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ABSTRACT 

The paper brings r much of the current Canadian and foreign 
concepts relating to these deposits and its purpose is to summarize the main 
gpological and chemical features of Canadian Precambrian deposits of this 
type, to compare and contrast thes with similar ores in Japan, and to pro 
vide a selected bibliog The Precambrian deposits occur in a wide 
variety of rock associations and t.ypes, diif('r in several important aspects 
from Phanerozoic are the and, as a group, many 
examples of post-or 

The Sullivan nline, 

genic ores and is conside 
sedimentary, rathe than 

Cette etude reunit plusieurs th 

-zinc depo sit occurring in Proterozoic 
features in common with volcano-

of an exhalative sit in a 

ries formulees au Canada et a 
l' au sujet des L'auteur presente un resume des 
principales caracteristiqnes s des gisements precam-
briens canadiens de cette rie, 1 s compare it diverses mineralisations 
similaires du Japon et offre un choix de references raphiques. Les 
gisements precambrien5 dont il est question 5e presentent dans un grande 
variete de roches, tant du point de vue des types que des groupernents; Us 
different, sous divers aspects importants, de mineralisations phanerozoi:ques 
du meme type et entin, en tant que groupe, offrent plusieurs exemples des 
effets d'une metamorphisation s'etant produite la mineralisation. 

Seion l'auteur, 1", minerai de La mine Sullivan, grand gisement 
plombo-zincifere situe dans des sediments ozo'iques, partagerait plus-
ieurs caracteristiques geologiques avec Ie minerais d'origine volcanique et 
doit etre considEh'e com me un de d'exsudation en milieu sedi-
mentaire plutot que volcanique. 



PRI:.;CAMBRIAN VOLCANOGENIC MASSIVE 
SULPHID:f:.: DEPOSfTS IN CANADA: 

A REV[EW 

INTRODUCTION 

This pape r arises from the author's own observati.ons together with 
the available literature and is presented as a geological review of the subject. 
In spite of the ever-inc reasing amount of literature on volcanogenic massive':' 
sulp'nide ores, an ov('rview of the Canadian situation, particularly in t'ne 
Precambrian, has not appeared. 

Little of what is contained in thi.s review will be news to major min
ing and explorati.on com.panies. Rather, it is directed toward the junior min
ing concerns, oil companies launching into metals exploration, consultants, 
students, and government agencies who may require a summary of these 
important deposits. The paper attempts to bring together much of the current 
Canadian and foreign concepts relating to these deposits and its purpose is to 
summarize their main geological and cnemical features, to compare and con
t rast these with well-documented ores of similar type in Japan, and to provide 
a selected bibliography on several aspects of these ores. By this means, the 
paper is intended to provide background reference, as well as toguideexplor
ation for and research into, massive sulphide deposits in Canada. 

Stratabound volcanogenic':' massive sulphide deposits are an 
extremely important part of Canada's mine ral he ritage. Of total Canadian 
metal production in 1969, [or example, 71 per cent of the zinc, SO per cent of 
tne copper, 32 per cent ot the lead, and 59 per cent of the silve r came from 
this type of mine ralization. In te rms of metal value, Cu, Pb, Zn, and Ag 
from volcanogenic depo sits accounted fo r app roximately one-th ird (3 I per cent) 
of Canada's total rnetal production value in that year. 

Economic deposits of this type have been recognized in rocks rang
ing in age from Archean to Triassic. However, of the approximately 100 
deposits of this type in Canada known to the writer, more than two-thirds 
oe eu r in the Precambrian. Mo reove r, the Pre camb dan 0 res occu r in a wi.de 
variety of rock associations and types, they differ in several important aspects 
fl"om Phanerozoic ores of the same type, and, as a group, provide manyexcel
lent examples 0 f po st -0 re metamo I'ph ie effects. 

