SOUTHERN CHINA 
The only occurrences of mineralization similar to the Nick 
deposit are those of the Mo-Ni sulphide mineralization of 
southern China (Fan Delian, 1983; Coveney and Chen 
Nansheng, 1991). This mineralization occurs in lowermost 
Cambrian black shales and is consistently associated with 
the widespread distribution of sapropelic organic-rich rocks 
that occur in a linear belt for a distance of more than 2000 km. 
The Mo-Ni sulphide ores consist of a mixture of sulphide 
clasts, phosphorite pellets and low-grade anthracitic coal 
referred to as "stone coal". 

DEFINITIVE CHARACTERISTICS 
The most definitive characteristics of the Nick mineraliza- 
tion are (a) the basin-wide distribution of the Ni-Zn-PGE 
massive sulphide layer and the ubiquitous presence of the 
footwall Limestone Ball member 20-120 cm below the 
mineralization; (b) the lateral consistency of the grade and 
mineralogy; (c) the laminated nature of the sulphides and 
associated soft sediment textural features; (d) affiliation 
with the most carbonaceous and phosphatic stratigraphic 
intervals; (e) the association of anomalous concentrations 
of Ba, U, V, Se, As, and Re with the Ni-Zn-PGE-rich sul- 
phide mineralization; (f) presence of bitumen veins with 
chemical signatures similar to those of the stratiform 
Ni-Zn-PGE mineralization and (g) the presence of sulphides 
isotopically enriched in 3 1 ~ .  Most of these characteristics 
also apply generally to the occurrences of southern China. 

GENETIC MODEL 
Evidence for a sedimentary-diagenetic process of deposi- 
tion for the Nick mineralization includes (a) the basin-wide 
stratiform distribution of the Ni-Zn-PGE massive sulphide 
layer and associated footwall Limestone Ball member, 
(b) the fine rhythmically laminated character of the 
mineralization, (c) the characteristic basin-wide, soft sedi- 
ment deformation of the mineralization, and (d) the strati- 
graphic distribution of chemical sediments, i.e., phosphatic 
cherts and barite-rich shales within the mineralized 
sequence and enclosing rocks. 

It is envisaged that hot basinal brines, perhaps already 
carrying considerable dissolved sulphate and organic mat- 
ter, migrated through the organic-rich Upper Silurian and 
Lower Devonian sediments and extracted Ni, Zn, and other 
metals associated with the organic material in these sedi- 
ments. The migrating hot fluids, which were localized by 
faults that acted as conduits, were discharged towards 
surface. The well-laminated nature of the mineralization 
suggests that periodic influxes of this fluid gave rise to 
the Nick mineralized horizon. The introduction of this 
nutrient-rich fluid into ooze-like, carbonaceous bottom 

sediments stimulated biogenic activity and led to sulphate 
reduction and sulphide precipitation. The resulting 
sulphides are strongly depleted in 34s  suggesting that they 
were generated by bacterial reduction of sulphate in the 
restricted reservoir of pore fluids in the bottom sediments, 
rather than from the oceanic water column. The sulphides 
consist mainly of a pyrite-vaesite assemblage without bra- 
voite, which implies a minimum temperature of formation 
of about 137°C (Kullerud, 1962). 

The presence of pyrobitumens and the organic com- 
pound-rich nature of the host rocks invites speculation on 
the possible role of hydrophobic hydrocarbons. Petrolifer- 
ous fluid inclusions were recently discovered in hydrother- 
mal minerals of chimneys and mounds on the seafloor in 
the southern trough of the Guaymas Basin, central Gulf of 
California (Peter et al., 1990). They contain a wide range of 
hydrocarbon and aqueous fluid components, indicating 
that the hydrothermal fluid and hydrocarbons were never 
a homogeneous solution, but that the hydrocarbons were 
transported as immiscible and, possibly, solvated forms. 
The presence of such hydrocarbons associated with the 
Nick mineralizing fluids may have facilitated generation of 
the ooze layer and its discharge may be likened to an oil 
seep. The pyrobitumen veins scattered through the Nick 
basin may represent degradation products of trapped petro- 
liferous material. 

EXPLORATION GUIDES 
Although the presently disclosed thickness and areal 
extent of the Nick mineralized horizon is limited, it seems 
clear that this mineralizing process has been operative on 
an extensive scale. Future exploration should focus on 
identification of restricted embayments or troughs with 
indications of bitumen occurrences and phosphatic sedi- 
ments. Known mineralization in North America and south- 
ern China appears to be associated with deep fissures 
developed along the margins of large epicratonic and fore- 
land basins. Hydrothermal activity may be related to epi- 
sodes of thermal subsidence following periods of extension 
and deep rifling 

Detailed geochemical profiles through the lower Earn 
Group, hosting the Nick mineralization, reveal that these 
black shales are chemically similar to other North 
American black shales. However, the unusual Ni, Zn, PGE, 
P, U, V, and Ba element associations and their anomalous con- 
centrations in stream sediments draining areas of "Nick- 
type mineralization can be used as an exploration tool. 
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6.3 VOLCANIC-ASSOCIATED MASSIVE SULPHIDE 
BASE llMETALS 

J.M. Franklin 

INTRODUCTION 
All volcanic-associated massive sulphide deposits occur in 
terranes dominated by volcanic rocks. However, the indivi- 
dual deposits may be hosted predominantly by volcanic or 
sedimentary strata, all of which form integral parts of a 
volcanic complex. Such deposits are also commonly referred 
to as  volcanogenic massive sulphides, or simply as VMS. 

These deposits occur in  two distinct compositional 
groups, the copper-zinc group and the zinc-lead-copper 
group, according to their total contained copper, lead, and 
zinc (Fig. 6.3-1; Franklin et al., 1981). Using the Zn/Zn+Pb 
ratio, the division between these two groups is established 
a t  0.90. All are within sequences dominated by submarine 
volcanic rocks, and contain about 90% iron sulphide (pyrite 
dominant). They consist of two parts: massive sulphide ore 
that formed either on or immediately below the seafloor, 
and generally less important vein and disseminated ore 
(stringer zone) that immediately underlies the massive 
sulphide ore. The stringer ore is usually within an  intensely 
metasomatically altered "alteration pipe". Deposits of the 
volcanic-associated massive sulphide type are important 
sources of copper, zinc, and lead; many deposits contain 

Franklin, J.M. 
1996: Volcanic-associated massive sulphide base metals; ~ Geology 

of Canadian Mineral Deposit Types, (ed.) O.R. Eckstrand, 
W.D. Sinclair, and R.I. Thorpe; Geological Survey of Canada, 
Geology of Canada, no. 8, p. 158-183 (&Geological Society of 
America, The Geology of North America, v. P-1). 

economically recoverable silver and gold. Cadmium, tin, 
indium, bismuth, and selenium are also recovered as  
smelter byproducts. 

Deposits of the copper-zinc group are concordant to 
semiconcordant massive iron sulphide bodies, commonly 
underlain by stringer ore, within volcanic sequences that 
are dominated by mafic volcanic rocks, with locally impor- 
tant felsic andlor sedimentary rocks. Examples in Canada 
(Fig. 6.3-2) are the deposits near Noranda, Quebec; Flin 
Flon-Snow Lake, Manitoba; and the Juan de Fuca and 
Explorer ridges in the northeastern Pacific. Other deposits 
are those of the Cyprus and Oman ophiolite sequences, and 
the Besshi-type deposits of the Shikoku district, Japan. 

Deposits of the zinc-lead-copper group are tabular, con- 
cordant massive pyritic bodies, typically underlain by less 
prominent stringer ore, in felsic volcanic sequences; sedi- 
mentary rocks may form a significant portion of the foot- 
wall. Canadian examples are the Buttle Lake, British 
Columbia; Bathurst, New Brunswick; and Buchans, 
Newfoundland deposits. Other deposits are those of the 
Hokuroku basin, Japan; the Iberian Pyrite Belt, Spain; 
Neves-Corvo, Portugal; and the Tasman Geosyncline, 
Australia. 

Volcanic-associated massive sulphide deposits have 
been extensively reviewed by Klau and Large (1980), 
Franklin et  al. (1981), Lydon (1984, 1988), and Franklin 
(1986). These accounts provide descriptive, experimental 
and theoretical data that are beyond the scope of this 
review which will focus on Canadian examples (Table 6.3-I), 
and draw on other areas only where the Canadian deposits 
do not provide a complete perspective. 
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Figure 6.3-1. Contours of tonnes of contained copper, lead, 
and zinc, in approximately 800 massive sulphide deposits of 
both the volcanic-associated and sediment-associated types 
from Canada, U.S.A., Japan, Scandinavia, Spain, and 
Portugal (after Franklin et al., 1981). 

IMPORTANCE 
Volcanic-associated massive sulphide deposits are impor- 
tant sources of base metals and precious metals in Canada; 
in 1988 they produced 32.8% of Canada's copper, 29.4% of 
its lead, 56.3% of its zinc, 3.6% of its gold, and 30.4% of its 
silver. 

SIZE AND GRADE OF DEPOSITS 
Copper-zinc group 
The mean and median (in brackets) grades and sizes of 142 
Canadian deposits are: 5 300 000 (1 241 000) t containing 
1.95% (1.60%) Cu, 4.23% (3.07%) Zn, 0.09% (0.01%) Pb, 0.8 
(0.6) glt Au, and 19.0 (8.0) g/t Ag. The lead content of most 
deposits in this group is rarely determined; its statistical 
values are approximate. The largest Canadian deposit is 
the Kidd Creekmine, which contains 12 000 000 t combined 
copper, zinc, and lead. The Horne mine at Noranda, Quebec, 
has a very large but sub-ore grade pyrite-sphalerite zone 
(No. 5 zone: 170 Mt, 0.1% Cu, 0.5% Zn, Kerr and Mason, 
1990) that is not included in the calculations; with the No. 5 
zone included, the Horne mine may contain more base 
metal than Kidd Creek. The deposit sizes of the combined 
Cu-Zn and Zn-Pb-Cu groups are log-normally distributed 
(Fig. 6.3-3). 

Zinc-lead-copper group 
The mean and median (in brackets) grades and sizes of 92 
Canadian deposits are 5 600 000 (1 177 000) t containing 
1.23% (1.01%) Cu, 3.60% (2.80%) Zn, 1.46% (0.97%) Pb, 2.0 
(0.5) g/t Au, and 79.0 (57.0) g/t Ag. Brunswick #12 is the 
largest Canadian deposit, containing at least 10 500 000 t 
of combined copper, lead, and zinc. 

GEOLOGICAL FEATURES 
Volcanic-associated massive sulphide deposits occur in sub- 
marine volcanic rocks of all ages, from the presently-forming 
deposits in modem, actively-spreading ridges to deposits in 
the pre-3400 Ma volcanic strata of the Pilbara Block in 
Australia. They occur in a wide variety of tectonic regimes. 
Almost all deposits have a close association with at least 
minor amounts of sedimentary rock. 

Copper-zinc group 
Geological setting 
These deposits occur in two principal geological settings; 
1) in mafic-volcanic dominated areas, such as Archean and 
Proterozoic greenstone belts (Fig. 6.3-2) and modem and 
Phanerozoic spreading ridges and seamounts; 2) in areas 
containing subequal amounts of both mafic volcanic rocks 
and sedimentary strata, such as are in Phanerozoic arc 
sequences. 

Volcanic rock-dominated areas 
Significant variation in the composition of these deposits, 
and the alteration associated with them, has been related 
to the depth of water under which the deposits formed. 
Morton and Franklin (1987) defined two groups. 1) Depos- 
its typified by the Noranda and Matagami Lake districts, 
Quebec (Fig. 6.3-4A), were formed at  depths of considerably 
more than 500 m. These are associated with sequences 
composed primarily of massive to pillowed mafic flows. 
Felsic ash-flow tuff beds are usually prominent irnmedi- 
ately below the deposits, and felsic domes may immediately 
underlie or enclose the ore. However, the amount of felsic 
rock in the footwall sequence may be only minor (Flin Flon, 
Manitoba), or comprise as much as 30% (e.g. Noranda). 
2) A second group of deposits, typified by those near 
Sturgeon Lake, Ontario, Hackett River, Northwest 
Territories, and possibly the Kidd Creek mine near 
Timmins, Ontario, are associated with volcanic rocks 
deposited in subaerial to shallow marine environments 
(<500 m). These include mafic and felsic amygdaloidal and 
scoriaceous flows and pyroclastic rocks, volcanic breccia, 
and epiclastic strata (Fig. 6.3-4B). Felsic rocks typically 
comprise 30% of the footwall sequence. 

Both groups of deposits occur in volcanic sequences that 
have prominent subvolcanic intrusions near their base. 
Trondhjemitic intrusions predominate (Noranda, Sturgeon 
Lake, Flin Flon, Snow Lake), but a layered mafic intrusion 
forms the base of the Matagami Lake sequence. 

Actively forming deposits within modern mid-ocean 
spreading ridges occur as two types, those in sediment-free, 
basalt-dominated terranes (primarily axial grabens), and 
those in sediments. Some of the first type are associated 
with off-axis seamounts. The deposits in grabens within 
basalt-dominated active ridges may be further divided into 
two groups (Kappel and Franklin, 1989): small deposits 
forming in ridge axes which are in the active and early 
phases of volcanic construction, such as the Cleft segment 
of the southern Juan de Fuca Ridge (and the East Pacific 
Rise deposits at l lON and 21°N), and larger deposits in 
more volcanically evolved ridge crests, such as those of the 
Endeavour and Explorer segments of the Juan de Fuca 
Ridge, and the TAG area of the Mid-Atlantic Ridge. 
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Deposits associated with areas of recent prolific volcan- 
ism lie along the bounding faults of the narrow central 
graben developed on top of a prominently elongate, but 
locally inactive volcano, typically 500 m high, and com- 
posed of inflated (over-filled) pillows. They are compara- 
tively large (105-106 t), are composed of coalesced mounds, 
and are associated with highly fissured pillowed basalts. 

The deposits in  the Cyprus, Oman, U.S.A., and 
Canadian ophiolite sequences are the forerunners of the 
spreading-ridge association. In Canada, the best examples 
of preserved ophiolite-associated deposits are in the Ordo- 
vician sequences of Newfoundland; a few small deposits are 
also in Ordovician ophiolites of southeastern Quebec. These 
deposits occur within basaltic to andesitic pillow sequences, 
typically a few kilometres thick, that overlie the sheeted 
dyke and gabbroic portions of ophiolitic sequences. 

Sediment-dominated areas 
Terranes commonly ascribed to arc-related basins, com- 
posed of relatively monotonous, regular sequences of vol- 
canic and sedimentary strata, contain many massive 
sulphide deposits. Deposits formed close to a tectonic 
boundary between ocean floor and island arcs, ocean floor 
and cratons, or ocean floor and continental crust are 
included. The volcanic component is usually dominant, and 
composed predominantly of mafic volcanic rocks. However, 
some areas also have minor quantities of felsic volcanic 
strata. The sedimentary rocks are dominantly pelitic. The 
ratio of volcanic to sedimentary strata associated with the 
deposits is highly variable. These terranes are typically 
highly deformed, making identification of primary tectonic 
relationships difficult. Terms such as "Besshi-type" or 
"Keislager-type" may be used. 

Figure 6.3-2A. Location of volcanic-associated massive sulphide deposits in Canada. The corresponding list 
of deposits is in Table 6.3-1. Major districts within the boxes are shown as separate maps 6.3-28 to 2E. 



EXHALATIVE BASE METAL SULPHIDES 

vdcenioroeks 
Fautt... ...- 

Figure 6.3-2B. Volcanogenic massive sulphide deposits in 
Newfoundland. 

Figure 6.3-2C. Distribution of volcanogenic massive sulphide 
deposits in the Bathurst district, New Brunswick. 

Figure 6.3-2D. Distribution of volcanogenic massive sulphide 
deposits in the Noranda and Val d'Or districts, Quebec. 
Location of deposits in box are shown in Figure 6.3-2E. 
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Figure 6.3-2E. Distribution of volcanogenic massive sulphide 
deposits in the Noranda district, Quebec. 
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Figure 6.3-2F. Distribution of deposits in the Flin Flon-Snow Lake districts, Manitoba and Saskatchewan. 
Arnisk volcanic rocks are shown with a light stipple. 
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Figure 6.3-3. Tonnes of ore versus total copper, lead, and 
zinc (per cent) in Canadian volcanogenic massive sulphide 
deposits (see Table 6.3-1 for list). The size of deposits is 
log-normally distributed. Diagonal lines indicate tonnes of 
contained Cu + Zu + Pb. 

Examples of copper-zinc deposits in sedimentrdominated 
settings (Fig. 6.3-4C) are not common in Canada, but 
include the Granduc deposit, deposits in the Anyox and 
Kutcho Creek areas, and the Windy Craggy deposit, all in 
northern British Columbia. Possibly the Britannia mine in 
southwestern British Columbia (Payne et al., 1980), the 
Sherridon deposit in northern Manitoba, and deposits such 
as the Soucy #1 in the Labrador Trough, are also in this 
group. The Windy Craggy deposit, although low grade, is 

possibly the largest massive sulphide deposit in Canada; 
the Granduc and Hidden Creek (Anyox area) deposits are 
also in the upper quartile of deposit tonnages in Canada 
(43 and 40 million tonnes, respectively). 

Deposits in the sediment-covered portions of actively 
spreading ridges are much larger than those in modern 
volcanic ridges. The Middle Valley Bent Hill deposit, one 
example of this type, is in the complex northern Endeavour 
segment of the Juan de Fuca Ridge. It  has formed within 
the upper portion of a sequence of pelite and turbidite, 
about 300 m thick, that overlies a volcanic basement 
(Goodfellow and Franklin, 1993). The brine pools and met- 
alliferous muds in the Red Sea are the product of a highly 
saline, high-temperature hydrothermal system and con- 
tribute a large sediment-hosted copper-zinc deposit in the 
process of formation. 

