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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 from those that are actively forming
within modern oceanic spreading ridges and back-are
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, zine, molybdenum, and platinum group elements
(PGEs).

Subtype 6.3, Volcanic-associated massive sulphide base
metals. All volcanic-associated deposits occur in terranes
dominated by volcanic rocks. The deposits may occur in
voleanic 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 group, gold is the primary commodity,
with copper, zing, silver, and lead being of lesser economic
importance. Mineralization may be massive, disseminated,
or in stockworks.
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6.1. SEDIMENTARY EXHALATIVE SULPHIDES
(SEDEX)

John W. Lydon

INTRODUCTION

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 deposits 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); in 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. 130-152 (also Geological Society of
America, The Geology of North America, v. P-1).
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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 suffi-
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 as
(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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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 at 7.0% Zn and 4.61% Pb (Zn x 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=T7% 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
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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 at Dariba (Table 6.1-1). The Tynagh ores also largely
consist of the insoluble residue of subaerial weathering.
Itisinteresting 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 an oxidative environment,
and it may well be that these deposits represent the
remains of sulphide deposits that 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: 1) 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
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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 asymmet-
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 that has accumulated in 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.
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Deposit Location Zn Pb Cu Ag Au BaSO, Size Age References
% % % (o) (at) (M) (Ma)
Santa Lucia Cuba 57 1.8 00 300 00 Yes 194 150 Valdes-Nodarse etal., 1993; Mining Journal, Sept. 3, 1993
Gunga Pakistan 50 10 00 00 00 Yes 100 150 Anderson and Lydon, 1990
Duddar Pakistan 164 39 00 00 00 Yes 1.0 150 Anderson and Lydon, 1990
Filizchai Azerbaijan 70 10 21 0.0 00 ? 5.0 175 Laznicka, 1981
Lik Alaska 88 3.0 0.0 280 0.0 Yes 25.0 340 Forrest and Sawkins, 1984
Galmoy Ireland 108 10 00 00 00 7 6.7 340 Mining Journal, Sept. 1990, p. 231
Lisheen treland 120 15 00 320 00 7 20.0 340 Shearley et al., 1992
Navan Ireland 101 26 00 00 00 No 69.9 340 Andrew and Ashton, 1985
Silvermines Ireland 64 25 00 23.0 0.0 Yes 17.7 340 Hitzman and Large, 1986
Tynagh freland 45 48 04 465 D0 Yes 136 340 Morrissey et al., 1971
Walton Canada 14 43 06 3050 0.0 VYes 0.7 340 Patterson, 1988
Red Dog U.S.A. 171 50 0.0 823 00 Yes 770 350 Moore et al., 1986
Tom Canada 70 46 00 49.1 0.0 Yes 15.7 350 McClay and Bidwell, 1986; Goodfellow and Rhodes, 1990
Elura Australia 84 56 00 139.0 0.0 Yes 27.0 370 Schmidt, 1990
Cirque Canada 80 20 00 00 00 VYes 522 370 Jefferson et al., 1983; Canadian Mines Handbook 1991-2, p. 127
Driftpile Canada 119 31 00 00 0.0 Yes 24 370 Maclintyre, 1983; Teck Corporation, 1994 (circular)
Jason Canada 74 65 00 799 0.0 Yes 10.1 370 Turner, 1990; Northern Miner, May 28, 1990, p. 21
Meggen Germany 70 1.0 01 140 00 Yes 500 370 Krebs, 1981
Rammelsberg Germany 164 78 1.0 1030 0.0 Yes 272 370 Hannak, 1981; Krebs, 1981