':'The te rm "volcanogenic" stresses the genetic connection between these depos
its and volcanism and/or volcanic processes. The term "massi.ve" refers 
to mineralization composed almost entirely of sulphides and does not carry 
any textural connotation. 

o rig lnal manu sc ript submitted: Ma rch 3, 1972 
Final version approved for publication: April 10, 1972 
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GENERAL GEOLOGICAL FEATURES 

Natu re and Depositional Envi ronment of Host Rocks 

A majority of the Precambrian massive sulphide ores occur within 
a volcanic complex several tens of thousands of feet thick comprised of three 
main volcanic lithologies (Goodwin, 1968). Typically, the firstandlowermost 
portion of the complex is a thick series of pillowed and vesiculated flows 
characteristically basaltic. This is followed upward by flows, Oow breccias, 
and tuffs of mainly andesitic composition. The third and uppermost portion 
of the complex contains abundant, and is possibly predominantly composed of, 
volcanics of dacitic to rhyolitic composition which may be either massive, 
textureless flows and/or abundant pyroclastics of various size ranges. The 
acidic phase usually marks the end of a single volcanic cycle after which 
another cycle may begin, in which case the succeeding rocks are the typical 
basal basalts, or the volcani sm may cease, in which case the complex becomes 
surrounded or mantled in a thick sequence of greywacke-type sediments 
derived partly or entirely from the volcanics themselves. In some cases, the 
waning phases of volcanism appear to be contemporaneous with sedimentation 
and, in such cases the t'ocks may grade imperceptibly, both laterally and 
vertically, from "true" tu.ffs and fine pyroclastics, through reworked tuffs 
and volcanic sedinlents, into greywackes containing various amounts of vol
canic component, and finally into "true" sediments in which the volcanic com
ponent is lacking or minimal. 

It is also characteristic of the ore-containing volcanic piles that 
they be intruded by rocks of diverse composition such that, as a whole, they 
exhibit as much differentiation as the extrusives themselves. Hence, within 
many regions of massive sulphide deposits it is not uncommon to find major 
intrusions of ultramafics, gabbro, diorite, granodorite, and even granite. 
Acidic intrusions are usually much more abundant than th<." mafic or ultra
mafic variety and frequently are found as large stocks at or near the centre 

of the volcanic pile. As such, they rrlay represent part of the magmatic hearth 
which originally spawned the volcanism and later moved upward to int,ude its 
own daughter proclucts. The Matagami area is somewhat anomalous in that, 
instead of an acidiC' pluton in the volcanic core, it is centred around an elon

gate intrusion of layered gabbroic rock2 (Sharpe, 1968) 
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Volconic pile and volcanogenic 
sediments 

Massive sulphide 
deposits 

Figu re 1. Relative abundance of mas-sive sulphide deposits in the volcani.c 
and sedimentary components of a schematic Archean volcanic 

pile (modified aft('r Goodwin, 1968). 

The most common host rocks in the immediate vicinity of most ore
bodies are the acidic, usually clastic, phases of volcanism, Agglomerates, 
coarse tuffs, or occasionally, massive dacitic to rhyo-dacitic flows consti
tute the ore horizon of many massive sulphide bodies. Ore may occur entirely 
within the acidic po l"tion, or at the contact between dacite (rhyolite) and ande
site, or, less commonly, t"ntirely within the andesitic portion of the pile. 
The volcanic pile (and volcanogenic sediments) is di.agramatically illust rated 
by Figure 1. In multicyclic volcanic accumulations, ore formation often 
occurs in association with only one of the acidic phases; similar rocks in 
other phases of the sam€' pile will be barren. Even within one volcanic cycle, 
the acidic portion sometimes consists of several rhyolite-andesite phases, 
only one of which contains ore, For example, Spence (1967) has recognized 
up to five acidic phases of volcanism in the Noranda area but sulphide ores 
are associ.ated with only one of these. 