Form and composition 
The typical form of the Noranda-type deposits (Fig. 6.3-5) 
is a generally conformable bulbous or conical mound con- 
sisting of a t  least 60% of pyrite, sphalerite, chalcopyrite, 
and pyrrhotite. The length-to-thickness aspect ratio of a 
typical (1 million tonne) undeformed deposit is usually 
between 3 and 10 to 1. The largest deposita have a much 
greater ratio. The upper contact is sharp, but the lower is 
transitional into the stringer zone, composed of chalcopy- 
rite, pyrrhotite, and pyrite. Deposits ofthe Mattabi type are 
more stratiform in shape, with contact relationships simi- 
lar to those of the Noranda-type deposits. Stringer zones of 
deposits of the latter type commonly contain economically 
recoverable ore for several tens of metres below the deposit. 
In the Mattabi-type deposits, although alteration pipes 
may be extensive, the amount of ore contained in them is 
relatively small. 
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Table 6.3-1. Canadian volcanic-associated massive sulphide deposits. 
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16 

21 IMACLEAN / 48"49'00" 56"53'00" 1 12N15 1 1.16 1 7.32 1 13.20 / 128.91 / 1.03 1 3313 271 1 4 

22 1 BUCHANS 1 48"49'00" 56"53'00" 1 12N15 1 1.37 1 7.73 1 14.97 1 127.89 1 1.58 1 567 782 1 4 

GULLBRIDGE 

18 

LAKE BOND 

49"11'54" 56"09'18" 

3,2 15 

17 

BOUNDARY 

49"01'39" 56Y1'11" 

23 ROTHERMERE 

27 

12Hl1 

RENDELL JACK MAN 

TERRANOVA 

48"39'22" 56"26'47" 

3,2 19 

48"49'OOr' 56"53'00" 

48"49'00" 56"53'00" 

48"42'23" 56"56'07" 

48"32'15" 57"07'54" 

24 

25 

29 1 YORK HARBOUR 

12Hl1 

LUCKY STRIKE 

SKIDDER 

28 1 STRICKLAND 1 47"48'29" 58"18'00" 1 110116 1 1 1 .OO 1 1 .OO / 195.00 1 I 1010000 1 3 

TULK'S HILL 

31 

1.02 

4g033'47" 56"10'52" 

49"55'17" 56"13'44" 

12N9 

DUCK(TALLY) POND 

12N15 

12N15 

12N10 

12N11 26 / TULK'S EAST 

30 1 STIRLING 1 45"43'40" 60°26'15" 1 llF19 1 0.66 1 1.30 1 5.50 1 68.57 1 0.96 1 995 990 1 3 

49"03'00" 58"18'32" 

33 

0.31 

48"30'53" 57"12'07" 

32 1 KEY ANACON 1 47"26'12" 65"42'20" 1 21Pl5 1 0.22 1 3.47 1 8.41 1 11 1.43 1 1 1519722 1 3 

TEAHAN 

35 

4 072 430 

12Hl9 

12Hl16 

3.50 

48"38'04" 56"29'16" 

1.16 

1 .51 

2.00 

0.24 

12Gl1 

34 1 AUSTIN BROOK 1 47"23'48" 65"49'21" 1 21Pl5 1 0.10 1 1.86 1 2.93 1 34.29 1 1 907 000 1 3 

BRUNSWICK #6 

37 

3 

2.10 

12N11 

45"42'50" 6459'20'' 

FLAT LANDING 

39 1 NINE MILE BROOK 

2.50 

2.41 

1.00 

12N9 3.60 

7.72 

8.20 

0.12 

1.92 

47"24'30" 65"49'00" 1 21Pl5 1 0.39 1 2.16 1 5.43 

36 1 CAPTAIN DEPOSIT 1 47"17'03" 65"52'58" 1 21Pl5 1 1.99 1 
BRUNSWICK #12 

41 1 ARMSTRONG 

1,200,000 

1.30 

21Hl10 

47"22'55" 65"52'36" 

1 9.60 1 0.58 1 311 101 1 3 

38 1 PABINEAU RIVER / 47"26'58" 65"55'07" / 21Pl5 / 1 0.87 1 2.65 1 

40 1 NEPlSlGUlT 1 47"22'00" 66"02'00" 1 21018 1 0.40 / 0.60 1 2.80 / 10.29 1 1 3 537 300 1 3 

47"23'25" 65"55'59" 

43 

47 1 WEDGE 1 47"23 '50" 66"08'30" 1 21018 1 2.17 1 0.24 1 0.46 1 0.70 1 0.03 1 1 500 000 / 5 

1.00 

1 

9.94 

4.00 

7.00 

12.74 

15.20 

2.00 

1.50 

4.67 

67.00 

47"28'00" 65"53'00" 

1 1360501 3 

42 1 HEATH STEELE 1 47"17'00" 66"05'00" 1 21018 1 0.70 1 2.50 1 6.30 1 60.00 1 0.62 1 33 777 000 1 3. 6 

47"36'06" 66"02'33" 

45 

13 081 

2.00 

0.46 

21Pl5 

21 PI5 

44 1 CANOE LANDING 1 47"24'39" 66"06'24" 1 21018 1 0.56 1 0.64 1 1.82 1 29.50 1 1 .07 1 20 380 000 1 3 

ROCKYTURN 

1.68 

34 

70.4 

135.09 

112.46 

8.5 

338 039 

1 12100000 

21Pl5 

21019 

46 1 ORVAN BROOK 1 47"37'37" 66"08'07" 1 21019 1 0.00 1 3.25 1 6.30 1 34.29 1 1 1814001 3 

STRATMAT WEST 

3 860 000 

5.60 

3 

1.46 

5 

0.94 

0.42 

47"38'OOr' 66"04'15" 

257417 

500 000 

1.03 

1.6 

0.30 

0.29 

47"18'30" 66"07'31" 

3,2 

3 

41 

29.83 

4.90 

1 .OO 

21019 

3 263 386 

5 899 128 

900 000 

6 230 000 

3.60 

0.42 

21018 

4 

1.4 

3, 2 

3.2 

0.40 

122 445 

19.54 

1 .07 

0.30 

3 

8.87 

2.29 

0.59 

720 000 

1 750 510 

90.86 

1.50 

3, 2 

3 

100.00 

3 

2.40 

2.44 

~134100000 1 5 

7.00 

0.68 

6.29 

78.86 

3 100 000 

31.89 

3 

180 000 3 

4 353 600 3 



TYPE 6 

Table 6.3-1. (cont.) 

UO. I NAME ( LATITUDE I LONGITUDE 1 NTS I cu % I ~b % I ~n % ( ~g (gt) 1 AU (gt) I TONNES I REFERENCE 

48 MCMASTER 47"36'26" 66"13'59" 21019 0.60 1 181 400 3 

50 FREDRICKSON LAKE 55'03'02" 66"15'09" 23011 0.77 4.38 42.17 0.69 279 356 3 

51 CARIBOU 47"34'50" 66"17'56" 21019 3.84 8.46 109.60 1.70 5 694 000 3 

52 HALF MILE NORTH 47"18'00" 66"19'00" 21018 0.39 0.87 4.95 8.23 0.17 789 250 3 

53 (HALF MILE 1 47"17'00 " 66"19'00" ( 21018 1 0.39 ] 2.49 ( 6.60 ( 7 847 142 3 

54 DEVILS ELBOW 47"25'51" 66"23'57" 21018 1.00 471 640 3 

55 MURRAY BROOK 47"31'30r' 66"26'00" 21019 0.44 0.86 1.95 31.20 0.34 20 861 000 3 

56 RESTIGOUCHE 47"30'20" 66"33'50" 210110 0.32 5.99 7.72 124.1 1 1.20 997 700 7 (2611 1/90) 

57 BOYLEN(K0KE) 57"39'42" 69"27'00" 24Fl11 0.70 1.03 6.86 54.51 1.03 1 060 433 3 

58 1 SOUCY NO.l ZONE 58'19'12" 6g052'12" 24W5 1.40 0.10 1.09 19.20 2.06 4324032 3 

59 PRUDHOMME NO.l 58"15'36" 69"54'30" 24W5 1.50 0.20 1.90 26.06 1.37 5 729 161 3 

60 PANET METALS 46"35'18" 70°13 '00" 21U9 0.40 0.43 2.67 19.89 2.06 272 100 3 

61 CLINTON COPPER 45"27'36" 70°54'30" 21En 1.84 1.58 13.71 1 380 809 3 

62 CUPRA DESTRIE 45"46'24" 71°18'48" 21Ei14 2.75 0.47 1.48 37.71 0.51 3007451 3 

63 / SOLBEC COPPER 1 45"49'00" 71 "18'30" 1 21El14 1 1.60 1 0.70 1 4.60 1 59.66 1 0.79 1 1 860 000 1 8. 9 

64 LINGWICK 45"39'18" 71 "23'00" 21EI11 0.60 6.00 17.14 31 7 450 3 

65 WEEDON 45"42'00" 71 "23'00" 21Wll  2.50 0.08 0.40 6.86 1 700 000 4 9  

66 MOULTON HILL 45"24'30" 71 "49'30" 21E.15 1 .OO 331 055 3 

67 SUFFIELD 45"19'12" 71 "57'36" 21E15 0.83 4.25 63.09 4.94 205 889 3 

68 IVES 45"17'36" 72"19'24" 31Hl8 3.50 771 3 

69 1 HUNTINGDON 45"15'48" 72"19'54" 1 31Hl8 1 0.90 1 1 1.03 ( 0.10 1 1814000 1 3 

70 1 TETREAULT 1 46"49'30" 72"20'00" 1 311116 1 1 1.40 1 4.00 1 100.46 1 1.23 / 2 670 208 1 8 

71 MONTAUBAN 46"50'06" 72"20'48" 31 1/16 1.07 3.46 38.74 0.55 1 3 339 514 3 

72 I LEMOINEiPATINO) 1 4g045'44" 74"06'10" 1 32Gl16 1 4.20 1 1 9.50 1 92 1 4.4 1 750 000 1 5 

73 ANTOINETTE(TACHE) 4g056'30" 74"24'18" 1 32Gl16 1 0.33 1 3.31 11.31 1.89 2 305 594 3 

74 1 SC0l-r TWP 1 4g051'52" 74"37'47" 1 32Gl15 1 0.14 1 1 6.91 1 11.66 1 0.34 1 704739 1 3 , 7  (21/01/91) 

75 1 DOMERGUE(LESSARD) 50638'30" 74"38'30" 32J110 1.82 1 3.30 ] 38.40 1 0.72 1 952 350 ) 3 

76 1 LA-RIBOURDE 1 49"49'00" 75"31'24" 1 326113 1 1.35 1 1 2.73 1 42.51 1 1 4081501 3 

77 EMPIRE OIL 49"25'04" 76"08'09" 1 32Fl8 1 0.23 1 2.45 5.49 300 217 8 

78 1 SOMAALTA 1 4g026'48" 76"09'30" 1 32Fl8 1 1 2.70 1 0.34 1 31 745 1 3. 8 

79 CONlAGAS S 49'29'54" 76'09'48" 10.70 182.00 1 700 000 1 3,5,10 

80 1 GREVET 1M ZONE) 1 49"14'06" 76"40'02" 1 32Fl2 1 0.48 1 0.10 1 8.65 1 34.00 1 1 6 200 000 1 10 

81 NEW CALUMET 45"42'12" 76"40'24" 31Fl10 1.77 6.00 80.23 0.48 3 651 618 3 

82 GREVET ( B ZONE) 49"14'00" 76"45'00" 32Fl2 0.58 9.67 24.00 477 000 1 7 (1 0190) 

87 1 QUE MANITOU 48"05'30" 77"35'06" 32614 1.26 3.43 692 041 3 

88 / GARON LAKE 1 49"46'24" 77"34'06" 1 32Fl13 1 1.45 1 1 2.22 1 4.53 1 1 512455 1 3. 8 

89 MANITOU-BARVUE 48"05'12" 77"36'36" 32Cl4 0.07 0.07 0.36 11.66 0.34 13750120 3 

90 I BELL CHANNELM 1 4g046'12" 77"37'24" 1 32Fl13 1 1.95 1 1 0.57 1 29.14 1 0.34 1 82 084 1 3. 8 

91 BELFORT (ROYMONT) 48"25'24" 77"39'42" 32Cl5 ( 0.21 1 0.12 1 7.00 ( 23.04 ( 0.38 ( 226 750 ( 3 

92 1 BARVALLEE 1 48'25'24" 77"39'42" 1 32Cl5 1 1.23 1 1 5.71 1 48.69 1 1 181400)  3 

93 MOGADOR 48"25'24" 77"39'42" 32Cl5 0.47 0.34 7.30 55.89 1 .I7 1 107 447 3 

94 1 BARVUE 1 48"31'03" 77"40'05" 1 320112 1 0.05 1 0.00 1 3.50 1 41.141 8 341 679 8 



EXHALATIVE BASE METAL SULPHIDES 

Table 6.3-1. (cont.) 

NO. / NAME 

11 1 1 CONS. NORTH EXPL. 1 49"26'06" 78"19'54" ( 32El8 0.73 1 6.95 34.29 996 893 3 

112 / JOUTEL COPPER 4g027'12" 78"21'12" 32W8 2.16 3.90 1 702 439 3 

LATITUDE I LONGITUDE 

49"46'00" 77"41'00" 

48"31'24" 77"41'06" 

95 

1 97 ( EAST SULLIVAN 

101 / BELL ALLARD 

NORITA (RADIORE A) 

48"04'18" 77"42'30" 

48"31'00" 77"43'00" 

4ga43'18" 77"43'00" 

4g038'48" 77"43'18" 

98 

99 

I 100 

NTS 

32Fl13 

32Cl12 96 ( CONS. PERSHCOURT 

FREBERT 

MATTAGAMI LAKE 

LYNX (OBASKA) 

49"41'00" 77"44'00" 

113 

32Cl4 

326112 

32Fl12 

32Ft12 

115 I DETOUR (A2 ZONE) 

CU % 

1.80 

32F112 

10 102 

POlRlER 

117 

118 

119 

1.07 

0.42 

1.60 

49"49'00" 78"55'55" 

120 1 DELBRIDGE 1 48"15'53" 78"57'52" ( 32DR 1 0.55 ( 1 8.60 1 68.60 1 2.40 

Pb % 

1.14 

ORCHAN S 

4g026'36" 78"23'18" 

114 

MOBRUN 

DETOUR (B ZONE) 

GALLEN 

122 1 HORNE 

4.0 

2.50 

5.10 

0.35 

32W15 

116 

121 1 QUEMONT 1 48"15'00" 78"58'00" 1 32Dl6 1 1.32 1 0.02 1 2.44 1 30.90 1 5.50 1 13 800 000 1 10 

360 000 

124 I AMULET (F ZONE) 1 48"20'00" 79"03'00f' ( 32Dl6 ( 3.40 ( 

Zn % 

3.80 

2.42 

9.30 

49"42'00" 77"44'008' 

32W8 

ESTRADES 1.02 

48"24'00" 78"56'00" 

49"49'04" 78"56'16" 

48'19'30" 78'57'12" 

5 

123 / EAST WAlTE 1 48"21'00" 79"02'00" 1 32D/6 / 4.10 1 1 3.25 1 31.00 1 1.80 1 1 500 000 1 5 

48"15'18" 79"00'42" 

126 1 MILLENBACH 

130 1 CORBET 1 48"18'00" 7g004'55" 1 32Dl6 1 3.0 / / 1.961 21.00) 1.001 2780000 /  5 

131 1 AMULET (C ZONE) 1 48"19'00" 79"05'00" 1 32Dl6 1 2.20 1 1 8.50 1 86.70 1 0.60 1 570 000 1 5 

7.92 

50.40 

21.60 

2.26 

8 DETOUR (A1 ZONE) 0.39 

125 1 NORBEC 1 48"21'12" 79"03'05" 1 32Dl6 1 2.77 1 1 4.50 1 48.00 1 0.70 1 3 950 000 1 5 

8.60 

128 

Ag (glt) 
27.43 

91.89 

41.14 

32Fl12 

2.22 

4g035'12" 78"51'24" 0.90 218.40 

32DR 

32W15 

32D17 

32Dl6 1 2.20 

127 1 LD-75 1 48"18'14" 79"03'39" 1 32Dl6 1 2.8 1 1 4.2 1 60.00 1 1.71 1 90 000 1 8 

48"18'04" 79"03'15" 

0.27 

0.30 

32E/10 9.90 6.72 2000000 

1.24 

49"49'00" 78"55'58" 2.30 

46.30 

129 1 VAUZE 1 48"21'35" 79"04'50" 1 32Dl6 1 2.90 1 1 0.94 1 24.00 1 0.70 1 354 000 1 5 

LAC DUFAULT 2 

132 

AU (glt) 

0.69 

234 000 

1.20 

5.08 

3,10,12 

32H15 

.63 

4.49 

0.08 

13.00 

32D16 

134 1 ANSlL 48"21'15" 79"07'00" 32Dl6 7.22 0.94 26.50 1.60 1 580 000 5, 10 

15 186 638 

2 721 000 

25 600 000 

204 075 

10 

16.80 

35.66 

0.30 

48'18'27" 7g003'45" 

133 1 OLD WAITE 1 48"20'24" 79"05'20" 1 32Dl6 1 4.70 1 0.04 1 2.98 1 22.00 1 1.10 1 1 120 000 1 5 

AMULET ( LOWER A) 

135 1 HUNTER 1 48"33'06" 79"08'24" 1 32Dll l  1 1.06 1 
136 1 ALDERMAC 1 48"13'12" 79"14'00" 1 32Dl3 1 1.40 1 

TONNES 

4 000 000 

4 824 333 

3, 10 

8 

5 

3 

8.70 

7.60 

4.66 

0.80 

3.36 

6.10 

3.46 

1 438 988 1 3 

138 

REFERENCE 

8, 5 

8 

0.79 

0.31 

270 000 

321216 

48"19'00" 79"05'00" 1 32Dt6 

137 1 NEW INSCO 1 48"26'27" 79"21'06" 1 32Dl6 1 2.59 1 1 20.57 1 0.9 / 886 139 / 3. 10 

4.12 

140 1 MAGUS1 RIVER 

37 

7 082 143 

32 107 800 

31.4 

39.43 

2.40 

54 000 000 

5 

4.33 

139 1 NORMETMAR 1 49"00'18" 7g022'18" 1 32E/3 1 / 1 1 . 7 2 /  7.061 1 571 410 / 3 

NORMETAL 

- 

3, 5 

8 852 320 

10 

0.50 

5.14 1 

7.0 

48"26'30" 7g022'24" 

0.5 

8 

1.55 

1.23 

0.06 

56.20 

49"00'18" 7g022'18" 1 32Dt14 

I 
141 1 POTTER 

4 500 000 

8.30 

5.30 

0.3 

32Dl6 

8 640 000 

3 061 125 

8 100 000 

1 .OO 

0.79 1 0.18 1 5.30 

48"29'27" 80-1 1'50" 

5 

8 

3, 10 

113.49 

44.20 1 1.40 1 4 690 000 

1 880 000 

1.20 

3 560 000 

5 

5 

65.0 

42N9 

5 

1.51 

0.8 1 10 100 000 1 10 

1 3.55 

90 700 8 

15.20 

31.20 1 1.10 

/ 4.15 1 92.5 1 1.54 1 1 758 

3 727 770 

13 

3 



TYPE 6 

Table 6.3-1. (cont.) 

NO. 