Zhairem Khazakhstan 50 20 05 00 0.0 Yes N/A 370 Smirnov and Gorzhersky, 1977; Laznicka, 1981
Tekeli Khazakhstan 6.0 50 10 00 0.0 Yes 8.0 380 Smimov and Gorzhersky, 1977; Laznicka, 1981
Howards Pass Canada 50 20 00 9.0 00 No 476.0 435 Goodfeliow and Jonasson, 1986; Placer Dev., Annual Report 1982
Peary Land Greenland 80 1.0 0.0 ? ? 12.0 435 Northern Miner, Oct. 10, 1994, p. 3
El Aguilar Argentina 85 6.5 0.1 1000 0.0 No 30.0 450 Sureda and Martin, 1990; Gemmell et al., 1992
Bleikvassli Norway 75 30 04 00 00 No 8.0 460 Skauli et al., 1992
Mofjellet Norway 47 1.0 04 00 0.0 No 4.2 460 Laznicka, 1981
Dy Canada 6.7 55 0.1 840 10 VYes 21.1 510 Jennings and Jilson, 1986
Faro Canada 57 34 00 36.0 0.0 Yes 57.6 510 Jennings and Jilson, 1986
Grum Canada 49 31 00 490 00 Yes 310 510 Jennings and Jilson, 1986
Swim Canada 47 3.8 00 420 0.0 Yes 4.3 510 Jennings and Jilson, 1986
Vangorda Canada 49 38 03 540 08 Yes 7.5 510 Jennings and Jilson, 1986; Canadian Mines Handbook 1988-89, p. 135
Koushk Iran 150 30 00 0.0 00 ? 5.0 510 Mining Journal, June 14, 1991, p. 454
Portel Portugal 14 02 00 00 00 Yes 350 510 J.W. Lydon, unpub. data, 1968
Fuenteheridos Spain 20 02 00 00 0.0 Yes 100.0 510 J.W. Lydon, unpub. data, 1968
Duncan Canada 31 33 00 00 00 ? 2.8 550 Hoy, 1982
H.B. Canada 41 08 00 48 0.0 ? 6.5 550 Hady, 1982
Jersey Canada 35 17 00 31 00 ? 7.7 550 Hoy, 1982
Mel Canada 56 21 00 00 00 Yes 4.8 550 Miller and Wright, 1983
Reeves-MacDonald Canada 35 10 00 34 0.0 ? 5.8 550 Hoy, 1982
Aberfeldy Scotland 12 04 00 00 00 VYes N/A 600 Coates et al., 1980; Willan and Coleman, 1983
Kholodnina Russia 70 15 00 0.0 00 ? N/A 1075 Smirnov and Gorzhersky, 1977; Laznicka, 1981
Rosh Pinah Namibia 70 20 0.1 0.0 0.0 Yes 17.4 1100 Page and Watson, 1976; VanVuuren, 1986
Jiashengpan China 38 13 00 00 00 No N/A 1300 Lang and Xingjun, 1987
Balmat-Edwards U.S.A. 10.1 0.3 00 00 00 No 17.4 1300 Lea and Dili, 1968
New Calumet Canada 88 28 02 00 01 No 1.3 1300 Mclarsn, 1946
Sullivan Canada 55 58 00 590 00 No 170.0 >1468 Hamilton et al.,, 1982; H.E. Anderson, D. Davis, and R.R. Parrish,
Sargipali India 04 20 00 650 00 ? N/A 1600 Sarkar, 1974
Big Syn South Africa 25 1.0 01 129 0.0 Yes 101.0 1650 Ryan etal., 1986; Reid et al., 1987
Black Mtn. South Africa 06 27 08 298 00 Yes 816 1650 Reidetal., 1987; Ryanetal., 1986
Broken Hill South Africa 1.8 36 03 481 0.0 Yes 85.0 1650 Reid et al.,, 1987; Ryan et al., 1986
Gamsberg South Africa 71 05 00 6.0 00 Yes 150.0 1650 Reidetal., 1987; Ryanetal., 1986
Century Australia 100 15 00 300 0.0 ? 120.0 1670 Mining Magazine, Oct. 1991, p. 233-237
Hilton Australia 102 65 0.0 1379 00 No 72.0 1670 Forrestal, 1990
Lady Loretta Australia 140 8.0 0.0 110.0 0.0 Yes 9.0 1670 Australian Mining Yearbook, 1988, p. 20; Louden et al., 1975
Mt. Isa Australia 60 70 0.4 1600 00 No 1250 1670 Mathias and Clark, 1975; Forrestal, 1990
Dugald River Australia 150 20 0.0 620 0.0 No 12.0 1670 Whitcher, 1975; Mining Journal, May 4 1990, p. 352
H.Y.C. Australia 95 41 0.0 400 00 No 2270 1690 Lambert, 1976; Logan et al., 1990
Broken Hill Australia 12.0 13.0 02 1750 0.0 No 3000 1690 Bothand Rutland, 1976; Wright et al., 1987
Balaria(Zawar) india 56 1.1 00 00 00 No 19.0 1700 Deb etal., 1989
Baroi magra india 12 43 00 0.0 00 No 11.0 1700 Debetal., 1989
Mochia(Zawar) India 38 17 00 00 00 No 27.0 1700 Debetal., 1989
Zarwarmala(Zawar) [India 37 21 00 00 00 No 18.0 1700 Deb etal., 1989
Dariba India 73 20 10 50 0.0 No 13.0 1800 Nandan et al., 1981; Deb and Bhattacharya, 1980
Dariba(secondary)  India 12 40 03 2000 0.0 No 31.6 1800 Nandan et al., 1981; Deb and Bhattacharya, 1980
Dariba-Rajpura India 51 12 11 1220 00 No 51.0 1800 Nandan et al., 1981; Deb and Bhattacharya, 1980
Rampura-Agucha India 135 16 00 450 00 No 61.1 1800 Nandan et al., 1981; Deb and Bhattacharya, 1980
Saladipura India 10 00 00 00 00 No 1150 1800 Debetal., 1989
Sindesar india 21 05 0.0 00 00 No 70.0 1800 Deb, 1982; Deb et al., 1989
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Distal hydrothermal products