The close spatial association between acid agglomerates (or coarse 
pyroclastics) and massive sulphide ores is a characteristic feature of so many 
established mining camps i.n. the Precambri.an that, in attempting to emphasize 
thi.s close associ.ation, the author once remarked to his colleagues that when
ever he stood on the outcrop containing the largest fragments of ac id pyro
clastic in any given mining camp, he could invariably hear the mine mill 
nea rby. Hi 5 colleague 5 immediatel y dubbed th i s di stinctive 1 ithology "mill
rock Ir and since then, "mill-rock" has been observed close by most massive 
sulphide deposits in Precambrian volcanic rocks, In most cases, more than 
one-third of the pyroclastic fragments in "mill-rock" are of block-size or 
la rger (g reate r than 64 mm). The rock would therefo re be termed a tuff
breccia or pyroclastic breccia according to the classification of volcanoclas
tics proposed by .Fisher (1966). "Mill-rock" is generally found in, OT close 
to (commonly stratigraphically above), the volcanic unit in which the massive 
sulphides occur. With diminution of fragment size, "mill-rock"gradeslater
ally into lapilli-tuff or tuff. Although the method of fragmentation to produce 
"mill-rack" and its equivalents i.s reasonably clear (L e. explosive volcanism), 
the method of deposition is not. The extremely coarse fragments may have 
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be,'o deposited directly after the explosion but the finer particles could have 
been air-borne, water-borne or borne by pyroclastic flows. The latter, gen
erally referred to as ignimbrites when they occur sub-aC'rially (Marshall, 
1935) have recently been suggested as occurring under water as well (Fiske, 
1963). In the author's experience, "mill-rock" (the coarsest fragments), 
whatever its method of deposition, can be found within one half-mile of most 
Precambrian massive sulphide deposits. In addition to volcanic rock frag
ments, it is not uncommon to find fragn1ents of sulphides also occurring in 
"mill-rock" (Rokachev, 1965). The sulphide clasts are either angular or 
sub round (or both) and are generally composed predominantly of pyrite 
although Jesser amounts of other sulphides have also been observed (e.g. 
Sinclair, 197 J) In sume of the larger fragments sulphide banding can bedis-
cerned. Th(' maximum size of the sulphide fragments in any exposure of 
"mill-rock" is generally slightly less than the largest fragments of volcanic 
rock. The pyroclastic origin of the larger sulphide fragments is reasonably 
clear but with diminishing fragment size in thr- pyroclastic unit, sulphidE' 
fragments become increasingly difficult to distinguish from sulphide grains 
which mayor may not be of pyroclastic origin. In spite of the obvious impor

tance of "mill-rock" in the exploration for massive sulphide deposits, the 
writer is aware of only one mineral exploration company which is ~stemati
SC..'l:liy measuring and mapping the size and composition of volcanoclastic frag
ments in its exploration program. Neither provincial nor federal government 
geological maps, even on one mile scale, point out 0 r locate the occu r rences 
of coarse acid pyroclastics; volcanic fragmental units are routinely identified 
but occurrences of unusually coarse fragments (in anyone pyroclasbc unit) 
should also be identified because of their common close association with mas
sive sulphide ores. 

In addition to "mill-rock", quartz porphyry is a common host to, 
or close associate 0[, these ores and in many areas the geologist has diffi
culty in deciding whether the porphyry is extrusive or intrusive. In the Flin 
Flon area, for example, massive lenses of quartz porphyry originally con
sidered by Stockwell (1960) as extrusive, can now, with new exposures avail
able, be traced along strike into pyroclastic units of the same lithology. It 

is likely that, near the top of a volcanic pile, shallow intrusives could con
ceivably "break through" and form local extrusive accumulations and result 
In both intrusive and extrusive equivalents of the same lithology. 

Rocks which are transitional between the "pure" volcanics and 
"pure" sedirnents, and variously referred to as volcanic sediments, sedi
mented volcanics, slightly reworked tuffs, "tuffwackes", etc., constitute the 
next most common host rock of massive sulphide ores after the acid volcanics. 
These rocks, as a rule, exhibit better, and laterally more persistent, layer
ing than do thE' true volcanic rocks. They contain deposits which generally 
show more pronounced layering (bedding?) than do those in the massive vol
canic rocks and have a tendency to be more blanket-like in form rather than 
ovoid. In all other respects, however, (size, grade, mineralogy, composi
bon, etc.) the deposits are identical with those occurring in "pure" volcanic 
rocks. The layered host rocks, exhibiting more sedimentary features than 

volcanic, are best developed in the waning stages of volcanism and hence are 
usually found on top of, and peripheral to, the main volcanic pile. In spite of 
difficulties in cor relating Precambrian volcanics and sediments, there is 
some evidence to show that sediments correlative with an ore-bearing vol

canic cycle (or pile) will themselves contain massive sulphide ores adjacent 
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to the volcanic centre. A correlation of this type has been suggested 
Bailes (1971) for the Flin-Flon Sherridon area of Manitoba. 