142 1 ERRINGTON 1 46"32'15" 81°15'30" 1 411111 1 1.20 1 0.99 ( 3.82 1 54.51 

NAME 

144 1 KlDD CREEK ( 48"41'30" 81°22'00" ( 4 2 N l l  ( 2.20 1 0.28 1 7.25 1 147.43 1 

0.82 1 12 391 541 

146 

147 

148 

149 

LATITUDE I LONGITUDE Ag (glt) 
- 

3 

143 

117 547 200 

150 / SHUNSBY 1 47"42'48" 82"39'30T' 1 410110 1 0.40 1 

13 

145 

JAMELAND 

CAN JAMIESON 

KAM KOTlA 

STRALAK 

152 1 WILLROY 

Au (glt) 

VERMILION LAKE 

2.40 1 

154 1 WILLECHO 1 49"10'30" 85"53'00" 

LAKE GENEVA 

48"34'00" 81 "34'00" 

48"30'55" 81 "34'07" 

48"36'09" 81 "36'45" 

46"48'09" 81 "41'50" 

151 1 GECO 

49"09'26" 85"48'30r' 

156 ]WINSTON LAKE 1 49"OO'IO" 87"24'30f' 1 42H3 

TONNES 

46"31'11" 81 "21'20" 

2 176 800 

153 

155 1 ZENITH 1 48"58'40" 87"21'48" 1 42D114 1 0.95 1 1 17.81 1 25.37 1 0.86 1 2 840 724 1 8. 13 

42F14 

158 1 HEADVUE 

REFERENCE 

46"47'35" 81 "30'57" 

42N12 

42N12 

42N5 

411113 

3 

2.84 

157 1 KENDON COPPER 1 50°25'20" 87"35'13" 1 42U5 1 1.22 1 1 4.20 1 84.00 1 0.79 1 2 237 569 1 3 

1.00 

160 

161 

162 

163 

49"09'15" 85"47'40" 

BIG NAMA CREEK 

0.50 

50"01'14" 87"39'38" 

164 1 MATTABI S 

41111 1 

411113 

.99 

2.39 

1.09 

0.50 

0.15 

27.77 

15.60 

159 

CREEK ZONE 

STURGEON LAKE 

LYON LAKE 

FGROUP 

166 

1.26 0.90 

42Fl4 

49"09'51 " 85"50'46" 42Fl4 0.83 

0.18 

42U4 

165 1 SOUTH BAY 1 51°06'30" 92"40'45" 1 52Nl2 1 2.30 1 1 14.50 1 82.29 1 1 1 534 644 1 8 

49"52'30" 90°58'30" 

168 / TROUT BAY CU 

3.34 

0.50 

1.86 3.45 

3 949 985 

30.87 

NORTH COLDSTREAM 

4g052'54" 90°52'00" 

49"52'30" 90°52'00" 

49"53'OOr' 90°52'00" 

49"52'30" 90°58'30" 

167 I COPPER LODE (MAIN ZONE) 1 5033'48" 92"57'18" 1 52W15 1 1.01 1 1 19.54 1 1 774 584 1 3 

COPPER LODE (E ZONE) 

170 1 RUTTAN LAKE 1 56"28'00" 99"28'00" 1 65815 

3.92 

8, 13 

0.02 

4.43 

1 0 / 4.60 1 49.71 1 

526115 

51 "00'10'' 94"12'20" 

172 

9.21 

.88 

4.05 

1.03 

3.18 

58 400 000 

1.02 

48"36'05" 9On35'O5" 

52G/15 

52Gl15 

52G115 

52Gi15 

50°57'54" 9252'48'' 

169 

1.28 1 

174 

48.00 

8, 13 

4.16 

67.89 

272 100 

0.74 1 0.85 

52Mil 

COPPER MAN 

176 

177 

178 

179 

754.29 

3.12 

30.17 

3.39 

68.57 

3 077 000 

3 

528110 

1.66 

2.55 

1.24 

0.64 

52W15 

1.40 

171 

LINDA 1 54"50'00" 99"56'00" 1 63Jl13 

180 

0.86 

35.66 

1 961 841 

13 

8.28 

1.50 

HENINGA GEMEX 

1.50 

54"39'00" 99"52'24" 

173 

KNOBBY(MCBR1DE) 

ANDERSON LAKE 

MORGAN LAKE 

JOANNIE 

182 1 CHISEL LAKE NORTH 

2.74 

0.03 

0.31 

0.03 

8, 13 

2.51 

0.76 

1.21 

0.63 

0.64 

0.60 

61 "46'25" 96"12'10~ 65H116 

7.54 

OSBORNE LAKE 

688 000 

0.30 1 
8, 13 175 

181 1 GHOST LAKE 1 54"49'10" lOO"04'00" 1 63W16 1 1.38 1 0.75 1 8.50 1 44.91 1 1.65 1 646 000 / 15. 13 

WIM 

184 1 CHISEL LAKE 

188 1 SPRUCE POINT ( 54"34'30" 100°24'00" 1 6 3 W  1 2.70 1 1 4.30 1 32.57 1 1.92 1 1 763 000 1 13 

5 410 003 

180 493 

104.00 

0.24 

3 380 000 

63Jil2 

ROD2 13 

56"53'06" 99"55'00" 

54"51'00" lOO"00'30" 

54"45'42" lOO"13'06" 

54"49'42" lOO"02'00" 

183 I LOST LAKE 1 54"49'47" 100°06'36" 1 63W16 1 1.45 1 1.00 1 4.90 1 89.14 1 3.22 1 76 188 1 8 

54"50'05" lOO"06'05" 

186 

3 

227 102 

461 805 

800 600 

6 007 194 

680 250 

8, 13 

1 814 000 

8.80 

9.17 

6.53 

9.51 

4.36 

1.30 

0.38 

3. 13 54"57'48" 9g043'42" 

0.80 

55"01'30" 100°02'36" 

54"49'43" 100°07'00" 

3 

13.8 

13, 8 

13,8 

3 

8 

11 400 000 

7.80 

2.63 

54"51'38" 99"55'12" 

STALL LAKE 

648113 

63W16 

63W16 

63W16 

63W16 

185 1 DYCE SIDING 1 54"24'24" lOO"09'00" 1 6 3 W  1 2.08 1 1 1.60 1 

187 1 BOMBER(CO0K L) 1 54"51'18" 100"11'00" 1 63W16 1 0.04 1 1 1 .OO 1 8.57 1 0.10 1 620 388 1 3 

POT LAKE 

141 .50 

164.20 

141 SO 

60.40 

5,13 

13.71 

9.00 

69 839 000 

635113 

10.29 

514~51'34" 99"56'50" 

63Nl1 

63W16 

1 I197240 1 3 

58.29 

14 (90) 

3.14 

4.46 

63113 

63/13 

0.35 

3.46 

1.28 

0.30 

54"46'48" lOO"10'54" 

908 000 

2 070 000 

3 945 000 

340 000 

306 799 

68.57 

1.71 

4.42 

2.91 

0.50 

5,13 

5, 13 

513 

5.13 

3 

0.24 

221 308 

7.23 

6 513 000 0.50 

8.77 

0.10 

16.00 

0.40 

63W16 

1.03 

- 

3, 13 

3.08 

11 791 000 

8.23 

1.40 

125 643 

3 

11.66 

11.66 

11.66 

9.00 

1.43 

3 

5 442 000 

1.47 

1.71 

10.90 

3 

1.47 

1.47 

3.43 

2 457 000 

4.50 

989 000 

13 

56.23 

1 819 666 

3354000 

362800 

394 545 

3 

18.86 

3 

15,13 

3 

8.3 

2.40 

3.77 

7 490 000 15, 13 

101 584 3 



EXHALATIVE BASE METAL SULPHlDES 

Table 6.3-1. (cont.) 

NO. 

189 

190 

197 

198 

199 

NAME 

DICKSTONE 

NORRIS LAKE 

200 1 DON JON 1 54"46'00" lOl"35'00" 1 63W13 1 3.09 1 

204 1 CENTENNIAL 1 54"42'03" 1Ola39'59" 1 63W12 1 1.56 1 ( 2.201 26.401 1.511 23660001 13,15 

205 1 CUPRUS 1 54"43'45" 101 "42'13" 1 63W12 1 3.24 1 1 6 . 4 0 1  31.891 1.511 4620001 13.15 

SHERRIDON 

VAMPLAKE 

NORTH STAR 

202 / FOX LAKE 1 56"38'00" 101"37'00" 1 64Cl12 1 1.81 1 1 1.77 1 4.46 1 0.17 1 10 799 649 

206 1 WHITE LAKE 1 54"42'40" 101 "43'30" 1 63W12 1 1.97 1 0.50 1 4.63 1 36.00 1 0.69 1 850 000 1 13, 15 

207 / TROUT(EMBURY) 1 54"49'45" 101°49'18" 1 63W13 1 1.80 1 1 5.80 1 11.20 1 1.45 / 6 600 000 1 7 (1 911 1/90) 

LATITUDE 1 LONGITUDE 

54"51'18" 100°29'24" 

54"53'00" lOO"30'18" 

15.09 

8 

55"06'39" 101 "05'00" 

5456'18'' 101 "10'05'' 

54"46'00" 101 "35'00" 

201 

NTS 

63W16 

63W15 

0.93 

203 1 PINEBAY CU 1 54"45'48" 101"37'18" 1 63W13 1 1.3 1 

208 

63N/3 

63W14 

63W13 

COPPER REEF 

1 1361 000 1 13.15 

SCHIST LAKE 1 54"43'00" 101 "49'50" 1 63W12 1 4.30 1 0.03 1 7.25 1 39.43 1 1.41 1 1 871 000 1 13, 15 

210 

CU % 

2.42 

2.51 

79 000 

209 1 MANDY 1 54"43'45" 101"50'00" 1 63W12 1 8.03 1 1 15.05 1 61.71 1 3.09 1 150000 1 13 

212 1 FLlN FLON ( 54"45'28" 101 "53'00" 1 63W13 1 2.20 1 

2.75 

1.34 

6.10 

15 

21 1 1 LARLAURIE) 1 56"38'06" 101°52'48" 1 64C/12 1 0.80 1 1 2.15 1 1 1 360500 1 3 

WESTARM 

214 1 CORONATION 1 54"35'OOr' 102"OO'OO" ( 63W12 1 4.25 ( 

Pb % 

54"36'45" 101 "36'24" 

213 1 CALLINAN / 54"47'03" 101°53'08" 1 63W13 1 1.5 1 1 4 . 1  1 11.201 1.451 26190001 13.15 

4.10 

8 

216 

3.39 

1.90 

0.50 

54"38'36" 101 "50'12" 

215 1 FLEXAR 1 54"40'37" 102"01'43" 1 63U9 1 4.08 1 1 0.44 1 5.49 1 1.17 / 305 659 / 8 

218 

219 

220 

221 

Zn % 

3.17 

4.82 

63W12 

43.20 

BIRCH LAKE 154"39'41" 102"01'58" 

222 

30.86 

13.03 

8.57 

1.50 453 500 

63W12 

217 1 SCHOlTS LAKE 1 55"05'45" 102"13'35" 1 63W1 1 0.61 1 1 1.35 1 
RAMSAY SHOWING 

HANSON(MC1LVENNA) 

BIGSTONE 

MCKENZIElPEG) 

224 

Ag (gft) 

12.69 

20.9 

16 

2.85 

63U9 1 6.171 I 
I 1 982 702 1 3 

MUSK 

226 

236 GOLDSTREAM RIVER 51 "37'00" 1 18"13'00" 1 82M19 1 3.08 1 20.60 1 2 287 886 17 

237 1 REA GOLD 1 51 "09'00" 119"49'00" 1 82M/4 1 0.57 1 2.14 2.25 1 73.37 ( 6.51 242 822 1 3 

0.69 

3.98 

0.34 

3.70 

54"44'17" 102"45'05" 

54'37'30" 102"51'00" 

54"34'58" 103"11'40" 

56"07'20" 103"42'04" 

225 1 BOOT LAKE 1 65"54'55" 108"25'50" 1 76Fl16 1 0.29 1 4.97 1 0.99 1 200.91 1 0.48 1 4 535 000 1 3 

HACKETT (A ZONE) 

228 

229 

AU (dt) 

0.69 

0.55 

62 927 000 

4.53 

65"19'20" 107"36'00" 

223 

227 / HIGH LAKE 1 67"22'45" llO"51'19" 1 76Mi7 1 3.53 1 0.20 1 2.46 1 37.71 1 0.79 1 4 722 749 1 3 

EAST CLEAVER 

7 018 366 

739 205 

242 000 

1 SO 

13, 15 

63U10 

63U10 

63U11 

64D/4 

2.09 

65"55'008' 108"22'00" 

KENNEDY LAKE 

INDIAN MTN(BB) 

TONNES 

1 083 000 

226 750 

8 

3 

15 

278 449 

76615 

YAVA 

65"55'55" 108"27'30" 

REFERENCE 

3, 13 

3 

1702000 

8 

2.16 

0.95 

1.87 

0.55 

1500000 

76F/16 

63"01'57" 110°56'57" ( 75W2 1 1.10 1 7.30 1 137.49 1 

13,15 

1.20 

65"36'10" 107"56'00" 3 

76F116 4.08 

1.77 

5.76 

1.11 

4.84 

0.25 

39 001 

1.40 

766112 

108.34 

3 

6.96 

30.17 

9.94 

0.18 

1.40 

63"01'57" 110°56'57" 

10.00 

0.50 

0.48 

879 790 

0.69 

0.45 

18.63 

8.50 

3 75W2 

343.00 

0.50 

7 256 000 

738 884 

8 888 600 

3 628 000 

3 695 000 

240.00 

3 

0.20 0.70 

3 

12 

3 

3 

340 000 

3.00 

9.54 ( 116.57 

3 

102.80 

1.89 4 535 000 3 
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Table 6.3-1. (cont.) 

10. NAME LATITUDE I LONGITUDE ( NTS cu % ~b % I ~n % j ~g (g~t) 1 AU (gt) j TONNES 1 REFERENCE 

138 SAMATOSUM 51 "09'40" 1 19"49'00" 82Ml4 1.10 1 .50 2.50 685.00 1.40 483 000 7 (01/04/91) 

139 1 HOMESTAKE 1 51"06'27" 119"49'45" 1 82Ml4 1 0.55 1 2.50 1 4.00 1 240.00 1 1 9192961 17 

'47 WESTMIN (HW) 49"34'20r' 125"35'10" 92Fl12 2.20 0.30 5.30 37.71 2.40 13 815 424 18 

48 WESTMIN(L,M,P) 4ga34'32" 125"36'07" 92Fl12 1.50 1.10 7.60 109.71 2.06 5 646 075 18 

49 KUTCHO CREEK 58"12'10" 128"21'40" 1041D 1.76 0.06 2.54 35.00 0.37 14 300 000 3, 7 (25/03/91) 

50 ECSTALL RIVER 53'52'25" 129"30'40" 103Hl13 0.86 0.20 2.30 24.34 0.69 4 535 000 3, 17 

51 HIDDEN CREEK(ANY0X) 55"26'33" 129"49'35" 103Pl5 0.90 8.23 23 721 524 3, 17 

!52 BONANZA(ANY0X) 55"23'45" 12951 '1 5" 103Pl5 1.88 882 456 3,17 

!53 DOUBLE ED(ANY0X) 55"24'45" 129"52'35" 103Pl5 1.00 0.60 3 628 800 3 

!54 RED WING 55"22'50" 129"53'00" 103Pl5 1.84 29.49 181 400 3 

!55 EDEN 55"25'40n 129"53'3OW 103Pi5 2.00 226 800 3 

56 GRANDUC 56"12'45" 130°20'30" 104Bl1 1.79 0.02 0.10 10.63 0.17 25 063 140 8, 17 

!57 ESKAY CREEK 56"37'01" 30°27'55" 104Bl9 2.20 5.40 998.40 26.40 3 954 520 7 (31/12/90) 

!58 SWIM LAKE 62"12'50" 133"O1'5Or' 105W3 3.80 4.70 50.4 4 308 250 7 (25103191) 

!59 TULSEQUAH CHIEF 58"44'20" 133"34'30" 104W12 1.60 1.31 7.02 100.50 2.74 6 193 609 3, 8, 17 

!60 BIG BULL 58"38'24" 133"35'24" 104W12 1.32 1.31 6.06 113.14 3.15 4107803 8 

!61 I MARG 1 64"00'40r' 134"28'20" 1 106Dll 1 1.90 1 2.60 1 4.99 1 64.11 1 0.89 1 2 857 050 1 3, 7 (3112/90) 
!62 1 HART RIVER 1 64"38'00° 136"51'00" 1 1 16Al10 / 1.45 1 0.87 1 3.65 1 49.71 1 1.41 1 1 067 539 1 3 

!63 1 WINDY CRAGGY 1 59"44'00" 137"45'00" 1 114Pl12 1 1.59 1 1 3.601 0.20)113000000~ 3, 17 
I 

'Evans, D.T.W., Swinden, H.S., Kean, B.S., and Hogan, A. 
1992: Metallogeny of the vestiges of lapetus, Island of Newfoundland; 

Newfoundland Department of Mines and Energy, Map 92-1 9, 
scale 1 :500 000. 

'Swinden, H.S. and Kean, B.F. (ed.) 
1988: The Volcanogenic Sulphide Distr~cts of Central Newfoundland; 

Geological Association of Canada Guidebook, 250 p. 
'Energy, Mines and Resources Canada 
1989: Canadian Mineral Deposits Not Being Mined in 1989; Mineral 

Policy Sector, Energy Mines and Resources Mineral Bulletin. 
MR223. 

'Swanson, E.A., Strong, D.F., and Thurlow, J.G. (ed.) 
1981: The Buchans Orebodies: Fifty Years of Geology and Mining; 

Geological Association of Canada. Special Paper 22, 350 p. 
'Gibson, H.L. and Kerr, D.J. 
1993: Giant volcanic-associated massive sulphide deposits: with 

emphasis on Archean examples; in Giant Ore Deposits (ed.) 
B.H. Whiting, R. Mason, and C.J. Hodgson; Society of Economic 
Geologists Special Publication No. 2, p. 319-348. 

'Anon 
1993: Canadian Mines Handbook 1992-93; (ed.) D. Glancola; Northern 

Miner Press, Toronto, Ontario. 
'Northern Miner newspaper (issue in brackets) 
'National Mineral Index, Geological S u ~ e y  of Canada, Room 652, 

601 Booth Street, Ottawa. Ontario. 
'Fyffe, L.R., van Staal, C.R., and Winchester, J.A. 
1990: Late Precambrian-early Paleozoic volcanic regimes and 

associated massive sulfide deposits in northeast mainland 
Appalacians; The Canadian Mining and Metallurgical 
Bulletin, v. 83, no. 938, p. 70-78. 

'"Rive, M., Verpaelst, P., Gaganon, Y., Lulin, J.M., Riverin, G. 
and Simard, A. (ed.) 

1990: The Northwestern Quebec Polyrnetallic Belt; The Canadian 
Institute of Mining and Metallurgy. Special Volume 43, 423 p. 

"Mining Journal magazine (London) (issue in brackets). 
"Mining Annual Review, 1990: Mining Journal Press. London 
"International Association for the Genesis of Ore Deposits, 
Eighth Symposium, Ottawa, 

1990: Guidebooks: 
2158 - Lithotectonic and associated mineralization of the eastern 
extremity of the Abitibi Greenstone belt 
2159 - Mineral deposits of Noranda, Quebec, and Cobalt, Ontario 
2161 - Geology and ore deposits of the Timmins district. Ontario 
2164 - Mineral deposits in the western Superior Province, Ontario 
2165 - Geology and mineral deposits of the the early Proterozoic 
Flin Flon Belt and Thompson Belt. Manitoba 
2168 - Mineral deposits of the Slave Province, N.W.T. 

"Manitoba Energy and Mines Report of Activities (issue in brackets) 
'5Balles, A.H., Syme, E.C., Galley, A., Price, D.P., Skirrow, R., 

Ziehlke, D.J. (ed.) 
1987: Early Proterzoic Volcanism. Hydrothermal Activity, and Associated Ore 

Deposits at Flin Flon and Snow Lake, Manitoba; Geological Association 
of CanaddMineralogical Association of Canada guidebook, 95 p. 

"Gale, G.H., Baldwin, D.A., and Koo, J. 
1980: Geological evaluation of Precambrian massive sulphide deposit 

~otential in Manitoba: Manitoba Enerav and Mines. Economic Geoloav ", " z 

Report 79-1, 137 p. ,  23 maps. 
"McMillan, W.J., Howy, T., Maclntyre, D.G., Nelson, J.L., 

Nixon-Graham, T., ~ammack,  J.L., Panteleyev, A,, Ray, G.E., 
and Webster, I.C.L. 

1991: Ore deposits, teconics and metallogeny in the Canadian Cordillera; 
British Columbia, Ministry of Energy, Mines and Petroleum Resources, 
Paper 1991 -4,276 p. 

'Fleming, J., Walker, R., and Wilton, P. (ed.) 
1983: Mineral Deposits of Vancouver Island: Westmin Resources 

(Au-Ag-Cu-Pb-Zn), Island Copper (Cu-Au-Mo), Argonaut (Fe); 
Geological Associat~on of Canada/Mineralogical Association of 
Canada guidebook. 
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Figure 6.3-4A. Cross-section of the main caldera, Noranda massive sulphide district (after Gibson and 
Watkinson, 1990). This section is oriented approximately north-south, and is based on information from 
mines and drill holes. 