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

Feeder zone

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.
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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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VENT COMPLEX
Massive, brecciated, crudely bedded
pyrite, galena, sphalerite, Fe-carbonates
and Fe-Mg-Ca carbonates, barite (at top)
+ pyrrhotite, sulphosalts

Ba:Zn increases

T Pb:Zn decreases

SEDIMENTARY

Laminated, and occasionally
fragmented, pyrite, sphalerite,
galena, chert, barite, Fe-Mg
carbonates * beds of host

DISTAL HYDROTHERMAL
PRODUCTS

BEDDED ORES

Chent, barite + minor
sphalerite, pyrite, Ca-Mg
carbonates, magnetite,

lithologies hematite, Mn enrichment
Ore grade decr >
Pb:Zn ratio decr —

Ba:Zn ratio increases — 5
Thickness decreases >

FRAGMENTAL

LITHOLOGIES

(Breccia flows,
talus breccias,
conglomerates, etc.)

average scale

/ FEEDER ZONE 0 m 100
SYNSEDIMENTARY Veins and replacement 0
FAULT ZONE galena, sphalerite, Fe-carbonates m

and Fe-Mg-Ca carbonates, pyrite, 20

pyrrhotite, minor chalcopyrite st

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

1. 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 the 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.

2. The main economic mineral in feeder zone ores of VMS
deposits is chalcopyrite which, because of its higher
economic value compared to sphalerite 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 encugh 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 Silvermines,
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 at
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 at 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
it 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 it is
the major component in the footwall feeder zone (Hamilton
et al., 1982), Broken Hill, Australia (Slack et al., 1993), and

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. Interlaminated 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 compiex 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 1994-640I

F) Bedded ore, Tom deposit. Height of photo about 1 m.
Laminated barite and sphalerite (light grey) interlayered with
siliceous argillite (black). GSC 1894-640D

G) Vent complex mineralization, Tom deposit. Polished slab,
black — brecciated siliceous argillite; medium grey — pyrite;
white — ankerite. GSC 1994-640G

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
at 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 at the Sullivan deposit appears to have formed by this
mechanism.