The abundance of ow in the basalts and andesites of the com-
plex, the graded bedding in g es, and the frequent association with 
cherty i ron-fon-nation les a submarine depositional environment for the 
Precambrian volcanics and ediments Phanerozoic t'ocks, containing simi 
lar massive sulphide ores, commonly contain marine fossils in addition to 
the above teatures. The Precambrian host rocks are considered to have been 
deposited under submarine conditions, although a more complete appreciation 
of the depositional environment of Canadian Precambrian host rocks awaits 

f their volcanic and sedimentary 
y, the volcanic host rocks appear to 

derived by differentiation of a tholeiitic-type parent magma and 
resemble standard tholeiitic and calc-alkalic rocks f thE> basalt-andesite-
rh association (Goodwin, j p. 75; Baragar and 1969; 
Irvine and Baragar, 1971). Rocks of this suite are typ identified with 
the island arc r eugeocynclinal environment where similar rocks occur in 
the Phanerozo In such an environment, extrusion of calc-alkaline volcanics 
is frequently followed almost immediately by orogenesis, accounting 
for the almost universally metamorphosed nature of most volcanogenic mas-
sive e ores. 

Oi stribution 

Examination of e 2 shows that most of the deposits occur in 
rly in the Superior Province, and thatoverhalfof thernore 

sits shown occur in 6 or 7 main centres. The ores. occurring 
as various sizes, are found clustered within circular 

0-20 miles in diamete . The oval r reul r nature of these 
areas may be in part tectonic but, since the distribution ores 

ides with that of acidic volcanic rocks, may also be in part an original 
depositional featur . These ci rcular areas, character by massive 5u1-

ide rebodies within or peripheral to a central area of acidic volcanism, 
are considered to be only a small part of volcanic comvlexes. For 

Goodwin and Ridler (1970) have nine volcanic complexes, 
each with its felsic volcanic component, within the Abitibi orogen of eastern 

rior Province. Similarly, the Flin Flan and Snow Lake mineral areas 
of Manitoba (Fig 3) are marked by local areas of acidic volcanic rocks with 
clo associated sulphide orebodies it is not yet clear whether 
these are separate complexes 0 r two parts of the same complex. The ten
dency to occur in swarms or clusters is so characteristic of this type of sul-

ide sit that it is sometimes a r factor 1 to re-exploration of 
volcanic belts containing onl), one or two known massive sulphide orebodies, 

The near-universal post-ore metamorphism mentioned previou 
all but precludes preservation of primary features of the sulphide masses. 
However, in a few areas such as Noranda and i, rnetamorphism is 
minimal and a few observations on th original nature and distribution of the 
ores are possible. For it i often possible to deUlOnstrate that 
deposits in anyone area tend to occur within a fai rly narrow stratigraphic 
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interval or even along a single horizon. In the Noranda area, for ('xample, 
ore occurs close to or at both the upper and lower contacts of only one of five 
rhyolite formations in the' area (Spence, 1967). These acidic phases are 
separated by andesiti, units and the major ore-producing contact between 
rhyolite and andesite is referred to as the "favourablehorizon" (Sharpe, 1968). 
Considering the rapidity in which a lava pile is accumulated, it is apparent 
that the Noranda area massive sulphide ores formed virtually simultaneously 
within a near-circular area approximately 10 miles in diameter. Similarly, 
in the Matagami area, most of 13 sulphide orebodies are distributed along a 
di stinctive and extensive stratig raphic zone which is "marked by concomitant 
accumulations of py roclastic deposits, siliceous chemical sediments, and 
probably iron formation" (Sharpe, 1968, p. 106-107). The "favourable hor
izon" in this area is traceable for 24 miles along strike around the periphery 
of a mafic complex which has intruded the volcanic pile. In the Kamiskotia 
area near Timmins, Pyke and Middleton (1971, p. J61) state ". . the 
known sulphide deposits occur mainly in felsic pyroclastic rocks of brec-
ciated zones confined to a particular stratigraphic unit "In this case 
the favourable unit is traceable over a strike length of about ten miles. 