In contrast, deposits in sediment-covered areas are 
tabular, circular to elliptical in plan, and commonly display 
distinctive layering or bedding within the sulphide zones. 
The sulphides are locally interbanded with silicate layers. 
Some parts of the Besshi-type deposits are composed of 
massive ore. Lateral dimensions of more than a kilometre 
are common. Ore thickness is typically a few tens of metres. 
Iron-formations (both oxide and silicate facies) are common 
at the ore horizon (e.g., the Vasskis of Norway). Alteration 
zones are not as pronounced as for the deposits in more 
volcanic-dominated areas, but iron- and magnesium- 
enriched zones, containing disseminated sulphides, under- 
lie many of the Caledonide deposits, such as those near 
Bathurst, New Brunswick. 

Volcanic rock-dominated deposits are commonly over- 
lain by sedimentary strata, composed of both clastic and 
chemical components. These strata may have considerable 
lateral continuity; the Key Tufite horizon, coincident with 
or immediately overlying all of the deposits on both limbs 
of the Mattagami Lake "anticline", is a laminated chert- 
pyrite unit containing some volcaniclastic fragments 

(Piche et al., 1990). Graphitic shale overlies the Kidd Creek 
orebody. This shale may represent the residues of vent- 
specific bacterial colonies, but does not extend far beyond 
the limits of the deposit. Tuff horizons are associated with 
some of the deposits in the Noranda district (e.g. And ,  
Corbet, and the Amulet bodies). Iron-formation is not com- 
mon, but is prominently associated with the hanging wall 
of the Manitouwadge, Ontario deposits, and the footwall to 
the Lyon Lake and Creek Zone deposits near Sturgeon 
Lake, Ontario. Iron oxide zones (ochre) occur at the top of 
some of the ophiolite-associated deposits, and in some cases 
may be the product of seafloor oxidation of sulphides, as 
observed on the Mir mound (TAG), Mid-Atlantic Ridge 
(Hannington and Jonasson, 1992). 

Mineralogical composition, textures, and 
structures within orebodies 
Virtually all massive sulphide deposits are mineralogically 
simple. They contain at  least 50%, and commonly more 
than 80% sulphides by volume (Sangster and Scott, 1976). 
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Figure 6.348. Map of the Sturgeon Lake massive sulphide camp, northwestern Ontario (after Morton et al. 
1990). This map represents closely a cross-section through the Sturgeon Lake caldera, and is at about the 
same scale as  Figure 6.3-4A. Both diagrams closely reflect a right-section through their respective districts. 
Note that both districts have subvolcanic intrusions at their base, and subequal amounts of felsic and mafic 
volcanic rock. However, the Noranda district is dominated by felsic flows, whereas Sturgeon Lake is dominated 
by subaerial mafic scoria deposits, and subaqueous pyroclastic flows and breccia. 

Pyrite typically constitutes 50-90% of the massive ore, 
with sphalerite, chalcopyrite, and galena forming about 
10%. Some metamorphosed deposits, such as those at  
Manitouwadge, Ontario, contain abundant pyrrhotite 
(Kissin, 1974). Deposits formed in deep water (Noranda type) 
contain only sphalerite and chalcopyrite as their principal 
ore minerals, but those that formed in shallow water typi- 
cally also contain recoverable galena. Curiously, barite 
occurs in the oldest deposits in Australia and South Africa 
(pre-3.0 Ga) and in some Phanerozoic deposits, but is much 
less common in late Archean and Proterozoic deposits. 
Massive magnetite constitutes about one-third of the Ansil 
deposit, Quebec (Riverin et al., 1990). 

Gangue minerals are poorly documented, and consist 
primarily of quartz, with chlorite, sericite, and alumi- 
nosilicate minerals (or their metamorphic equivalents) 

predominant. Gahnite is an accessory mineral a t  virtually 
all deposits that have attained amphibolite grade of 
metamorphism. 

The mineral assemblage of the stringer ores is usually 
also very simple, with chalcopyrite, pyrite, pyrrhotite, 
sphalerite, and magnetite present. One orebody and the 
stringer zone at  the Kidd Creek mine have a local bornite 
zone with an unusual proliferation of selenium minerals 
(Thorpe et  al., 1976). Tellurides occur beneath the 
Mattagami Lake deposit (Thorpe and Harris, 1973). 

Within the deposits in volcanic-dominated areas, the 
well-known pattern of high Cu/(Cu+Zn) ratios in the lower 
zones and lower ratios in the upper zones is so common that 
Sangster (1972) suggested that i t  can be used reliably as an 
indicator of stratigraphic facing. The massive zones are 
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Figure 6.3-4C. Geology of the Anyox massive sulphide area, 
northern British Columbia. Note that most of the deposits are 
at or near the contact between hanging wall sedimentary and 
footwall volcanic rocks (after Alldrick, 1986). 

iron-rich (pyritic) at  the tops and flanks ofthe deposit. Some 
stringer zones exhibit a narrow zinc-rich fringe zone 
(Purdie, 1967; Simmons, 1973) and a copper-rich core. 
Copper-zinc ratios within some of the less deformed ore- 
bodies (e.g., Millenbach deposit) indicate the presence of a 
distinct copper-rich spine (Knuckey, 1975) that is trans- 
gressive to bedding. This "spine" is present even where the 
pyrite-sphalerite zone is brecciated and locally trans- 
ported, indicating that it "grew" after emplacement of the 
zinc ore. The spine is composed of massive chalcopyrite and 
pyrite; pyrrhotite is more abundant in the laterally adja- 
cent pyrite-sphalerite ore. The ophiolite deposits, and some 
of the deposits in which sedimentary rocks are important, 
are usually copper-rich (CdZn = 311 to 4/11. Some of the 
latter group of deposits have high (-1000 ppm) cobalt 
contents. 

Layered (and possibly bedded) sulphide is present a t  the 
tops and peripheral parts of many of the massive sulphide 
mounds. The central parts of the orebodies are parageneti- 
cally complex, with zoned "veins" or pseudo-beds of sul- 
phide following fractures and joints within massive 
sulphides, as  a t  Mine Gallen (Watkinson et al., 1990). The 
margins of the massive bodies may consist of sulphide 
breccia, possibly formed from fallen chimney structures. 

Alteration beneath Cu-Zn massive 
sulphide deposits 
Alteration has been studied more extensively than most 
attributes of these deposits. Alteration mineral assem- 
blages and associated chemical changes have been very 
usehl exploration guides. Alteration occurs in two distinct 
zones beneath these deposits (Fig. 6.3-6 and 6.3-4A). 
Alteration pipes occur immediately below the massive 
sulphide zones; here a complex interaction has occurred 
between the immediate substrata to the deposits and both 
ore-forming (hydrothermal) fluids and locally-advecting 
seawater. Lower, semiconformable alteration zones 
(Franklin et al., 1981) occur several hundreds of metres or 
more below the massive sulphide deposits, and may repre- 
sent in part the "reservoir zone" (Hodgson and Lydon, 1977) 
where the metals and sulphur were leached (Spooner and 
F'yfe, 1973) prior to their ascent to and expulsion onto the 
seafloor. 

Beneath Precambrian deposits formed in deep water 
(Noranda type), alteration pipes typically have a chloritic 
core, surrounded by a sericitic rim. Some, such as at Mattagami 
Lake, contain talc, magnetite, and phlogopite (Costa et al., 
1983). The pipes usually taper downwards within a few 
tens of metres to hundreds of metres below the deposits, to 
a faultcontrolled zone less than a metre in diameter. 
Beneath deposits formed in shallow water (Mattabi type; 
Fig. 6.3-7), the pipes are silicified and sericitized; chlorite 
is subordinate and is most abundant on the periphery of 
the pipes. Aluminosilicate minerals are prominent. 

Alteration pipes under Phanerozoic Cu-Zn deposits are 
similar to, but more variable than those under their 
Precambrian counterparts. For example, Aggarwal and 
Nesbitt (1984) described a talc-enriched alteration core, 
surrounded by a silica-pyrite alteration halo, beneath the 
Chu Chua, British Columbia deposit. The Newfoundland, 
Cyprus, Oman, and East Galapagos Ridge deposits have 
Mg-chlorite in the peripheral parts of their pipes, together 
with illite. The presence of abundant Fe-chlorite, quartz, 
and pyrite typify the central parts of the pipes. 

The lower semiconformable alteration zones have been 
recognized under deposits in several massive sulphide dis- 
tricts (Galley and Jonasson, 1992). These include laterally 
extensive (several kilometres of strike length) quartz- 
epidote zones that are several hundred metres thick, and 
extend downwards from a few hundred metres strati- 
graphically below the Noranda, Matagarni, and Snow Lake 
deposits of the Canadian Shield. Zones containing epidote, 
actinolite, and quartz in the lower pillow lavas and sheeted 
dykes of the ophiolite sequences at  Cyprus (Gass and 
Smewing, 1973) and in East Liguria, Italy, were explained 
by Spooner and Fyfe (1973) as  being due to increased heat 
flow as a result of convective heat transfer away from the 
cooling intrusions at  the base of these sequences. All of the 
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Figure 6.3-9. Typical cross-section of Pb-Zn-Cu ore zone 
illustrating the principal ore zones. Compiled from Eldridge 
et al. (1 983), Lambert and Sato (1 974), and others. 

Volcano-sedimentary areas 
The largest deposits of this group are in lower Carbonif- 
erous rocks of the Iberian pyrite belt in southern Portugal 
and southwestern Spain. The best Canadian examples are 
in the Bathurst district, New Brunswick; the Sudbury 
Basin, Ontario; the Omineca crystalline belt, British 
Columbia; and in several enclaves in the Coast Batholith 
in British Columbia. The great lateral continuity of ore, 
lack of extensive alteration, and association with sedimen- 
taryrocks make deposits ofthis group similar to arc-related 
deposits of the Cu-Zn group. However, the Zn-Pb-Cu depos- 
its are usually in sequences in which felsic volcanic rocks 
predominate near the ore horizon. Deposits in the Bathurst 
camp, for example, have a few hundred metres of felsic ash 
flow tuff as their most common immediate footwall rock, 
underlain by thousands of metres of greywacke and pelite. 
Iron-formation is the immediate hanging wall to 7 of the 30 
deposits in this camp. Basalt is restricted to the hanging 
wall sequence of most of the deposits. Van Staal(1987) has 
established that the Tetagouche rocks are part of a series 
of thrust slices, which include ophiolite-associated slices 
near the base, and arc-like volcanic rocks in the uppermost 
slice. Van Staal interpreted the strata containing the mas- 
sive sulphide deposits to have formed as part of a back-arc 
basin sequence, immediately southeast of a magmatic arc. 
The Iapetus ocean floor separated this arc from the North 
America craton, further to the northwest. 

Form and composition 
Deposits in volcanic-dominated areas are typically well zoned 
bulbous massive bodies, underlain by variably developed 
stringer ore (Fig. 6.3-9). Lambert and Sato (1974) described 
the following zones for the Kuroko deposits: 1) Siliceous ore 
(keiko): pyritechalcopyrite-quartz stockwork ore; 2) "Gypsum 
ore (sekkoko): gypsum-anhydrite-(pyrite-chalcopyrite- 
sphalerite-galena-quartzdays) stratabound ore; 3) "Pynte 
ore (ryukako): pyrite-(chalcopyrite-quartz) oren; 4) 'Yellow 
ore (oko): pyrite-chalcopyrite-(sphalerite-barite-quartz) 
stratiform ore"; 5) "Black ore (kuroko): sphalerite-galena- 
chalcopyrite-pyrite-barite stratiform ore." Towards the top 

of the zone, tetrahedrite-tennantite is common. Bornite 
occurs in a few deposits. 6) "Barite ore: thin well-stratified 
bedded ore consisting almost entirely of barite, but some- 
times containing minor amounts of calcite, dolomite, and 
siderite"; 7) "Ferruginous chert (tetsusekiei bed): a thin bed 
of cryptocrystalline quartz and hematite." Similar zoning 
is present at  many Canadian examples, including the 
Buttle Lake deposits (Juras and Pearson, 1990). 

Mechanically-transported breccias are commonly asso- 
ciated with this type of deposit, and are particularly promi- 
nent in the Buchans, Newfoundland deposits (Binney, 
1987), where they constitute about 50% of the ore. In most 
deposits, the breccia formed as a sulphide talus at  the base 
of the endogenous mounds that were presumably primary 
vent sites. Lateral transport of the Buchans sulphide 
breccias for hundreds of metres or more indicates that these 
deposits formed on steep slopes, or were rapidly uplifted 
immediately aRer deposition. 

Orebodies in sediment-dominated terranes, such as 
those in the Bathurst district, New Brunswick, are tabular 
and laterally extensive. These deposits exhibit primary 
metal zoning, although less prominent than their volcanic- 
hosted counterparts. Luff (1977) described three zones at 
Brunswick # 12. Unit 1, at the bottom and south of the ore, 
consists of massive pyrite with minor sphalerite and 
galena, and variable but locally significant amounts of 
chalcopyrite and pyrrhotite. Unit 2, the main zone, is dis- 
tinctly layered sphalerite-galena-pyrite ore with minor 
chalcopyrite and pyrrhotite. Unit 3, the upper pyrite unit, 
consists of massive, fine grained pyrite with minor 
sphalerite, galena, and chalcopyrite. 

Iron-rich rocks are common in the immediate hanging 
wall sequence of deposits in both the volcanic- and 
sediment-associated deposits of this compositional group. 
These are of two distinctly different genetic types. Some 
ferruginous strata have formed through seafloor weather- 
ing of sulphides, forming poorly bedded, massive oxide 
zones. Others are ferruginous (and usually cherty) precipi- 
tates which formed from low-temperature hydrothermal 
fluids. The tetsusekiei zone that caps many of the Kuroko 
deposits, and the manganiferous iron-formation that over- 
lies the Bathurst deposits is "Algoma type" (Gross, 1965). 
These are probably not a product of oxidation of sulphides, 
but may have precipitated from low-temperature fluids 
that were associated with the terminal stage of their 
respective hydrothermal events. 

Mineralogical composition, textures, 
and structures within orebodies 
Deposits of this group are more mineralogically complex 
than those of the copper-zinc group. In addition to pyrite, 
sphalerite, galena, and chalcopyrite, barite is common, 
particularly in the volcanic-associated deposits such as 
Buchans and Buttle Lake. In the Bathurst district, barite 
is absent; sulphosalts, arsenopyrite, and stannite occur in 
minor amounts (Chen and Petruk, 1980). Nonsulphide 
minerals in the deposits in the Bathurst district include 
quartz (major mineral); chlorite, siderite, calcite, and dolo- 
mite are all present (Jambor, 1979). In the Bousquet dis- 
trict, Quebec, Au-rich sulphide deposits have similar 
mineralogical characteristics to this group, and may be 
highly deformed volcanic-associated massive sulphide 
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Figure 6.3-10. Alteration immediately associated with Zn-Pb-Cu deposits (after Shirozu, 1974). 

deposits (Marquis et al., 1990). Most ofthe zinc-lead-copper 
deposits are fine grained, which causes recovery problems 
during processing. Most copper-zinc deposits, in contrast, 
are coarse grained and easily milled. 

Alteration beneath zinc-lead-copper 
massive sulphide deposits 
Alteration associated with Zn-Pb-Cu deposits, including 
Canadian deposits, is typified by that in the Hokuroku 
district of Japan (Fig. 6.3-10). The "lower semiconformable" 
alteration zones, such as those which underlie the Cu-Zn 
deposits, are unknown under these deposits. However, the 
lower strata are difficult to access in Japan, and structural 
complexities at  Buchans and Buttle Lake, and in the 
Tasman geosyncline, may have removed these parts of their 
sequences. 

Four alteration zones (Fig. 6.3-10) in the Hokuroko 
district have been described by Shirozu (1974), Iijima 
(1974), and Date et al. (1983). The most intense zone of 
alteration, zone 4, is immediately below the deposits, and 
consists of silicified, sericitized rock, with a small amount 
of chlorite. Zone 3 contains sericite, Mg-chlorite, and mont- 
morillonite, and is not silicified. Feldspar is absent from 
zones 3 and 4. Zone 2 consists of sericite, mixed-layer 
smectite minerals, and feldspar. Zone 1 contains zeolite 
(typically analcime) as an essential mineral, as well as 
montmorillonite. Outside these four zones, the volcanic 
rocks have been affected by deuteric alteration, which 
formed clinoptilolite and mordenite. Under many older 
deposits, metamorphism and deformation obscure the 
alteration minerals associated with zones 1 to 3. At Buttle 
Lake, for example, zone 4 alteration is most prominent; 
carbonate is also present, in contrast to the Hokuroko 
deposits. Although chlorite is much less abundant under 
Zn-Pb-Cu deposits than under Cu-Zn deposits, the alteration 

pipe under the Woodlawn deposit (New South Wales, 
Australia) is highly chloritic (Petersen and Lambert, 1979). 
Alteration under the sediment-associated deposits of this 
group consists of locally distributed sericite-quartz; many 
deposits do not have obvious alteration zones. 

GENETIC MODEL 
The basic process of formation of massive sulphide deposits, 
as syngenetic accumulations on or near the seafloor, of 
sulphide and sulphate minerals from hydrothermal fluids 
has been well established since the late 1950s (ORedahl, 
1958). Their stratiform nature, sharp upper contact, close 
association with immediately overlying, well-bedded 
chemical sedimentary rocks that contain abundant trans- 
ported products from the hydrothermal vents, beds of 
locally transported sulphide breccia, and extensive altera- 
tion and stringer zones confined almost exclusively to the 
stratigraphic footwall of the massive sulphides, all gave 
credibility to this model. Discovery of active seafloor vent 
systems from which massive sulphide deposits are forming 
has since ended any doubt about the applicability of the 
general model. Many of the genetic aspects have been 
considered in depth by Lydon (1988), and are summarized 
here. The basic tenets of the genetic model apply to both 
the Cu-Zn and Zn-Pb-Cu groups of deposits (Fig. 6.3-11). 