Sphalerite may react with aluminosilicates to form
gahnite (ZnAl,04) at amphibolite facies and higher meta-
morphic grades. It is a common though minor mineral at
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 at 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:

1. 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.

2. 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 proe-
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:

1. 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.

2. Mass transportation of hydrothermal products, particu-
larly as slide sheets and debris flows, from topo-
graphically elevated portions of the deposit.

3. Mass removal of hydrothermal and terrigenous accu-
mulations from the hydrothermal upflow zone by
hydrothermal eruption.

4. 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) at 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 (<300°C) is too
low to transport copper in reduced sulphidic fluids. The
Rammelsberg deposit (Hannak, 1981), which contains
1.0% Chu, 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
an increase in Zn:Pb ratios outwards from the vent
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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.

. 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
inthe vent complex. A significant proportion ofthe trace
copper content of Sedex deposits may also be contained
in sulphosalts (e.g., Tynagh, Tom).

. 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 that 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% CO; in the vent complex
(Goodfellow and Rhodes, 1990), whereas the Sullivan
deposits contains 0.2-1.0% CO, (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 at 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).

. 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:AlyOsg;
S(sulphide):Aly03) or by other hydrothermal products
(e.g., Zn:Ba) gradually decrease towards the periphery
of the deposit.

. 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 at the margins
of the deposit, and in the footwall conglomerate.

. 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.
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8. 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; Maclntyre, 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, 1986), Tom deposit (McClay
and Bidwell, 1986), 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 at 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, 1983]). Silver: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 at
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 a timelapse of about 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, at
least 3 km of coarse feldspathic turbidites occur beneath
the lowest calcareous rift-cover strata of Cambrian age
(Eisbacher, 1981). Sedex deposits in 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 geological 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
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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. >1800 Ma) carbonate rocks of the
Marmorilik Formation (Garde, 1978; Thomassen, 1991),
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 (Carmichael, 1988). If the
last, it 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 Baffin Island (Clayton and
Thorpe, 1982). Because of its uncertain genesis, it 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, it 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) sedimentary baritite 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 African 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 at 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,

141

Contents



TYPE 6

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).

GSC

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 rift 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 (1991). 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
(1984).
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Itis 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
50:1 and Zn:Cu ratio of 4:1 (Bignell et al., 1976), 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 at 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 at 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-gshelf 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 at 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 at the same level of detail as 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.
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2. 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 mineralogical 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 ankerite/pyrite
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).
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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 at
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 II
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 at 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
that 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. It 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:

1. 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
“Voleanic-associated massive sulphide base metals”).

2. The principal economic minerals are sphalerite and
galena. The importance of this concept is that it 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 as 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. HyS >> SO %) aqueous
fluid in which metals are present mainly as chloride
complexes is insignificant (<1 ppm) below about 360°C.
Fluid inclusions and other geothermometers indicate
that the temperature of the hydrothermal fluids

responsible for Sedex deposits are in the range 150°C-
300°C, whereas for VMS deposits the temperatures of
the ore fluids are generally >300°C.

3. Sedex deposits were formed during the submarine vent-
ing of hydrothermal fluids. This concept emphasizes
that Sedex deposits formed at or just 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.
Heating by 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 at 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 within or at 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 at 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
mode] has a modern analogy in the brine pools and metal-
liferous sediments of the Red Sea (e.g., Degens and Ross,
1969; Bicker, 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.
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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, it 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 salinites 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 250°C, 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 et 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 atopographically 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 tobe 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.

i1) 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 at
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, at 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 dissclved in porewater and/or 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 Silvermines,
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 tonnes 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. Asedimentary 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 rift-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 presence of sulphides or barite,
either as epigenetic veins along the synsedimentary
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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 magnetite/hematite 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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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
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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 64°43'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 basin” 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; (i1i) 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 km
(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 0.90x108 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 km: 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 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>