Allied to the concept of a "favourable horizon" of ore deposition, is 
the relationship between massive sulphide df'posits and the various forms of 
exhal ite (chemical sediments of predominantly volcanic origin; Ridler, 1971 b). 
The most common forms of exhalite are chert and the four fac;es of [ron
formation, namely oxide, carbonate, sulphide, and silicate. In the Noranda 
and Matagami areas mentioned above, exhalite, in the form of chert and 
weak sulphide iron-formation, is the regionally stratigraphic equivalent of 
the economic base metal sulphide bodies and as surh constitutes a valuable 
IT'.arker in the search for favourable horizons. The three D1ajor forms of 
exhalite iron-formation i. e oxide, carbonate, sulphide, are considered to 
represent a change of facies cot'responding to ·an increasf' in water depth. 
Although the exact relationship between massive sulphide deposits and volcano
sedimentary iron-formation (exhalite) is as yet unclear, there does appear to 
br a tendency for economic sulphide accumulations to occur toward th(' centre 
(deep!"r water) portions of the basin as defined by the various iron-formation 
facies (Goodwin and Ridler, 1970, Ridler, 1971a; Hutchinson et at., 1971). 
This is largely an empi rical observation and independent of whether or not 
the various iron-formation facies are precise stratigraphic equivalents of the 
massive sulphides or not 

In addition to this demonstrable stratigraphic control, studies in 
rdatively undeformed areas have suggested a possible tectonic control as 
well. Just as thermal springs and even volcanoes are fregupntly aligned along, 
or parallel to, a major fault, rift, or other major linear feature:, so it can 
be demonstrated, in some areas, that massive sulphide orebodies, considered 
to be, exhalative or hot spring deposits (see Section on genesis), can be"aligned 
parallel to prominent local lineal'S. The linear concept of o,-e control was 
proposed as early as 1904 by Hobbs and has lately been devdoped by l<utina 
(Kutina et ~., 1967; Kutina, j 968, 1969). The relationship between I inears 
and orebodies is best developed in the Noranda area, probably the least 
deformed of the major Precambrian massive sulphide camps (Fig. 4). The 
major lineaments of this mineral area are northeast-trending faults. Exam
ination of the sulphide ore distribution reveals that three orebodies (Old Waite, 

East Waite, and Lake Dufault) also lie along a northeast-t "ending line pa):allel 
to nearby faults. If lines are then drawn through the other on'bodies of the 
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LEGEND 

SEDIMENTARY ROCKS INTRUSIVE ROCKS 

I : :~::: :1 Conglomerate, greywacke I"" ~ I Granite, granodiorite 

VOLCANIC ROCKS 

Acid lavas, tuffs 

~ ~ Agglomerate 

D intermediate and 
baBlc lavas, tuffs 

Anticlinal axis. . +
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L. Dufault 6. 
East Waite 7. 

Old Waite 8. 
Amulet IIF" 9. 
Amulet "G" 10. 

I /j :o "I Syenite 

I~. ~ .~.<~:\~I Diorite, gabbro 

Massive sulphide deposit. . !l 

Fault. 

Arrlulet "A" 11. 
Millenbach 12. 
Joliet 13. 
Quemont 14. 
Horne IS. 

Aldermac 
D'Elbridge 
W. MacDonald 
Mobrun 
Vauze 

Figure 4. General geology and location of massive sulphide deposits, 
Noranda area, Quebe c (after Spence, 1967). 
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area, parallel to the Waite-Dufault trend, then two [«atures become apparent: 
11 one such line pass("s through two widely t< bodies, the 
Amulet F and Mobrun, and 2) there is a marked regularity in the spacing of 
th{' lines expressed as multiples of X, arbitrarily taken as the distance between 
the Amulet C and Amulet A orebodies, the two dosest in the area. The equi-
directional and equidistal nature of these lines passing thE" sulphide 
ores, pa ral1el as thf'y are to recognized geological features such as faults, 
may, as by I(utina (ibid.), be indicative of fundamental tectonic 
processes which have expressed themselves over periods of ti.me. Since 
the rocks of the Noranda area, pa those in the northwestern part, 
are only slightly dero rmed, the possibility exi sts that the faults are me rely 
the more obvious manifestations of a pervasive structural grain which began 
very early i.n the geological history oC the area and continued to affect the 
rocks long after they were deposited. The structural stress may have bf'en 
active during actual deposition of the volcanics as subtle zones of weakness 
along which the orf'-b~aring solutions rose to precipitate sulphides at or near 
the exi ocean floo r Thus, only when these postulated lines of weakness 
intersected the ocean flooTinterfacf' during a particular phase of volcanic 
actj vity (i e. the favoll rable ho rl zon) did sulph ide accumulati.ons take place, 
In other words, ore formation occurred at the intersectton of a structural 
plane with a. sedimentary horizon. Further investi.gahons of the distribution 
of massive sulphide deposits adjacent to volcanic centres may reveal that the 
ore clusters are not as random as they might appear at Erst sight. 