Source of fluid 
TWO possible sources of fluid are a) circulating seawater and 
b) magmatic water. The hydrothermal fluids emanating 
from modern seafloor vents are considered to be seawater, 
that has been modified by progressive heating and water- 
rock interactions during its descent into heated crust, lead- 
ing to loss of Mg, Sr, and some Ca (due to formation of 
magnesium hydroxysulphate, anhydrite, zeolites, and clay 
minerals), and eventual reaction with deeper parts of the 
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crust under high temperature conditions. Excluding the 
hypersaline brines of the Red Sea (7x sea-water), where 
the fluid has interacted with Miocene evaporites, salinities 
of mid-ocean ridge hydrothermal fluids vary from 20% to 
150% of seawater for the cooled vapour-phase and brine 
fluids respectively, at  Axial Seamount, to close to seawater 
values for fluids at  the majority of the East Pacific Rise and 
central and northern Juan de Fuca vent areas, and to 
almost twice seawater at the southern Juan de Fuca site 
(Von Damm and Bischoff, 1987). Experimental data (e.g. 
Bischoff and Seyfried, 1978; Seyfried and Janecky, 1985) 
together with investigations of the silicified and epidotized 
lower semiconformable alteration zones (e.g. Spooner and 
Fyfe, 1973; Gibson et al., 19831, indicate that the reaction 
between modified seawater and basalt at about 385°C 
causes sufficient depression of pH to mobilize metals and 
sulphur from the rocks into the fluid. Virtually any volcanic 
rock or immature sediment contains sufKcient metals to 

produce a viable ore-forming hydrothermal fluid. Lower 
semiconformable silicified alteration zones are greatly 
depleted in metals (MacGeehan and MacLean, 1980; 
Skirrow, 1987), and a few hundred cubic kilometres of this 
type of alteration, commensurate with observations at 
Noranda, Mattagami Lake, and Snow Lake, could provide 
the metals for a major mining district. The metal contents 
between districts are highly variable, and some of this 
variation, particularly between the two principal groups of 
massive sulphide deposits, could be explained by the differ- 
ence in metal contents of the source of the rocks (Lydon, 
1988). Differences between camps that have closely similar 
geological attributes, such as Noranda and Sturgeon Lake, 
are more probably related to thermal and mixing conditions 
affecting the fluids in the ascent and precipitation regimes. 
Metals and sulphur could be derived directly from sedi- 
ments or felsic rocks at  lower temperature, as they buffer 
the fluid to a low pH at  lower temperatures than does basalt. 
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Figure 6.3-1 1. Model of VMS-producing hydrothermal system, incorporating elements of all subtypes of VMS 
deposits. The subvolcanic intrusion may be contributing some metals and gases to the hydrothermal fluid. 
Copper precipitates within the alteration pipes, as well as in the core of the massive sulphide mounds. This 
diagram is drawn perpendicular to the fracture system which controls hydrothermal discharge. 
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Hydrothermal fluids of seawater salinity are very 
buoyant a t  385"C, and would rise quickly to the seafloor 
(Franklin, 1986). Thus identification of high-temperature 
reaction zones within footwall strata may be an  important 
guide to areas with massive sulphide potential. 

Some contribution from magmatic sources is possible. 
This is indicated by anomalous salinities, the carbon and 
oxygen isotope compositions (Taylor, 1990) and high C02 
and 3He contents of some hydrothermal fluids, together 
with the loss of sulphur in highly fractionated magmas 
associated with the Galapagos deposits (Perfit et  al., 1983). 
This contribution, although a small percentage of the total 
fluid, might be responsible for a significant proportion of its 
metals. 

The source of the heat for a hydrothermal system has 
been examined by Cathles (1981, 1983) and Cann et al. 
(1985). Sufficient heat is required to produce fluid tempera- 
tures in the reaction zone that were high enough for these 
fluids to dissolve sufficient metals (at least several parts 
per million) to ultimately form deposits. Obviously, the 
ability of this zone (called the "reservoir" by Hodgson and 
Lydon, 1977) to attain these temperatures also requires 
sufficient hydrological "insulation" to prevent excessive 
cooling through mixing with downward advecting cold 
seawater. Cathles (1983) has calculated that sufficient heat 
to form all the deposits in the Hokuroko basin could only 
be attained from a magma chamber containing a t  least 
169 km3 of felsic melt. The Noranda deposits would require 
a magma chamber larger than 78 km3. Using the parame- 
ters suggested by Cann et al. (19851, a district of moderate 
size containing 30 million tonnes of sulphide would require 
a chamber of 300 km3. Intrusions of an  appropriate size 
are associated with most of the Archean and Proterozoic 
Cu-Zn districts in Canada. The provision of heat for the 
deposits in the back-arc, inter-arc, and off-ridge areas 
where sedimentary rocks form a significant footwall com- 
ponent is more problematic. The sediments at  Middle 
Valley, which are 300 to 600 m thick, provide natural 
hydrological and thermal insulation, greatly reducing heat 
loss from the underlying cooling oceanic crust (Davis et  al., 
1987). The necessity of contemporaneous intrusions as a 
heat source is unresolved. In the Guaymas Basin and 
Escanaba Trough, small sills, themselves insufficient in 
size to provide all the heat needed for a major hydrothermal 
system, may be indicative of larger intrusions near the base 
of the sedimentary sequence. At Middle Valley, carbon and 
oxygen isotopic data (Taylor, 1990) indicate that no actively 
degassing magma chamber presently underlies the area, but 
at  Escanaba Trough such a chamber probably is present. 

An impermeable "cap" to the hydrothermal reaction 
zone is most important, a s  suggested by Hodgson and 
Lydon (1977) and demonstrated in mid-ocean ridge areas 
by Kappel and Franklin (1989). This cap can take many 
forms. The aforementioned sediments in the back-arc and 
off-ridge areas for both Cu-Zn and Pb-Zn-Cu deposits prob- 
ably provide this. Massive pyroclastic ash flows which 
overlie more permeable mafic sequences, as a t  Mattagami 
Lake, Sturgeon Lake, and Snow Lake, are similar imper- 
meable caps. The hydrothermal system itself may have 
formed animpermeable zone within the footwall strata. For 
example, the lower semiconformable alteration zones that 

are composed of silica, epidote, albite, and tremolite, and 
which are excellent candidates as  the sources of constitu- 
ents for the hydrothermal fluids, contain uppermost zones 
of pervasive silicification (Gibson et al., 1983; Skirrow, 
1987) that probably sealed the rocks very effectively, thus 
preventing the escape of buoyant hydrothermal fluid 
through unfocused discharge. The broad-scale carbonate 
alteration associated with copper-zinc deposits in shallow 
water regimes such as Sturgeon Lake, Ontario and the 
Hackett River district in Slave Province would similarly 
reduce cross-stratal permeability. 

Fluid composition 
Analyses of fluids from seafloor vents i n  volcanic- 
dominated ridge crests are available for most of the East 
Pacific Rise and Juan de Fuca hydrothermal areas, as well 
as for some vents along the Mid-Atlantic Ridge. Fluids in 
sediment-covered ridges are less well studied, although 
data are available for the Escanaba Trough and Guaymas 
Basin vents. All of the end-member compositions are calcu- 
lated for zero Mg content, on the assumption the Mg is totally 
removed from the descending, progressively heated seawater, 
through retrograde solubility of Mg-hydroxysulphates such 
as caminite, and loss through metasomatic alteration of 
basalt (Humphris and Thompson, 1978). The maximum 
temperature is near 400°C for fluids from Endeavour Ridge 
(Delaney et al., 1984); maxima for many other sites are 
about 350°C, but are lower a t  southern Juan de Fuca, Axial, 
Explorer, and the sediment-covered ridge sites. 

Summary 
Combined information from modern and ancient hydro- 
thermal systems, lead to the following important points. 

Chemical composition of the fluids: a) the salinities of 
the fluids range widely, from less than 20% of seawater for 
one of the fluids of Axial Seamount, to slightly less than 
seawater for some East Pacific Rise and Axial Seamount 
fluids, and to almost twice seawater for the southern Juan 
de Fuca fluids; b) the zinc contents range to as much as 
59 mgkg, and Fe to more than 1000 mgkg (both a t  South- 
ern Juan de Fuca); c) SiOa contents are about 1000 mgkg; 
d) pH is about 3.5; e) both the vapour-dominated and resid- 
ual fluids a t  Axial Seamount contain subequal amounts of 
gold, H2S, and arsenic, but the vapour-dominated phase 
has no base metals; f) virtually all measured fluids have 
been partially cooled prior to venting and many of their 
constituents may have precipitated from them during cooling. 

Mechanisms of focusing fluid discharge: the faults or 
fracture zones that form the conduits for discharging 
hydrothermal fluids are all tectonically generated. Specific 
patterns of fractures have been established in some dis- 
tricts; Knuckey and Watkins (1982) have identified specific 
faults in the Noranda district, and Scott (1978) has identi- 
fied two linear elements in the Hokuroku district which 
may have provided the fluid channelways. Identification of 
subvolcanic faults requires careful mapping in  each dis- 
trict. Discovery of such faults usually occurs after initial 
discovery of deposits, and may best be applied in well 
explored districts. 
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Alteration and stringer zone formation: stringer zones 
beneath all types of massive sulphide deposits are copper- 
rich. Experimental and thermodynamic data indicate that 
copper solubility in most highly reduced hydrothermal 
fluids decreases relatively quickly with decreasing 
temperature, compared with zinc and lead (Franklin et al., 
1981). Thus conductive cooling of a hydrothermal fluid near 
the seafloor would promote precipitation of chalcopyrite, 
provided that no mixing with ambient oxidizing seawater 
took place, and a copper-stringer zone would form. Mixing 
with oxidizing seawater seems unlikely (Solomon et al., 
1988) in the stringer zone, although it is more possible in 
the massive ore zone (Ohmoto and Skinner, 1983). 

The alteration assemblages associated with these 
stringer zones are variable. That each alteration assem- 
blage is closely related to a specific group of deposits, with 
silicification associated primarily with the Zn-Pb-Cu group 
(Franklin et  al., 1981), is clearly an  over-simplification. 
Silicification occurs beneath copper-zinc deposits of the (Mat- 
tabi type", as well as beneath many ophiolite-associated 
deposits in Cyprus and Oman, and 5000 year old lavas of 
the Galapagos Rift (Embley et  al., 1988). Chloritization 
occurs beneath both the Noranda type deposits, and those 
representing the Zn-Pb-Cu group (Solomon et al., 1988). 

Seafloor hydrothermal fluids generally contain abun- 
dant silica, which is highly over-saturated with respect to 
cold seawater; its precipitation as amorphous silica and 
cristobalite (as observed in the Galapagos alteration zone; 
Embley et  al., 1988) through cooling may be slow, as the 
kinetic effect on silica precipitation seems to be important. 
Thus in areas of the pipe where the fluid flow was 
restricted, silica precipitation through cooling was likely 
more effective. Boiling may also promote silica precipita- 
tion (Lydon and Galley, 1986), explaining the abundant 
silicification beneath deposits formed in relatively shallow 
water, such as  the Mattabi type. The abundance of 
Mg-chlorite may be related either to the rate of advection 
of cold seawater into the area of the sub-seafloor hydrother- 
mal fluid conduit, or to the Mg content of the hydrothermal 
fluid. All data on the composition of modern seafloor 
hydrothermal fluids is calculated to zero magnesium con- 
tent, assuming that magnesium was completely stripped 
from progressively heated seawater during its descent into 
the reaction zone; such an assumption is consistent with 
experimental data (Seyfried and Janecky, 1985). These 
data are inconsistent with the Mg loss observed in the 
major silicified areas in most lower semiconformable 
alteration zones. In the advection model, cold seawater was 
probably drawn down rapidly, particularly in  highly per- 
meable areas, and Mg lost through reaction with wall rocks. 
This mechanism would have been particularly effective 
beneath Archean deposits, as seawater at  that time prob- 
ably contained much less sulphate than did Proterozoic and 
younger seawater, due to the lack of an early oxidizing 
atmosphere. Thus during the Archean (or a t  any time or 
place where bottom water was reducing), Mg might not 
have been lost to Mg-hydroxysulphate, but would have 
been available to form Mg-smectites and chlorite. As noted 
by Lydon (1988), the amount of magnesium in a pipe zone 
may increase as  the pipe collapses upwards; thus the com- 
position of alteration pipes may be largely established 
during the waning stages of formation of the deposits. Even 

in a modern example a t  Galapagos (Embley et al., 1988), 
Mg-silicates formed later, or peripheral to, the core Fe-S- 
SiOz alteration zone. 

Sulphides are precipitated on or near the seafloor pri- 
marily by rapid cooling of the  hydrothermal fluid. 
Reduction of seawater sulphate is unimportant as a princi- 
pal source of sulphur (Janecky and Shanks, 1988). Precipi- 
tation processes for seafloor sulphides in individual 
chimneys in ridge crests have been examined by Haymon 
(1983) and Goldfarb et  al. (1983), and have been summa- 
rized by Franklin (1986) and Lydon (1988). The initial 
precipitate a t  a vent orifice is anhydrite, derived entirely 
from ambient seawater. As the chimney grows, the porous 
accumulation of coarse anhydrite crystals is infiltrated by 
hydrothermal fluid, which mixes with seawater; a combi- 
nation of overgrowth and replacement of anhydrite results in 
formation of a well zoned chimney, typically with an isocubanite- 
or chalcopyrite-rich lining of the  orifice, a sphalerite 
(andlor wurtzitel-pyrite-chalcopyrite-anhydrite inner 
ring, and an  outer wall of marcasite-pyrite-sphalerite-an- 
hydrite-silica with surficial organic material. Individual 
vents have very short lives (Johnson and Tunnicliffe, 1986), 
and fluid flow is tortuous through most chimneys. Indivi- 
dual chimneys with multiple orifices commonly vent grey 
to black smoke (from high-temperature fluids) and much 
more rarely, clear water (from depleted fluids) from sepa- 
rate orifices within a few centimetres of each other, attest- 
ing to a very complex ('plumbing system" within their 
uppermost parts. 

Less is known about the internal composition of the 
mounds beneath the chimneys. On their outer edges, pyrite 
is abundant. In the inner parts of the oldest seafloor 
deposits that have been studied, the inactive deposits a t  
Galapagos (Embley et  al., 1988) and on a seamount a t  12"N 
(Hekinian and Fouquet, 1985), chalcopyrite has replaced 
much of the pre-existing sulphide. Initial growth of a 
mound probably occurred as  chimneys collapsed, and 
formed sulphide talus through which hydrothermal fluid 
continued to pass. The talus became infilled, the sulphide 
blocks coalesced, and a mound probably began to grow by 
"inflation" or overgrowth, through a very complex and 
irregular sequence of precipitation and dissolution mecha- 
nisms (Watkinson et al., 1990). Metal zonation formed 
through incremental precipitation of metals from high tem- 
perature fluids across a large thermal gradient within the 
chimneys or mounds. Silicification throughout the outer 
portions of mounds and chimneys partially sealed them 
from massive ingress of cold seawater, and also provided 
some strength (Tivey and Delaney, 1986). 

Ancient deposits have undoubtedly experienced the 
same complex precipitation history. The "copper-spine" 
observed at  Millenbach (Knuckey et al., 1982) is, in modi- 
fied form, present in many massive sulphide deposits. 
Progressive heating of a sulphide mound could induce 
replacement of earlier-formed pyrite by sphalerite and then 
chalcopyrite. Thus, sulphide mounds that have been sub- 
ject to heating by the passage of high temperature fluid for 
an extensive period of time may become progressively 
enriched in copper. This process could have formed the 
'Yellow-ore" in the Kuroko deposits (Eldridge et al., 1983). 

Barite is forming in modern seafloor hydrothermal 
discharge areas regardless of source rock or depositional 
environment. Its presence is more dependent on the 
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temperature of discharge, with low temperature (about 
250°C or less) vent fluids, which are depleted in most base 
metals and sulphur, forming barite-rich chimneys. Most of 
the barite-rich chimneys are isolated from the metallifer- 
ous (higher temperature) vent sites by a t  least a few tens 
of metres. Thus near ancient deposits, barite formed where 
the hydrothermal system continued to vent after (or away 
from) its peak (or geographic centre) of high temperature 
activity, and where the seawater contained abundant sul- 
phate. Hydrothermal systems which essentially were ter- 
minated while venting high temperature fluids would not 
have formed significant barite accumulations, most barium 
being lost to smoke plumes. 

Coincidentally, gold-rich massive sulphides are 
commonly associated with barite-rich assemblages. 
Hannington and Scott (1989) showed that gold is effectively 
preserved in hydrothermal fluids by bisulphide transport, 
and efficiently precipitated from such fluids by ligand 
oxidation. Bisulphide complexing in a typical seafloor 
hydrothermal fluid is enhanced by cooling, raising of pH, 
and increasing Po2. Some of these conditions are promoted 
by boiling. Boiling also causes precipitation of copper, iron, 
and zinc as  sulphides (through cooling) in the subsurface, 
leaving the remaining fluid relatively enriched in gold, 
barium, and lead. Thus gold-enriched massive sulphide 
deposits might form preferentially in depositional environ- 
ments that are relatively shallow (<1900 m), and in which 
ambient seawater is oxidizing. The high gold content of the 
Axial Seamount and Explorer Ridge sulphides is evidence 
that shallow water depth (i.e. boiling can occur) may be a 
contributing factor to gold enrichment (Kappel and 
Franklin, 1989). 

Significantly, however, gold-rich samples from the TAG 
hydrothermal field on the Mid-Atlantic Ridge (Hannington 
et al., 1990), which formed at about 3700 m depth, are 
attributed, in part, to a "diagenetic" redeposition process 
that involves dissolution of gold from paragenetically early 
(about 0.5 ppm) sulphides by later fluids that are drawn 
through the sulphide mound, and deposition of this gold in 
the cooler, well oxidized outer edges of the mound. In addi- 
tion, zones of seafloor-oxidized sulphides (i.e. "supergene" 
altered zones) are prospective areas for gold enrichment, 
through a scavenging and redeposition mechanism. 

Finally, the strata of presumed hydrothermal origin 
that cap many of the deposits appear to have highly diverse 
origins. Particulate su l~hides  are abundant in black 
smoke, but in the mod&n oceans these become widely 
dispersed (Converse et al., 1984; McConachy, 1988); oxida- 
tion destroys the primary minerals, and sulphide "fallout" 
is minimal, even immediately adjacent to the deposits. If 
the near-bottom waters were reducing, however, sulphide 
fallout could have accumulated. The abundant sulphides in 
the tuff horizons associated with many of the Noranda 
deposits and in the Key Tuffite horizon at  Mattagami Lake 
may have been plume particulates. Clay minerals have 
been noted in hydrothermal plumes and probably contrib- 
ute to the thin layers of pelagic sediment commonly asso- 
ciated with modern vent sites. Such layers, once they reach 
a metre or more in thickness, could be important in 
maintaining well-focused discharge at  vent sites, as well as 
preventing cooling of the rising fluid by inhibiting local 
advection of cold seawater. 

The ferruginous chert zone overlying many deposits 
may be the product of low temperature discharge. Consid- 
erable dissolved silica is discharged through the high tem- 
perature vents, but does not appear to form an important 
particulate constituent of the "smoke". Slow precipitation 
rates for silica from vent fluids mixing with seawater may 
cause it to be diluted prior to precipitation. Silica is precipi- 
tated in and around low temperature vents, particularly 
where the discharging fluid has no H2S. Jonasson and 
Walker (1987) and Juniper and Fouquet (1988) have shown 
that opal-A is precipitated on filamentous bacteria, and in 
open spaces in chimneys, as a silica gel. These bacteria 
require an H2S supply, but if this supply is stopped, they 
die and are replaced by iron oxide, on which opal-A precipi- 
tates. Some ferruginous caps probably are the products of 
syndepositional oxidation of seafloor sulphide mounds. 
Such oxidation in the modern ocean can destroy a small 
deposit in about 100 000 years, unless i t  is protected by 
sediments or volcanic strata, or by an oxidized cap, espe- 
cially if it is silicified (i.e., iron-formation). 

EXPLORATION GUIDES 
1. Presence of submarine volcanic strata. Paleo-water 

depth probably controlled some variations in volcanic 
morphology, as well as alteration assemblages and ore 
composition. Volcanological studies will provide useful 
information to help determine which assemblages and 
compositions to expect. 

2. Presence of a subvolcanic magma chamber at  shallow 
crustal levels (about 2 km). These can be any composi- 
tion represented in the overlying volcanic rocks, and are 
sill-like, but locally transect stratigraphy; are textu- 
rally variable, multiple intrusions; are highly fraction- 
ated, with "reverse zonation" common in  felsic 
intrusions; have little or no metamorphic halo relative 
to intrusions emplaced at deeper, drier crustal levels; 
and are potential hosts to very low grade porphyry 
copper zones that are superimposed on all rock types. 
In some districts, synvolcanic dyke swarms occupy 
faults and fractures, and may be spatially and tempo- 
rally coincident with hydrothermal conduits. 