Internal featu res 

Mo st, but by no mean s all, mas 81 ve sulph ide bodies comp]"i se two 
main ore-types, massive ore and stringer oye, by the 
relative proportions of sulphide and silicates. Of the more than 70 deposits 
shown in re 2, 34 are known to contain both massive and stdnger ore
types< The remainder, with one exception, are comprised of massive ore 
onl y. The one exception, Louvem (no. 10), is considered by the author to be 
a rare example of stringer-type ore without the accompanying massi.ve 
sulph Lde s, 

Although "massive " is a relative term and rather wide varL
ations in total sulphide content exist between one deposit and the next, in the 
writer's experience the term would normally apply to ore conSisting of at 
least 50 per cent sulphid~s by volume (corresponding to approximately 60 per 
cent by we ight). Sc he rme rho rn (1970) has coined th e te rm I'py ritite" to r efe r 
to massive pyritic ore. 

The two longest di.mensions of massive sulphide bodi.es and 
ing within the mass are, in relati.vely undeformed ores, paraliel to 
planes or flow contacts in the host rocks. Sharp contacts of the sulphide body 
hang with country rock are the Yule while footwall contacts are gener
ally much more diffuse. Several orebodies are known where unaltered coun
try rock on the passes directly into high-grade ore (20-25 per 
cent, 0 r h i.ghe r, comb ined metals) whe r eas the footwall contac t can only be 
determi.ned by assay. 
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UX;L,D - :'Il:1:-.sin.: ore El And('sik 

~ ::::! SI dn~t,;r On.' 0 Diorik . 

Illiill C:J "",,/ Altu':ltion (pipe) Chnt)' tuff """, 

CZ] Il..hyolilt.: ~ i":lult 

Generalized east-west section, Lake Dufault deposit, Noranda 
area (after Purdie, 1967). Stratigraphy is right side up as shown. 

Stratigraphic thicknesses range up to 70 feet; deposits of greater 

di mension are known but in these there is usually evidence of structural 
thickening of ore such as in the hinge zone of folds. Thcothertwodimensions 
of the massive 0 res a re several times greater than their thickness and unmeta
morphosed deposits, with some exceptions, are roughly circular in plan, 
pa rticula rl y those occur ring in massive volcanic rocks. 

Mention has been made previously of the relation, in the case of 
undeformed deposits, between shape of the massive ores and the nature of the 
country rock. Briefly, sulphide bodies in layered rocks (volcanic sediments, 
tuffs, etc.) are blanket-shaped with the two dimensions pa rallel to the layer
ing greatly exceeding the thickness. Orebodies in massive volcanic rocks, 
on the other hand, tend to be much nlOre ovoid or lenticular in cross-section. 

ii, Stringer are: Also referred to as "disseminat('d" or "vein" ore, stringer 
ore is always found on the stratigraphic footwall of the massive sulphide 01'(' 

lens (Figs. 5,6,7). The total sulphid('content of stringerore is considerably 
less, and much more variable, than massive ore and would seldom exceed 
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25 per cent. In undeformed deposits, it consists of anastomosing sulphide 
veinlets, veins, and irregular replacements extending downward, for a few 
inches, a few fpet, or a few hundreds of feet, roughly perpendicular to the 
main sulphide orebody. [n doing so, the strlnger ore zone cross-cuts strati
graphy, in contrast to the massive sulphide lens which roughly parallels 

stratigraphy. 
Stringer or·e is not found with all massive sulphide deposits but, 

where it is, it constitutes a distinct, mappable unit which, when followed 
upward, frequently grades into massive ore by a coalescence of the veins and 
small replacement bodies which comprise stringer ore. In other deposits, 
stringer ore changes into massive ore rather· abruptly within 3-5 feet. The 
writer has noted, however, that ore-grade material in the stringer zone is 
almost invariably in direct contact with massive ore and onlyintheverylarge 

orebodies does it constitute ore more than 200 feet stratigraphically below 
the massive sulphide lens. Barren sulphides, however, are known to continue 
downwa rd fo r thou sand s 0 f feet but in diminish ing abundanc e unt il backg round 
sulphide content of the host rock is reached. 