3. Presence of high-temperature reaction zones (one form 
of semiconformable alteration) within about 1.5 km of 
the subvolcanic intrusions. Quartz-epidote-albite 
alteration, commonly mistakenly mapped as intermedi- 
ate to felsic rocks, are prevalent under many copper- 
zinc deposits. 

4. Near deposits that formed in relatively shallow water 
(accompanied by explosion breccia, debris flows, some 
subaerial volcanic products), laterally extensive car- 
bonatized (and more locally silicified) volcanic strata 
which are depleted in sodium, are prevalent. These 
possibly represent the zone in which ambient seawater 
reacted with the upper part of the hydrothermal reser- 
voir. Some massive sulphide deposits that formed under 
relatively shallow water may have the alteration and 
compositional characteristics of epithermal deposits. 

5. Synvolcanic faults are recognizable because: they do not 
extend far into the hanging wall of most deposits; they 
are commonly altered, with pipe-like assemblages, in 
their stratigraphically highest portions; they may have 
asymmetric zones of growth-fault-induced talus; and 
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they may be locally occupied by synvolcanic dykes. 
Virtually all of these formed in  tensional tectonic 
regimes, and may be listric. Some may be related to 
caldera margins, and thus curvilinear; others may be 
margins of elongate axial summit depressions (grabens), 
and subparallel to the axis of spreading. 
Alteration pipes may have sufficient vertical strati- 
graphic extent to be mappable. Virtually all are sodium 
depleted, but mineralogical characteristics vary. Most 
commonly, these are silicified near the deposits, serici- 
tized less locally, and have variable amounts ofboth Mg- 
and Fe-rich chlorite or smectite. Less commonly, but 
important in  many Cu-Zn districts, these may have 
intensely chloritized cores, with sericitized rims. 
Peripheral to the distinctive pipes, commonly there is a 
broad zone of more subtly altered rock; smectite and 
zeolite minerals may be important. Chemical changes 
in these latter alteration zones may be very subtle, 
requiring mineralogical or isotopic studies to detect 
them. 

Metamorphosed pipe assemblages are usually rela- 
tively easy to recognize. Magnesium-enriched pipes will 
be recrystallized to anthophyllite and cordierite. Adja- 
cent,  less  intensely a l tered rocks may contain 
staurolite. Gahnite and Mn-rich garnets may be impor- 
tant accessories. The relatively high ductility of altered 
volcanic rocks compared with their hosts has resulted 
in them being exceptionally deformed in some districts. 
They may have become detached completely from their 
attendant orebodies. Structural mapping and synthesis 
are essential to finding additional resources in estab- 
lished massive sulphide districts. 
The immediately overlying strata may contain indica- 
tions of mineralization. Hanging wall volcanic rocks 
may contain alteration pipe assemblages, or a t  least 
zeolite-smectite assemblages similar to the peripheral 
alteration associated with the pipes. 

More importantly, hydrothermally-related precipi- 
tates, such as  ferruginous chert, sulphidic tuff, and 
products of oxidation of sulphide mounds may be suffi- 
ciently laterally extensive to be detected. Base metal 
contents within these may increase towards the depos- 
its, whereas Ni, V, Mn, and Ba may increase away from 
deposits. 

RELATED DEPOSIT TYPES 
Although some Algoma-type iron-formations are spatially 
related to massive sulphide deposits (Gross, 1965), this is 
rather rare. Both Algoma-type and Superior-type oxide- 
facies iron deposits originated as  precipitated products on 
the seafloor, but almost no evidence indicates that they are 
the product of focused discharge. At Axial Seamount on the 
Juan  de Fuca Ridge, a laterally-extensive bed of ferrugi- 
nous silica surrounds the area of high temperature venting. 
Silica is being fixed by bacterial remains, presumably from 
low temperature, silica-enriched, but metal- and sulphur- 
depleted hydrothermal fluid that is discharging throughout 
the area of the caldera floor a t  Axial Seamount. Some 
iron-formation may thus be indirectly related to the high 
temperature massive sulphide-fonning process. As Shegelski 
(1978) has shown, however, much other Algoma-type iron- 
formation is not related to this process. 

A few epithermal vein deposits may be the product of 
high temperature hydrothermal systems, similar to those 
which formed massive sulphide deposits, that discharged 
into subaerial environments. The Headway-Coulee prospect 
in northwestern Ontario (Osterberg et  al., 1987; Anglin et  al., 
1988) is an example of a syndepositional epithermal occur- 
rence of zinc-lead-copper-silver mineralization. 

Synvolcanic intrusions underlying many of the coppcr- 
zinc districts contain extensive low grade porphyry copper 
occurrences (Franklin et  al., 1977). These may be the prod- 
uct of collapsed hydrothermal systems, that penetrated the 
predominantly crystallized magma chambers following 
termination of volcanism. 

DEFINITIVE CHARACTERISTICS 
Volcanic-associated massive sulphide deposits have these 
distinctive geological characteristics: 
1. Spatial association with submarine volcanic rocks and 

commonly with associated sedimentary sequences. 
2. Bulbous to tabular stratiform accumulations of massive 

pyrite and subordinate pyrrhotite, and contain about 8 
to 10% total combined zinc, lead, and copper. 

3. Underlain by discordant alteration zones, which may 
occupy synvolcanic faults. 

4. Regionally characterized by manifestations of high heat 
flow; subvolcanic intrusions, laterally extensive semi- 
conformable alteration zones, and anomalous petroge- 
netic trends in the volcanic sequence, all of which 
indicate proximity to massive sulphide deposits. 
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6.4 VOLCANIC-ASSOCIATED llMASSIVE 
SULPHIDE GOLD 

K.H. Poulsen and M.D. Hannington 

INTRODUCTION 
Volcanic-associated massive sulphide deposits contain 
variable abundances of gold (Fig. 6.4-1). There are three 
ways in which massive sulphide deposits may be consid- 
ered "gold-rich" (Table 6.4-1). First are those deposits that 
contain high absolute concentrations of gold: volcanic- 
associated massive sulphide deposits typically contain 1 to 
2 ppm, although a few attain anomalous values of 
10-15 ppm or more; some of these are not primary gold 
producers, but nevertheless have significantly higher than 
average gold grades (e.g., D'Eldona, Lemoine-Patino; 
Fig. 6.4-1). Second are those deposits (e.g., Flin Flon, 
Buchans, Britannia; Fig. 6.4-1) that, by virtue of modest to 

high gold concentration and large tonnages, have a rela- 
tively large total amount of contained gold. Third, a consid- 
eration of the relative proportions of contained gold, silver, 
and base metals (Fig. 6.4-2) shows that volcanic-associated 
sulphide deposits can be divided into two main composi- 
tional groups. The first and largest corresponds to base- 
metal massive sulphide deposits, including some like Flin 
Flon and Lemoine with anomalous gold concentrations and 
significant byproduct gold. The second group corresponds 
to auriferous sulphide deposits, mainly massive but also as 
stockworks and disseminations, in which gold is a primary 
commodity and base metals are of lesser economic impor- 
tance. They are gold deposits in a strict economic sense 
(Fin. 6.4-2) and include several im~ortant  Canadian and 
overseas deposits (Table 6.4-2). 

Auriferous volcanic-associated sulphide deposits in 
Canada are  exemplified by three main varieties: 

1996: Volcanic-associated massive sulphide gold; Geology of 
Canadian Mineral Deposit Types, (ed.) O.R. Eckstrand, (1) Archean copper-gold deposits such as Horne, Quebec; 
W.D. Sinclair, and R.1. Thorpe; Geological Survey of Canada, (2) Archean pyritic gold deposits such as Bousquet NO. 1, 
Geology of Canada, no. 8, p. 183-196 (a& Geological Society of Quebec; and (3) auriferous polymetallic sulphide deposits 
America, The Geology of North America, V. P-1). such a s  the Jurassic Eskay Creek deposit, British 
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Table 6.4-1. Tonnage and grade statistics for selected "gold-rich" volcanic-associated massive 
sulphide deposits (see Fig. 6.4-1). 

Deposit 

3ousquet No. 1 

3ousquet No. 2 

hmagami 

3oyon 

Agnico-Eagle 

Estrades 

iorne 

3uemont 

3'Eldona 

-ouvicourt 

Uontauban North 

=lin Flon 

3ig lsland 

3 k a y  Creek2 

Tulsequah 

-ara 

-I-W mine 

3ritannia 

?ea Gold 

iomestake 

3uchans 

?ambler Cons. 

Lemoine-Patino 

3oi1den 

Mt. Morgan 

Mt. Chalmers 

Starra 

Mt. Lyell 

Mt. Lyell (Blow) 
Rosebely 

Que River 

-- 

Location 

Bousquet district, Quebec 

Bousquet district, Quebec 

Bousquet district, Quebec 

Bousquet district, Quebec 

Joutel. Quebec 

Joutel, Quebec 

Noranda, Quebec 

Noranda, Quebec 

Noranda. Quebec 

Vai $Or, Quebec 

Grenville, Quebec 

Flin Flon, Manitoba 

Flin Flon, Manitoba 

Northeastern B.C. 

Northeastern B.C. 

Vancouver lsland 

Vancouver Island 

South central B.C. 

South central B.C. 

South central B.C. 

Central Newfoundle 

Central Newfoundland 

Chibougamau, Quebec 

Skellefte district, Sweden 

East-central Queensland 

East-central Queensland 

Mt. Isa inlier, Queensland 

Mt. Read, Tasmania 

Mt. Read, Tasmania 

Mt. Read. Tasmania 

Mt. Read, Tasmania 

- 

TY pe 

Pyritic gold 

Copper-gold 

VMS (Cu-Zn-Au) 

Intrusion-hosted Au 

Pyritic-gold (I.F.) 

VMS (Cu-Zn-Au) 

Copper-gold 

Copper-gold 

VMS (Cu-Zn-Au) 

VMS (Cu-Zn) 

Pyritic gold 

VMS (Cu-Zn-Au) 

VMS (Cu-Zn-Au) 

Auriferous polymetailic 

VMS (Zn-Cu-Pb-Au) 

VMS (Zn-Cu-Pb-Au) 

VMS (Zn-Cu-Pb) 

VMS (Zn-Cu-Pb) 

Auriferous polyrnetallic 

Auriferous polymetaliic 

VMS (Zn-Cu-Pb) 

VMS (Zn-Cu) 

VMS (Cu-Zn-Au) 

Copper-gold 

Copper-gold 

Pyritic-gold (I.F.) 

Copper-gold 

Copper-gold 
VMS (Zn-Cu-Pb-Au) 

VMS (Zn-Cu-Pb-Au) 

Archean 

Archean 

Archean 

Archean 

Archean 

Archean 

Archean 

Archean 

Archean 

Archean 

Proterozoic 

Proterozoic 

Proterozoic 

Jurassic 

Permian 

Devonian 

Devonian 

Cretaceous 

Devonian 

Devonian 

Ordovician 

Ordovician 

Archean 

Proterozoic 

Devonian 

Permian 

Cambrian 

Cambr~an 

Cambrian 
Cambrian 

Cambrian 

Tonnes 
Ore 

!O 737 000 

7 400 000 

5 500 000 

10 243 000 

5 279 000 

2 670 000 

54 300 000 

13 925 000 

90 000 

15 700 000 

600 000 

58 416 000 

220 000 

3 968 000 

1 620 000 

529 000 

13 818 000 

55 000 000 

134 000 

220 000 

15 809 000 

399 000 

750 000 

8 340 000 

50 000 000 

3 600 000 

5 300 000 

38 574 000 

5 600 000 
19 400 000 

3 100 OOC 

ronnes 
Au' 

Notes: ' deposits with greater than 30 tonnes Au are considered to be major gold deposits (i.e., more than 1 million ounces of contained gold) 
2. base metal values quoted for Eskay Creek are approximate grades for the 21 B zone 
-signifies no data available 

I.F. = iron formation 
VMS = volcanic-associated massive sulphide 
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SIZE AND GRADE 
Auriferous volcanic-associated massive sulphide deposits 
are characterized by grades typical of other gold deposits 
and by tonnages similar to those of other base-metal mas- 
sive sulphide deposits (Fig. 6.4-1). Their base metal con- 
tents and gold/silver ratios are distinct from those oftypical 
massive sulphide deposits (Fig. 6.4-2) and also differ 
somewhat from other types of gold deposits that occur in 
greenstone belts (see Fig. 15.4-4). The giant Horne deposit 
(54.3 Mt grading 6.1 glt Au) and the much smaller, but high 
grade Eskay Creek deposit (3.95 Mt grading 26.4 glt Au) 
illustrate the range of sizes and gold grades of the indivi- 
dual orebodies. 

Many auriferous massive sulphide deposits occur in 
close proximity to base metal massive sulphides, but few 
camps contain more than one distinctly auriferous deposit. 
Of the 22 sulphide deposits at  Noranda, the giant Horne 
and Quemont gold deposits have produced more than 90% 

of the gold and also account for more than 65% of the total 
massive sulphide tonnage (Kerr and Mason, 1990). In the 
SkelleRe district of Sweden, the Boliden deposit (7.6 mil- 
lion tonnes grading 15.2 glt Au) is among the largest of 20 
different massive sulphide orebodies, but also has ten times 
the average gold grade for the district. In contrast, all 14 
deposits within the Bousquet district have high gold grades 
ranging from 4.3 to 9.7 glt Au (Marquis et al., 1990b). 
Collectively these deposits contain nearly 60 million tonnes 
of ore averaging 5 glt Au. 

GEOLOGICAL FEATURES 
Setting 
Auriferous massive sulphide deposits occur in rocks of 
dominantly volcanic derivation, typical of host rocks for 
other volcanic-associated base metal massive sulphide 
deposits of all ages. In nearly all cases the paleotectonic 

AURIFEROUS 

\ Mr. M O R N  

BOUSaClET No. 2 

BASE METALS (%) SILVER (ppm) 

Figure 6.4-2. Ternary diagram portraying the relative abundance of gold (ppm), silver (pprn), and base GSC 

metals (total per cent combined) for selected volcanic-associated massive sulphide deposits world-wide. 
The centrally located diagonal line can be used to make an approximate compositional separation of 
auriferous and base metal massive deposits. Red dots portray volcanic-associated massive sulphide 
deposits with high absolute abundances of gold. 
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settings are inferred to be those of island arcs, rifted arcs, Archean deposits of this type in Canada include the 
or back-arc basins and, at  regional scales, the gold deposits Horne, Bousquet (No. 1 and No. 2), and Agnico-Eagle 
occur within the same lithological units as base metal deposits, which occur in the 2.7 Ga greenstone belts of the 
deposits. The host sequences typically comprise two Abitibi Subprovince. The Horne deposit occurs in a 
contrasting components: a mafic one, in the form of basalt, sequence of felsic fragmental rocks and flows of the Blake 
andesite, or amphibolite, and a felsic one, in the form of River Group with virtually no mafic volcanic rocks (Kerr 
tuffs and volcanic breccias. and Gibson, 1993). The Bousquet district (Fig. 6.4-3), also 

within the Blake River Group, hosts important gold 

Table 6.4-2. Geological characteristics of selected auriferous volcanic-associated 
massive sulphide deposits. 

I Deposit / Host rocks Metamorphism Structure Intrusions Nature of orebodies Ore mineralogy' Ganguelalteration chemistry I 
I Canadian examples: 

I I felsic volcaniclastics lower greenschist relatively undeformed, mafic, felsic dykes 
and rhyolite flows E-W cleavage subvolc. tonalite 

pipe-like mass. and 
stringer py-cp, mass. py 

pyrite-pyrrhotite- 
chalcopyrite-tellurides- 
sphalerite 

pyrite-pyrrhotite- 
chalcopyrite-tellurides- 
sphalerite 

quartz-sericite- 
chlorite 

mass. and dissem. 
sulphides, multiple lenses chlorite lQuemont I rhyolite breccias lower greenschist relatively undeformed, mafic, felsic dykes 

E-W cleavage subvolc. tonalite 

felsic and mafic tuffs middle-upper intense E-W foliation none known 
greenschist andshearing 

pyritic qtz-ser. schists, pynte-chalcopyrite- quartz-muscovite 
dissem. sulohides and I sohalerite-arseno~vrite- I kvanite-andalusite- 
foliation-parallel stringers I tellurides-gudmundite 1 chloritoid 

Bousquet felsic tuffs middle-upper intense E-W foliation none known 
INo.Z 1 greenschist andshearing 

foliation-parallel stringers pynte-chalcopyrite- quartz-muscovite 
mass. DV. remob. co-bn I born~te-tellurides ' ' ' ' 1 andalusite-kvanite- 

' I I paragonite ' 

Dumagami felsic tuffs I I middle-upper intense E-W foliation none known 
greenschist and shearing 

mass. pyritic sulphides pyrite-sphalerite- quartz-muscovite 
chalcopyrite-bornite andalusite-kyanite- 

paragonite 

quartz-pyrite veins pyrite-chalcopyrite- quartz-muscovite 
tellurides andalusite-kyanite- 

chloritoid 

Doyon 

Agnico- 
Eagle 

chemical and clastic pyrite, minor chert, Fe-carbonate, 
seds., mass. sulphides chalcopyrite and Fe-silicates 

arseno~vrite 

felsic tuffs, intrusion 

felsic tuffs and cherty 
sulphide-carb. 

dissem. sulphides Montauban 
North 

pyrite-sphalerite- quartz-biotite 
chalcopyrite- garnet-cordierite- 

realgar-cinnabar- 
arsenopyrite 

middle-upper 
greenschist 

middle-upper 
greenschist 

iron-fm. 

felsic volcanics 
(auartz-biotite 

stockwork and stratiform 
massive sulphides 

intense E-W foliation 

NW foliation 
near regional shear 

Eskay Creek 

Non-Canadian deposits with similar characteristics: 

adjacent tonalite 

postore diabase 

amphibolite 

Boliden 

Mt. Morgan 

Chalmers 

gneiss) 

felsic tuffs, breccias, 
mudstone at rhyolite- 
basalt contact 

zone 

folded N-S foliation none known 

weak 

dacite-rhyolite 

felsic tuffs, siltstones, weak moderately deformed, subvolc. tonalite pipe-like dissem.-stringer 
lavas and porphyries intense E-W foliation intrusion py-cp, mass. py-cp 

pyrite-pyrrhotite- 
arsenopyrite- 
chalcopyrite- 
tetrahedrite-tellurides 

pyrite-pyrrhotite- 
arsenopyrite-galena- 
sphalerite 

pyrite-chalcopyrite- 
sphalerite-galena-barite 

rhyolite-dacite dome. weak relatively undeformed qtz.-feld. porphyry, dissem.-stringer py-cp, 
volcaniclastics. andesite sills , minor mass. sulphides 
siltstone 

N-S folds 

greenschist- 
amphibolite 

quartz-chlorite- 
sericite-rutile- 
andalusite- 
corundum 

quartz-biotite 
andaiusite-staurolite- 
sillimanite 

quartz-sericite- 
chlorite-dolomite 

1 M .  L y e  1 felsic pyroclastics 
(The Blow) and flows 

diorite sheets 

lower greenschist moderately deformed, minor int. and felsic dissem.-stringer py-cp-bn, 
folded intrusives mass. py-cp, mass. sp-gn 

intense E-W foliation 
and isoclinal folds 

pyrite-pyrrhotite- quartz-ser~c~te- 
chako~vrite-bornitei I chlorite-siderite- 
sphal&~e*oalena I hematite-barite 

subvolc. tonalite 
intrusion 

multiple mass. py-cp and 
mass. py-aspy lenses 

I 

quartz-magnetite-pyrite- chlorite-magnetite- 
chalcopyriteischeelite 1 hematiteisericite 

I I I 1 

Starra; 
Trough Tank 

rhyolite-dacite flows unmetamorphosed relatively undeformed none known stockwork and dissem. pyrite-chalcopyrite quartz-sericitei 
and pyroclastics sulphides chlorite- kaolinite- 

pyrophyllite 

oxide facies iron-fm.. 
mafic-felsic tuffs 

Abbreviations: carb., carbonate; fm., formation; qtz., quartz; feld.. feldspar; mass.. massive; remob., remobilized: dissem.. disseminated; seds., sedimentary rocks; 
subvolc., subvolcanic; int., intermediate; py, pyrite; cp, chalcopyrite; bn, bornite; sp, sphalerite; gn, galena; aspy, arsenopyrite; ser., sericite. 

middle-upper 
greenschist 

none known multiphase, intense 
foliation and shearing 

iron-formation 
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deposits of three different types, including Bousquet No. 1 
(pyritic gold), Bousquet No. 2 (copper-gold; Fig. 6.4-4A), and 
the Dumagami mine (auriferous polymetallic). A number 
of intrusion-related pyritic gold deposits also occur in the 
vicinity of the Bousquet mines (e.g., Doyon-Silverstack, 
Ellison) and these may be related to the near-surface exha- 
lative deposits. Although in such a deformed terrane it is 
difficult to distinguish between volcanogenic deposits and 
deep-seated intrusion-related deposits, the presence of an 
extensive Mn-garnet "exhaliten unit and the local strati- 
form base metal mineralization (e.g., Warrenmac) near 
Doyon argues for a volcanogenic origin for the Bousquet 
deposits. The Agnico-Eagle pyritic gold deposit, north of 
Joutel, is interpreted to sit near the top of the Joutel 
volcanic complex, which hosts a number of gold-poor base 
metal deposits (Poirier, Joutel Cu, Consolidated Northern). 
The host rocks are interpreted to consist of a stratiform 
carbonate-sulphide-silicate-oxide iron-formation, interca- 
lated with cherty sedimentary rocks and tuffs, and an 
apparent chloritic footwall (Barnett et al., 1982). Although 
the nearby base metal massive sulphides at Joutel are 
gold-poor, the small Estrades Cu-Zn deposit, northeast of 
Joutel, is anomalously gold-rich (2.67 Mt grading 5.1 g/t Au). 