The shape of the stringer ore zone, again in undeformed ores, is 
generally cylindrical or funnel-shaped with the massive ore lying inthe widest 
;Jart of the "funnel" at the top. The upward dilation of the stringer ore zone 
ends at the massive sulphide orebody and in only one or two instances is the 

50 ft. 
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Figu re 6. Delbridge deposit, Noranda area. Plan of 8'10 level, 
Lens B (after Baldy, 1968). Stratigraphic top is to 
the top of the diagram. 
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author aware of it extending beyond the massive ore, eith('r laterally or 
upward. The Amulet "A" orebodies in the Noranda area are an example of 
several n..,assive sulphide deposits "stacked" one on top of the other within 

stringer ure in the intervening area (Dresser and Denis, J 949, p. 378). 

Mineralogy and composition of ore 

The mineralogy of volcanogenic massive sulphide bodies (including 
st ringer -type ore) is remarkably simple conSidering thr·i r abundance and 
diversity in size, geological setting, and post-ore metamorphism. The iron 
sulphides, partir-ularly pyrite and pyrrhotite, characteristically comprise at 
least half the total sulphide content. Sphalerite, chalcopyrite, and galena, in 
widely varying propol"tions, constitute most of the remaining sulphides. 

The contents of major sulphide species in several selected deposits 
are shown in Table I. These values represent averages for the' entire ore
body; in detail, the prnportions of various sulphides vary <onsiderably within 
the deposit. 

Detailed mineralogical studies of volcanogenic sulphide ores have 
revealed a wide diversity of minerals to be rresent in very minor amounts. 
Table II has been prepared to present some examples of this varied 
assemblage. 

When the bulk composition of Precambrian volcanogenic massive 
sulphide ores is expressed in terms of the three main ore elements (Cu-Pb
Zn), two features imm('diately become apparent (Fig. 8): the ores are remark·· 
ably deficient in lead relative to copper and zinc and are considerably lower 
in lead than similar deposits in Phanerozoic rocks; and secondly, more than 
70 per cent of the deposits contain more zinc than copper. 

Major byproducts won from massive sulphide ores are cadmium, 
silver and gold with lesser amounts of selenium, tellurium, bismuth, and 
tin. Recoverable silver contents generally fall in the range 1-3 oz.IT., sel
dom exceeding 4 oz. IT. Gold shows considerably more variation and recov
erable gold values range from O. OJ to 2.0 oz. IT. 

Zoning 

An extremely important and characteristic feature of volcanogenic 
massive sulphide deposits is that the vast majority of them are zoned, in one 
form or another, and that the zonal arrangement shows a consistent pattern 
relative to host rock. stratigraphy. 

The zoning in the deposits is expressed in fOUl' ways: morphology, 
mineralogy, texture, and composition. Morphological zoning has already 

been alluded to in the discussion of ore-types. Where both massive and 
stringer ore coexist in a deposit, the stringer ore always occurs on the strati
graphic footwall of the massive orebody (Figs. 5, 6, 7). Mineralogical zon
.0K is, in part, a functio'1 of morphological zoning and manifests itself in the 
varying proportions of the five main sulphide species: pyrite, pyrrhotite, 

sphalerite, chalcopyrite, galena. Hence, in an ideal deposit, sphalerite 
would be considerably more abundant in the massive ore than in the stringer 

ore. Similarly, the ratio pyrite: pyrrhotite is commonly higher in the mas
sive than in the stringer ore. Galena, where it occurs, is found only in 