Montauban North is the only notable Canadian exam- 
ple of a Proterozoic deposit of this type, but deposits of this 
age elsewhere in the world include Boliden, Sweden and 
Yavapai, U.S.A. Gold-rich pyritic sulphides occur along 

strike from the Montauban Zn-l?b orebody in Middle Prot- 
erozoic gneisses of the Grenville Supergroup in Quebec. 
The North and South zones of the Montauban deposit 
produced subequal amounts of gold (0.7 t Au) and silver 
(0.9 t Ag) from a zone of pyrite-sphalerite-chalcopyrite 
mineralization associated with cordierite-anthophyllite 
and quartz-biotite-garnet assemblages within quartz- 
biotite and quartz-sillimanite gneisses (Morin, 1987). The 
gold zones contained a s  much a s  30% disseminated 
suphides, but high gold values appear to have been inde- 
pendent of base metals. Although of high metamorphic 
grade, the quartz-plagioclase-biotite gneiss adjacent to the 
Montauban deposit has been interpreted to be derived 
mainly from felsic volcaniclastic rocks that contained local 
sedimentary intercalations (Morin, 1987). The Boliden 
auriferous massive sulphide deposit occurs in the circa 
1.8 Ga greenstone belt of the SkelleRe district in Sweden. 
The Boliden orebody consists of two large pyrite-chalcopyrite 
orebodies (6 Mt), which envelop several smaller 
arsenopyrite-rich lenses (2 Mt), and crosscutting quartz- 
tourmaline veins. m e  deposit is hosted by pyritic quartz- 
sericitehhlorite and andalusite-rich schists of the SkelleRe 
Volcanic9 (Fig. 6.4-4B). Likewise, the stratiform pyritic gold 
occurrences in Yavapai County, Arizona, are of Early Prot- 
erozoic age. The Yavapai deposits (e.g., Iron Dyke) consist 
of gold-bearing disseminated zones and local thin massive 
sulphide lenses with minor base metals in cherty, quartz- 
sericite and quartz-chlorite schists (Swan et al., 1981). 

Figure 6.4-3. Regional setting of the gold-rich volcanic-associated massive sulphide deposits in the 
Bousquet district, Quebec (adapted after Marquis et al., 1990b). The rocks of the Blake River Group 
include felsic volcanics (light grey); intermediate composition tuffs and epiclastic rocks (dark grey); 
basalt (uncoloured). Heavy dashed and dash-dot lines represent faults and shear zones respectively, 
and areas in red represent the surface traces of gold orebodies and showings. 
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BOUSQUET 
NO. 2 

rn Massive pyrite 

- 
StringerAayered ore 

rn Massive sulphide ore 

3 Pyritic sericite schist 

Andalusite rock 

Quartz-muscovite schist 

Muscovite-garnet schist 

Sericite schist 

Chloritic sericite schist 

GSC 

Figure 6.4-4. Distribution of alteration minerals in and adjacent to auriferous massive sulphide 
orebodies which are shown in red: A) cross-section of the Bousquet No. 2 deposit, Bousquet district; 
dashed lines correspond to faults (adapted after Tourigny et al., 1993); 6) comparative section through 
Boliden deposit, Sweden (adapted after Grip and Wirstam, 1970). 



TYPE 6 

I . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .-. .'?*.-uqrrl-. . . . . . . , m-YIMSI' 
' ' ' ' ' mL*YEIALUCwVI*OU lClllOI . . .  

' MINERALIZED SEDIYEnR ' ' 

\ 

Volcanic-associated massive sulphide deposits are well 
known in contemporaneous felsic volcanic rocks of the 
Jerome area, and the Yavapai Volcanics also host the 
nearby Iron King base metal massive sulphide deposit 
(4.97 Mt grading 7.3% Zn, 2.5% Pb, 0.2% Cu, and 4.2 g/t Au). 

The only Paleozoic examples of this deposit type in 
Canada include small, high grade auriferous polymetallic 
sulphide deposits that are found in volcanic rocks of Devo- 
nian age in central British Columbia (e.g., Hoy, 1991). Of 
these, Rea Gold, Homestake, and J&L are the most gold- 
rich examples, but they are compositionally transitional 
between typical base metal massive sulphide deposits and 
truly auriferous deposits (Fig. 6.4-2). Important Paleozoic 
auriferous massive sulphide deposits do occur, however, in 
the Tasman Geosyncline. The large Mt. Morgan deposit in 
the Mt. Windsor volcanic rocks of eastern Australia has 
been one of the country's largest single lode-gold deposits, 
having produced nearly 238 t of gold. Mt. Morgan and the 
nearby Reward deposit are copper-gold deposits hosted by 
pyritic quartz-sericite schists (Large, 1992). In addition, 
the Mt. Lyell copper-gold deposit in Tasmania consists of 
massive, gold-rich pyrite ore (e.g., The Blow), siliceous 
barite-chalcopyrite-bornite ore (e.g., North Lyell), and dis- 
seminated pyrite-chalcopyrite ore (e.g., Prince Lyell and 
others), all of which are hosted by quartz-sericite and 
quartz-sericite-chlorite schists. These orebodies were origi- 
nally worked for gold and remain among the largest gold 
producers in Tasmania (Large et  al., 1990). A number of 
other uncommonly gold-rich base metal deposits are also 
known in the Mt. Read volcanic rocks of Tasmania (e.g., 
Rosebery, Hellyer, Que River, South Hercules, Mt. Charter) 
and resemble Canadian gold-rich base-metal massive sul- 
phides such as Flin Flon and H.W. 

Among Mesozoic and Cenozoic deposits of this age, the 
best example of this type occurs a t  Eskay Creek in British 
Columbia in  Jurassic volcanic rocks of the Upper Hazelton 
Group. The ore zones a t  Eskay Creek are situated near the 
contact between rhyolite breccia, tuff, and mudstone and 
overlying pillowed andesite (Britton et al., 1990). These are 
distinctive deposits, typically consisting of small, high- 
grade massive sulphides which resemble the Miocene 
Kuroko-type, polymetallic Zn-Pb-Cu deposits of Japan. 
Although these gold-rich deposits are modelled after 
Kuroko-type massive sulphides, most Kuroko deposits 
have rather restricted zones of gold enrichment (e.g., 
Shakanai No. 1-3). A particularly high-grade, Kuroko-type 
copper stringer zone has recently been documented in the 
Nurukawa deposit in Japan (Yamada et al., 19871, and this 
may be analogous to some older, metamorphosed, pipe-like 
copper-gold deposits. 

Intrusions constitute a large proportion of the rocks in  
most of the above districts and include dykes, subvolcanic 
sills, and porphyry stocks that range from mafic to felsic in  
composition and from pre- to post-tectonic in timing. 

Figure 6.4-5. Schematic diagram of a hypothetical shallow 
marine to epithermal transition (after Hannington, 1993). Note 
the expected progression from marine to emergent epithermal 
conditions and the possible involvement of shallow subvol- 
canic intrusions. 
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Tonalitic subvolcanic intrusions are present a t  Quemont 
(Powell pluton) and Horne, Bousquet (Mooshla pluton), 
Boliden (Jarn granitoids), and Mt. Morgan (Mt. Morgan 
tonalite). In many cases the intrusions are hydrothermally 
altered and contain vein- and stockwork-style mineraliza- 
tion that locally constitutes significant gold ore in itself 
(e.g., Doyon deposit in the Mooshla intrusion). 

Regional dynamothermal metamorphism of low to 
medium grade has affected the rocks in most of the older 
greenstone belts that contain gold deposits of this type. 
Middle to upper greenschist metamorphic conditions are 
inferred a t  Bousquet and Agnico-Eagle, and metamor- 
phism a t  Montauban fully attained the amphibolite facies. 
The Boliden deposit in Sweden occurs in rocks a t  the 
transition from greenschist to arnphibolite facies. The depos- 
its at  Noranda and Eskay Creek are virtually unmetamor- 
phosed. 

Structure 
Regional metamorphism of the older greenstone belts has 
resulted in penetrative deformation of many of the deposits 
and the development of a t  least one generation of tectonic 
fabric that overprints the mineralization. In most cases, the 
degree of deformation and transposition has obscured 
many of the primary relationships between the ore deposits 
and their host rocks. and simificant remobilization of gold 
has complicated the paraienetic relationships bet&n 
gold and sulphide mineralization, leading to considerable 
debate about possible syntectonic versus synvolcanic ori- 
gins for much of the gold. The existence of well preserved, 
relatively unrnetamorphosed gold deposits of this type in 
younger volcanic sequences, and detailed mapping a t  a 
number of metamorphosed examples, indicate that a syn- 
volcanic origin for gold in many cases is valid (see "Genetic 
models" below). 

A common feature of older, metamorphosed deposits is 
a strong foliation, amplified within discrete shear zones, 
that strikes subparallel to the regional lithological trend. 
In the Bousquet district, pyritic gold and copper-gold 
deposits are contained within a zone of intense brittle-ductile 
deformation known as the Dumagami structural zone 
(Tourigny, 1991). Here the local structure is dominated by 
metre-scale anastomosing shear zones in which the trans- 
position of bedding into parallelism with the inherited 
schistosity is common (Tourigny et al., 1989; Marquis et al., 
1990a; Tourigny et al., 1993). Such transposition accounts 
for the "straightness" of the rock units (e.g., Fig. 6.4-3) and 
usually obscures any original relationships between the ore 
deposits and their host rocks. Strong linear fabrics, such as 
the axes of asymmetric minor folds and mineral and shape 
lineations, are also characteristic of these areas and are of 
consistent orientation within a district. Moderate to steep 
plunges have been noted a t  Bousquet, whereas fold hinges 
and lineations of shallow plunge are common at Montauban. 
The relationship of gold mineralization to the mixed vol- 
canic, chemical, and clastic sedimentary host rocks a t  
Agnico-Eagle is also complicated by the fact that the rocks 
have a moderate tectonic fabric, and the presence of gold 
within late carbonate veins and fractured pyrite is evidence 
for introduction or remobilization of gold during brittle 
deformation (Wyman et al., 1986). The Boliden deposit is 

tightly isoclinally folded, and a well developed axial planar 
schistosity gives the appearance of a shear zone (Grip and 
Wirstam, 1970; Rickard, 1986). 

Orebodies 
Auriferous massive sulphide orebodies may have formed 
directly on the seafloor as massive sulphide accumulations 
or in the immediate subseafloor as stratiform replace- 
ments. However, many of the auriferous volcanic-associated 
pyritic and copper-gold deposits consist largely of dissemi- 
nated and stockwork-like vein systems and are, strictly 
speaking, not massive sulphide ores. These deposits are 
commonly pipe-like bodies with relatively minor massive 
stratiform sulphide accumulations (e.g., Mt. Morgan, 
Boliden). Nevertheless, the presence of minor amounts of 
exhalative sulphides in  most cases argues strongly for a 
submarine setting. Such deposits are generally considered 
to be stratabound a t  the scale of a district (e.g., within or 
along strike from well-defined lithotectonic packages of 
rocks), even where transposition has resulted in structural 
and lithological trends that are parallel to one another. 
Furthermore, the deposits commonly occur a t  contacts 
between distinctive lithological units or solely within a 
particular unit. The lenticular to tabular shapes of most 
orebodies is such that they are geometrically concordant 
with their host rocks, even though the main sources of 
ore-grade massive sulphidcs may be discordant (e.g., 
Bousquet No. 1 and No. 2); where deformation has been 
extreme, the long axes of orebodies are commonly parallel 
to other linear fabrics in the district. Where deformation is 
less severe (e.g., Horne, Eskay Creek) the concordance of 
orebodies and host rocks is more clearly related to pretec- 
tonic processes. Orebody thicknesses, especially for the 
massive sulphide type deposits, range from 2 m to 60 m, a 
factor which, along with consistent ore grades, has made 
many of them amenable to open pit mining methods 
(Bousquet, Mt. Morgan, Boliden). 

Ore composition 
Specific deposits in this category display considerable vari- 
ation in both the distribution and composition of ore types. 

The Horne mine was a pipe-like copper-gold deposit 
(Upper H and Lower H orebodies) capped by a large, lower- 
grade pyritic massive sulphide lens (No. 5 zone). Most of 
the ore produced from the mine consisted ofmassive pyrite- 
pyrrhotite-chalcopyrite and associated stringer mineral- 
ization from the Upper H and Lower H orebodies. Gold was 
present mainly as Au-Ag tellurides and as native metal. 

At Bousquet most ores contain 5-20% pyrite, locally 
substantial amounts of chalcopyrite, and lesser quantities 
of other sulphide and telluride minerals. The auriferous 
suphides are interpreted to be synvolcanic in origin, and 
subsequent deformation and remobilization of the ore con- 
stituents are responsible for many of the veins present 
(Tourigny et al., 1989). The Bousquet No. 1 mine consists 
of gold-bearing, pyritic quartz-muscovite schists with mul- 
tiple, foliation-parallel and foliation-oblique, disseminated 
and vein-type ore lenses. Bousquet No. 2 has charac- 
teristics of both pyritic gold and base-metal-rich deposits. 
The orebodies consist of foliation-parallel, pyritic stringers, 
massive pyritic sulphides, sulphide breccias, chalcopyrite- 
rich layered stringer ore with minor sphalerite and galena, 
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and semimassive remobilized bornite-chalcopyrite veins 
(Tourigny et al., 1993). This latter ore type accounts for the 
major part of the gold mineralization in Bousquet No. 2. 
As in Bousquet No. 1, the mineralization is largely 
structurally-controlled, but mainly as  the result of 
metamorphic remobilization of a synvolcanic copper-gold 
protore. The ore mineralogy is also unusually complex, 
consisting of pyrite, chalcopyrite, bornite, digenite, chalco- 
cite, sphalerite, galena, tennantite, mawsonite, colusite, 
native gold, and Au-, Ag-, and Pb-tellurides. The Duma- 
gami orebodies consist of massive pyritic suphides, which 
include abundant sphalerite, chalcopyrite, and bornite, and 
most closely resemble exhalative massive sulphides 
(Marquis et al., 1990a, b). 

The Agnico-Eagle gold deposit consists of auriferous 
chemical and volcaniclastic sediments, which contain about 
20% disseminated pyrite and local massive to semimassive 
stratiform pyrite (Barnett et al., 1982; Wyman et al., 1986). 
Minor amounts of base-metals are also present. Fine 
grained gold occurs within distinct pyritic laminae and 
within late carbonate veins and fractures. 

The mineralization at  Eskay Creek is exceptionally 
high grade (e.g., 26 glt Au and 100 glt Ag) and consists of 
stockwork and disseminated sulphides in an epithermal- 
style vein system (21A zone), as well as stratiform, bedded 
sulphides that include sphalerite, galena, tetrahedrite, 
stibnite, realgar, cinnabar, and arsenopyrite (21B zone) 
(Britton et al., 1990; Roth, 1993). The mineralization is 
hosted in a quartz-sericite-chlorite assemblage derived 
from altered rhyolite breccias and tuffs. 

Mt. Morgan consists of a large pyritic massive sulphide 
lens capped by stratiform pyritic and cherty horizons (Main 
Pipe orebody) and a siliceous zone of disseminated and 
stringer mineralization (Sugarloaf orebody), which 
together form a pipe-like body, similar to the Horne deposit 
(Taube, 1986). The ore mineral assemblage is pyrite, pyr- 
rhotite, chalcopyrite, magnetite, and minor sphalerite, 
together with native gold and gold tellurides. In addition, 
nearly 72 t of native gold (30% of the total production) was 
recovered from a 2.4 million tome gossan cap with an 
average grade of 30.6 glt Au. In the Mt. Morgan area, there 
are also several conventional volcanogenic massive sul- 
phides (Ajax, Upper Nine Mile Creek), as well as porphyry- 
related mineralization and alteration (Taube, 1990). The 
nearby Mt. Chalmers copper-gold deposit has a somewhat 
higher base-metal-to-gold ratio, but also possesses a gold- 
rich pyritic massive sulphide body and associated copper- 
stringer zone (Large and Both, 1980). 

Boliden ore averaged 15.2 glt Au from 8.34 million 
tomes mined over a 43 year period. Although pyrite is the 
dominant sulphide, the major ore minerals are chalcopy- 
rite, arsenopyrite, and sphalerite; minor galena, pyrrho- 
tite, and locally abundant sulphosalts are present. Arsenic, 
silver, cobalt, selenium, and mercury were also enriched in 
the Boliden ores; the average arsenic grade for the mine 
was 6.9 wt.% As, making it one of the largest arsenic 
deposits in the world. Gold occurs mainly as native metal 
and electrum and shows a positive correlation with arsenic. 
Bonanza-type gold mineralization also occurred locally in 
large crosscutting quartz-tourmaline veins, as well as in 
arsenopyrite-rich ore lenses (e.g., 600 glt Au over 1 m in the 
Gold Rise and 200 glt Au over 2 m in the root zone of the 
Eastern Ore arsenopyrite lenses). 

As a group, deposits of this type are distinguishable 
mainly by their high gold content relative to base metals 
(Fig. 6.4-2) and in some cases by their unique mineralogy. 
However, their variability in bulk composition is broadly 
similar to that of massive base metal sulphide deposits of 
similar age and host rock lithology (e.g. subtype 6.3). The 
pyritic gold (e.g., Bousquet No. 1) and copper-gold (e.g., 
Horne) deposits typically have much higher AdAg ratios 
than auriferous polymetallic sulphides, the latter some- 
times having exceptional silver concentrations (e.g., Eskay 
Creek). The nature of the ore-bearing material differs from 
deposit to deposit, with highly variable proportions of sul- 
phide-to-silicate host rock. The ore mineral assemblages 
commonly show greater complexity than in similar gold- 
poor massive sulphides and may include a variety of minor 
minerals such as bornite, arsenopyrite, tellurides, and 
high-sulphidation minerals (e.g., enargite-tennantite) 
which are less common in conventional base-metal massive 
sulphides (e.g., Table 6.4-1). Notable concentrations ofmas- 
sive to semimassive bornite ore, together with abundant 
and complex assemblages of sulphosalt minerals, are com- 
mon in many pyritic and copper-gold deposits of this type 
(e.g., Bousquet No. 2, North Lyell, Boliden) and in some 
auriferous polymetallic sulphides. High gold grades are 
also commonly associated with those parts of conventional 
base-metal massive sulphides with similar high-sulphidation 
mineral assemblages (e.g., H.W., typical Kuroko-type de- 
posits: Hannington and Scott, 1989b). Auriferous 
polymetallic sulphides commonly display a wide range of 
minor and trace minerals, dominated by sulphosalts of 
silver, arsenic, antimony, lead, and mercury which are 
typical of epithermal gold deposits. Tetrahedrite, stibnite, 
realgar, cinnabar, and arsenopyrite are present in both ore 
types at Eskay Creek, and the 21B zone contains massive, 
bedded stibnite ore. These deposits are commonly capped 
by or associated with abundant barite mineralization, and 
in some cases barite may occur within auriferous stock- 
works (e.g., Mt. Charter and North Lyell). 

Alteration 
Aluminous mineral assemblages and distinctly acid altera- 
tion (e.g., alunite or pyrophyllite common) are common 
features of the rocks adjacent to many gold deposits of this 
type. Pyritic, quartz-sericite schists are the most common 
hosts, although in some unmetamorphosed and weakly 
metamorphosed deposits, advanced argillic alteration 
(quartz, kaolinite, pyrophyllite, and other clay minerals) is 
well preserved. Numerous Kuroko-type deposits in Japan 
are characterized by clay-rich alteration minerals, and 
these assemblages are recognized in a number of the 
younger auriferous polymetallic sulphide deposits (e.g., 
Marumo, 1990). The aluminous nature of these rocks is 
similar, in many respects, to that ascribed to alunite- 
kaolinite alteration associated with certain porphyry 
deposits and high-sulphidation epithermal gold deposits 
(see subtype 15.1). However, the significance of this altera- 
tion in relation to gold mineralization in auriferous sul- 
phide deposits is not fully understood, and similar 
alteration is in some cases found in association with gold- 
poor massive sulphides (e.g., Mattabi, Bathurst-Norsemines). 
Typical base-metal sulphide deposits are noted for their 
distinctive chloritic, footwall alteration "pipes", but many 
gold-only deposits possess an enveloping alteration halo 
consisting dominantly of sericite and silica. Nevertheless, 
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some gold-only deposits also have discordant alteration 
"pipes" that are not noticeably different from those of con- 
ventional base-metal massive sulphides and reflect 
ordinary seafloor hydrothermal activity. For example, the 
main mine formation a t  the Horne deposit consists of 
rhyolite flows and felsic volcaniclastic rocks, and the No. 5 
pyritic lens is contained within a well bedded tuffaceous 
unit. All of the felsic rocks have been altered to quartz- 
sericite and quartz-chlorite-sericite assemblages. 

The alteration in the Bousquet district (Fig. 6.4-4A) is 
typical of metamorphosed deposits of this type.l?le altered 
rocks are s t ron~lv foliated auartz-muscovite* andalusitek 
kyanite schists ida t  locally iontain pyrophyllite and dias- 
pore, and are interpreted to be the metamorphosed equiva- 
lents of advanced argillic alteration (Valliant et al., 1983; 
Tourigny et al., 1989). At Dumagami, peraluminous altera- 
tion also hosts the massive pyrite and massive sphalerite- 
galena bodies, and is surrounded by a sericitic envelope 
(Marquis et al., 1990a). The aluminous nature ofthe altera- 
tion associated with many pyritic gold deposits of this type 
is also obvious in other metamorphosed Archean and 
Proterozoic examples. For example, a t  Boliden, alteration 
is dominated by quartz-sericite-andalusite in close proxim- 
ity to the ore, and this core is surrounded by a chloritic outer 
envelope (Fig. 6.4-4B). The laminated quartz-sericite 
schists containing abundant andalusite, and local kyanite, 
that occur on both sides of certain of the Bousquet deposits 
(Valliant et al., 1983; Marquis et al., 1990a) are remarkably 
similar in disposition to those a t  Boliden (Fig. 6.4-4B). 

In addition to aluminosilicates, ferromagnesian alumi- 
nous minerals, such as chloritoid, staurolite, cordierite, and 
garnet, are noteworthy in many of these deposits (Fig. 6.4-4). 
Chloritoid and manganiferous garnets are also notable at 
Bousquet (Valliant and Barnett, 1982). At Montauban, a 
unit of sillimanite gneiss envelops the deposit, and cor- 
dierite, anthophyll%e, and manganiferous garnets are 
locally abundant (Morin, 1987; Jourdain et al., 1987). 

DEFINITIVE CHARACTERISTICS 
As a group, auriferous sulphide deposits possess a number 
of definitive characteristics. 
1. The deposits have low contents of base metals relative 

to gold (i.e., less than one per cent combined base metals 
for each part per million gold). 

2. Layered, stratiform massive sulphides typically con- 
tribute to at least some of the ore, although the most 
gold-rich zones may be restricted to disseminated and 
stockwork-like feeders. 

3. Sulphide ores commonly include a complex assemblage 
of minor and trace minerals such as bornite, sul- 
phosalts, arsenopyrite, tellurides, and other high- 
sulphidation minerals, locally with high concentrations of 
the epithermal suite of elements (e.g., Ag, As, Sb, Hg). 

4. Individual orebodies are commonly associated with 
zones of sericitic alteration and silicification and, in 
some cases, are enclosed by aluminous, acid alteration 
zones; the presence of magnesium-rich and manganif- 
erous alteration minerals may be indicative of seafloor 
hydrothermal alteration, and abundant carbonate may 
indicate boiling. 

5. The deposits typically occur together with conventional 
base metal massive sulphide deposits and share many 
of their geological characteristics; they are typically strat- 
abound at the district and deposit scale and commonly 
occur at or near interfaces between felsic volcanic rocks 
and either mafic volcanic or clastic sedimentary rocks. 

GENETIC MODEL 
Currently two genetic models are applied to these deposits: 

1. They are viewed to be variants of conventional massive 
sulphide deposits that are distinguished by inherently 
anomalous fluid chemistry andlor deposition within a 
shallow marine to subaerial volcanic setting in which 
boiling may have had a significant impact on the chem- 
istry of the ore fluids; or 

2. They are viewed to be syntectonic sulphide replacement 
deposits in shear zones or, a t  least, as massive sulphide 
deposits that have been overprinted by gold-bearing 
fluids during regional deformation and metamorphism. 

In the first case, gold deposits of this type are seen as 
transitional between submarine base metal sulphide 
deposits and terrestrial epithermal gold deposits (Fig. 6.4-5). 
The Eskay Creek deposit, which is relatively undeformed 
and possesses unequivocal exhalative affinities, is an 
example of a distinctly gold-rich massive suphide which 
likely formed in very shallow water (Britton et al., 1990). 
For deposits of this kind that have escaped regional meta- 
morphism and significant deformation, the relationship 
between gold enrichment and massive sulphide mineral- 
ization is usually obvious and provides strong evidence for 
a synvolcanic origin for the gold. The genetic models for 
these deposits are essentially variations on those for other 
volcanogenic sulphide deposits, and recent discoveries of 
gold-rich massive sulphides actively forming on the ocean 
floor have provided unique opportunities to study the 
processes of gold mineralization in this environment. 

The concept that some pyritic gold deposits are not 
inherently gold-rich, but were overprinted by auriferous 
fluids during deformation and metamorphism, is founded 
in the fact that many of the type localities for these deposits 
are strongly deformed and that gold and its associated 
minerals, a t  the mesoscopic and microscopic scales, exhibit 
a late textural paragenesis. Features such as sulphide 
veins that are discordant to regional foliation and ore zones 
that locally are parallel to foliation, but a t  a high angle to 
transposed bedding, are particularly common in  the 
Bousquet district and similar structural complexities have 
also been identified at Agnico-Eagle. The important struc- 
tural controls in these districts have led to alternate 
hypotheses concerning the emplacement of the ore: (1) the 
deposits are wholly syntectonic in origin - i.e., sulphide 
replacements in shear zones (note that this same interpre- 
tation was applied to the Boliden and Horne deposits 
earlier in this century); (2) the sulphide ores are pretectonic 
and synvolcanic, but some or all of the gold has been 
superimposed on them during regional tectonism 
(e.g., Wyrnan et al., 1986; Tourigny et al., 1989; Marquis 
et al., 1990a); (3) the sulphide ores are pretectonic and 
inherently auriferous, and the regional metamorphism and 
deformation served only to modify the deposits and locally 
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remobilize some of the ore constituents into structurally 
controlled sites (Barnett e t  al., 1982; Valliant and Barnett, 
1982; Valliant et  al., 1983; Tourigny et al., 1993). Although 
the third hypothesis is compelling, i t  is unlikely that the 
alternatives can be conclusively excluded in the case of 
Bousquet and Agnico-Eagle. 

In older metamorphosed terranes, the apparent strati- 
graphic controls on the location of the deposits a t  a district 
scale is the strongest point in favour of a volcanic exhalative 
model. In most districts, pyritic gold deposits that have all 
of the attributes of volcanogenic massive sulphide deposits 
occur within the same stratigraphic sequences and adja- 
cent to conventional base metal deposits. The Bousquet 
gold orebodies occur within the same sequence as  the 
Dumagami Zn-Cu-Au deposit, and the Montauban gold 
orebodies occur immediately along strike from the Mon- 
tauban Zn-Pb deposit. In  both of these cases the base metal 
deposits are considered by most geologists to be of volcano- 
genic massive sulphide type. In a re-examination of the 
geology of the Horne deposit, Kerr and Mason (1990) 
offered numerous reasons why late tectonic superposition 
of gold is unlikely. Foremost among these are the observa- 
tions that, locally, an  unmineralized debris flow deposit has 
unconformably cut down into the gold-copper mineraliza- 
tion and that otherwise barren pyroclastic tuffs in the 
stratigraphic hanging wall contain blocks of the underlying 
gold-rich massive sulphides. I t  also has been argued that, 
because inherently auriferous chemical and volcaniclastic 
sediments are common host rock for some gold deposits of 
this type and because high gold grades occur in  regional 
chemical sediments away from the deposits, a volcanogenic 
origin for a t  least some of the gold is likely. If one accepts 
a volcanic exhalative origin for some of these deposits, the 
most relevant inquiry pertains to the controls on mineral- 
ization that distinguish them from other volcanic-associated 
deposits containing relatively little gold. 

Some insight on gold in volcanogenic massive sulphide 
systems has also been gained from an evaluation of data 
from hydrothermal  vents on t h e  modern seafloor 
(Hannington and Scott, 1989a; Hannington et  al., 1991). 
Analysis of vent fluids and precipitates from the seafloor 
shows that submarine hydrothermal systems have enor- 
mous capacities to transport gold. Large differences in the 
gold contents of seafloor sulphide deposits can be explained 
either in  terms of gold-enriched sources or in terms of a 
favourable mechanism by which to effectively concentrate 
gold from solution. Gold may be precipitated a t  low tem- 
peratures by oxidation of aqueous sulphur complexes dur- 
ing mixing with cold seawater or a t  higher temperatures 
from chloride complexes in fluids ascending through the 
volcanic pile. The locus of mixing, extent of sulphide- 
sulphate equilibrium, and degree of interaction between 
the fluid and wall rocks will be important controls on the 
efficiency and site of gold deposition, and such factors have 
been used to explain gold enrichment in both modern and 
ancient seafloor sulphide deposits (e.g., Hannington and 
Scott, 1989a, b; Large e t  al., 1989). Boiling is an  additional 
factor that may have a major impact on the nature and 
efficiency of gold precipitation, but, although the efficiency 
of gold deposition largely determines whether or not a 
deposit will be gold-rich, the possibility of gold-enriched 
source fluids for some deposits cannot be excluded. Some 
gold-rich seafloor precipitates are characterized by high- 
sulphidation mineral assemblages in association with 

advanced argillic alteration and resemble epithermal sys- 
tems on land. This style of mineralization and alteration is 
thought to reflect direct input of magmatic volatiles to the 
hydrothermal fluids, and this input may also be responsible 
for significant contributions of gold (see "Related deposit 
types" below). 

The above observations suggest that there may be a 
number of end-member explanations for primary gold 
enrichment in volcanic-associated sulphide deposits. In the 
first case, gold enrichment is a consequence of the efficient 
precipitation of gold from cooling hydrothermal fluids and 
the continuous hydrothermal reworking of gold into high- 
grade zones within the sulphide deposits. In the second 
case, sustained boiling allows for the effective separation 
of gold from base metals and the deposition of a signifi- 
cantly gold-enriched massive sulphide a t  the seafloor. The 
third case is one in which a uniquely gold-rich fluid may be 
produced by direct contributions from a high-level degass- 
ing magma (e.g., a porphyritic subvolcanic intrusion) into 
the submarine hydrothermal system. When abundant vol- 
canic gases are introduced, a strongly acidic fluid chemistry 
may evolve which, combined with conditions that are shal- 
low enough for boiling, may promote alteration and 
mineralization similar to that of subaerial epithermal sys- 
tems. The proposed conditions that fit this scenario might 
be those of an  emerging (or submerging) volcanic arc (e.g., 
Fig. 6.4-5). This model is attractive in that it allows for 
co-existence of gold-rich sulphides with gold-poor varieties, 
perhaps on the same volcanic edifice but a t  different water 
depths. 

RELATED DEPOSIT TYPES 
Three other distinct classes of gold deposits appear to share 
many of the attributes of auriferous volcanic-associated 
sulphide deposits: 
1. High sulphidation epithermal Cu-Au and porphyry 

Cu-Au deposits. 
A number of the auriferous volcanic-associated sulphide 

deposits described above have similarities to high-sulphidation 
epithermal gold deposits (e.g., acid alteration, a history of 
boiling, separation of gold and base metals, and possible 
contributions from magmatic fluids). High-sulphidation 
epithermal copper-gold deposits, also commonly referred to 
as being of acid-sulphate-type, alunite-kaolinite-type or 
enargite-type, are characterized by "high sulphur" mineral 
assemblages (e.g., enargite-tennantite) and by advanced 
argillic or acid alteration (e.g., alunite or pyrophyllite com- 
mon). These conditions are thought to arise from acidic 
fluids in which SO2 is contributed directly as a volcanic gas. 
The associated mineralization is similar to auriferous sul- 
phide deposits in  their relative contents of gold, silver, and 
base metals, although these deposits typically form as 
subsurface replacements (e.g., in tuffaceous rocks) within 
subaerial andesitic volcanic complexes. Subaerial exam- 
ples have also commonly developed above high-level por- 
phyry stocks in a geometric configuration that is virtually 
identical to that of submarine volcanic-associated massive 
sulphide deposits and their subvolcanic intrusions 
(Fig. 6.4-5). In some emerging (or submerging) arc settings, 
there may be a continuum between subaerial epithermal 
gold deposits and auriferous submarine massive sulphides, 
the main variables being water depth and the degree of 
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interaction between evolved seawater and rising magmatic 
vapours (Hannington, 1993). Recently, a number of high- 
grade, gold-rich base metal deposits with distinctive epi- 
thermal characteristics have been recognized in volcanic 
arcs of the Pacific Rim. As well, a number of modern 
analogues of high-sulphidation and Eskay-type deposits 
may be forming on the modern seafloor in several back-arc 
basins and submerged volcanic arcs (e.g., Hine Hina vent 
field, Lau Basin: Herzig et  al., 1993; Jade deposit, Okinawa 
Trough: Halbach et al., 1993). 

In some volcanic-associated auriferous sulphide dis- 
tricts, there is a close spatial, and perhaps genetic, relation- 
ship between the gold deposits and high-level porphyry 
systems. The Doyon deposit in the Bousquet district may 
be an example. Unlike other gold deposits in the area, 
Doyon possesses most of the features of subvolcanic por- 
phyry gold deposits (e.g., pretectonic stockworks, veins and 
disseminations in  trondhjemite-diorite host). The relation- 
ship between subvolcanic intrusions and gold deposits of 
the type described above is also well illustrated a t  Mt. 
Morgan, Australia which has been interpreted to be both a 
massive sulphide deposit (Taube, 1986 and other authors) 
and an intrusion-related sulphide replacement deposit 
(Arnold and Sillitoe, 1989). 

2. Disseminated and replacement gold deposits 
Auriferous volcanic-associated sulphide deposits of the 

type described above also share some characteristics with 
other disseminated, stockwork, and replacement gold 
deposits, particularly those that  are volcanic-hosted. 
Deposits such as Hope Brook, Hemlo, and Equity Silver 
(see subtype 15.4) share moderately aluminous mineral 
assemblages and comprise mainly disseminated to locally 
massive sulphides. These deposits occur in moderately to 
strongly deformed terranes and it may be difficult to dis- 
tinguish them definitively from other types of sulphide 
deposits. The absence of distinctive exhalative units and 
the local primary discordance of the ore zones with respect 
to stratigraphic units may be important distinguishing 
criteria. 

3. Vein Cu-Au deposits. 
The copper-gold deposits of the Chibougamau and 

Chapais camps are dominantly sulphide-rich veins, many 
of which are hosted by shear zones in  mafic subvolcanic 
intrusions (i.e., the Dore Lake anorthosite complex and 
Cummings mafic-ultramafic complex). Although these 
deposits occur in late tectonic shear zones, the mineraliza- 
tion appears to be close in  age to that of the mafic sills and 
may be partly synvolcanic. In a morphological and compo- 
sitional sense there is considerable similarity between the 
sulphide-rich veins a t  Chapais and Bousquet No. 2. A 
number of Cu-Zn massive sulphides also occur in the hang- 
ing wall volcanic rocks of the Dore Lake anorthosite a t  
Chibougamau (e.g., the Lemoine-Patino that contained 
0.75 Mt grading 4.4 glt Au) and in volcanic rocks adjacent 
to the Chapais deposit ( No. "8-5" zone that contains 50 000 t 
grading 0.4 glt Au a t  the Cooke mine). 

EXPLORATION GUIDES 
On a regional scale, gold-rich volcanic-associated massive 
sulphide deposits occur a t  major lithological contacts that 
mark distinctive changes in volcanic and sedimentary 
facies, and that typically host other massive sulphide 
deposits that may not be particularly gold-rich. The close 
spatial relationship between deposits of both types a t  
Noranda, Joutel, Bousquet, and Montauban suggest that 
auriferous deposits may exist in any base metal camp. At 
the  mine scale, the  presence of acid alteration and 
alurninous mineral assemblages in rocks in which they are 
not normally expected may be a useful exploration guide, 
as these features are well developed at Bousquet and 
Boliden. The sulphide contents of many of these deposits 
are sufficient to produce geophysical responses and, owing 
to the disseminated to massive nature of the sulphides, 
induced polarization methods should be the most effective 
geophysical tools. 
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