the massive ore. Consequently, an ideal orebody would consist of a 

pyrite-sphalerite (chalcopyrite-galena) massive orebody underlain by 
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pyrrhotite-chalcopyrite stringer ore (Fig 5). Furthermore, within the mas
sive sulphide ore, galena-sphalerite are more abundant in the upper half of 
the mass (with galena increasing toward the hanging-wall) whereas chalcopy
rite inc reases toward the footwall and grades downward into chalcopyrit€' 
stringer ore. Mineralogical zonation is, of course, best developed in ores 
having the full complem0nt of ore minerals. As thenumber of mineral phases 
decreases, so the zonation tends to become obscure and may not be in evi-
dence at all in some orebodies. For example, at the Flexar mine in 
Saskatchewan, a massive lens consisting mainly of chalcopyrite and pyrrho
tite without a stringer zone, shows no evidence of zonation whatsoever. Tex
tural zoning is concomitant with mineralogical zonation in that the more 
sphalerite-rich portions of the ore are genf>rally banded, expressed as mino
mineralic layers of pyrite and sphalerite, whereas the chalcopyritf'-rich 
po rtions seldom show band ing even though the total sulphide content of thl> 
two portions may be similar. Compositional zoning, of course, parallels the 
distribution of the three major ore sulphides - sphalerite, chalcopyrite, 
galena - but has the advantage of being more quantitative and can usually be 
detected in routine assay plots, Sphale rite, because of its wide variation in 
colou r, is sometimes difficult to recognize and a weak or poorly-developed 
zonation could easily be missed on the basis of mineralogical examination 
alone. Compositional zoning, whereby zinc and lead are most abundant toward 
the hanging-wall side of the massive ore with copper increasing toward the 
footwall and passing into copper-rich stringer ore, results in some of the 
exceptionally rich "coppel' keels" of some orebodies. rn most ores, however, 
the compositional zoning is due more to a downward decrease in zinc rather 
than an inc rease in copper. Fo r example, a typical deposit may contain 
12'% Zn and 1'70 Cu in the upper part of the massive ore decreasing to 2% Zn 
and 3'70 Cu toward the footwall i. e. the zinc has decreased six-fold whereas 
the' copper has inc reased only three-fold, [n the United Verde 0 rebody, a 
Pt·ecambrian massive sulphide deposit in Arizona (Anderson and Creasey, 
1958), the Cu/Cu I-Zn ratio inc reases from 0.14 in the upper part of massive 
ore to 0,87 in the stringer ore. 

Ore texture and structures 

Most of the textures now present in massive sulphide ores are the 
result of post-depositional processes such as diagenesis and metamorphism. 
Metamorphic textures are by far the most common and will be dealt with 
later in a discussion of nletamorphism of ores. 

In studies of modern sea-floor sediments, great care is generally 
taken to distinguish betwef'n depositional processes (and textures) and diage
netic p rocesses (and textures), In these extremely young sediments the dis
tinction is important and is rnade possible because of the very short total his
to ry of the material being studied, In Precambrian ores and sediments, 
however, so much of earth history has passed and so many other processes 
have been operative since the original deposits were formed, that to distin
gui sh between primary depositional and diagenetic textures is, in most 
instances, decidedly futile. 

Recent experiments have indicated that, of the common sulphides, 
pyrite alone remains brittle OVf"r a wide range of temperature, confining pres
su,-e, and strain (Graf and Skinner, 1970) whereas pyrrhotite, galena, and 
sphalerite deform plastically and/or anneal readily under much less severe 



conditions (Graf and Skinner, 1970; Stanton and Willey, 1970). These studips 
would therdore sugg('t;t that primary textures of sulphides would be best pre
s" rved in pyrite, and indeed, most of the textures desc ribed in younger pyrite 
deposits have also been found in Precambrian ores. Such f('atures as colJo
form and framboidal pyrite are common, even in Archean orebodies, partic

ularly those with a high carbon (graphite) contellt. Some of thebestbotryoidal 
pyrite observed by the writer has come from deposits in the Timmins area 
wherp graphitic bands in even the rnassive ore are a cornmon occurrence. 
Sin:ilarly, the Cuprus deposit in Manitoba has both a high carbon content dnd 
well-developed botryoidal or colloform pyrite. 

E xtreme thin layering of fine-grained pyrite can also, by analogy 
with modern sulphide sediments, bp attributed to primary deposition. Thin 
layering can also result from comminution of pyrite during deformation but 
this can gen e rall)' be recognized by the abuildance of fraL,,Jred pyrite graitls 
wh('reas prim a ry layering will contain, albeit on a mie roscopic scale, un,l:s
turbed col1oform rosettes of pyrite. 

Besides textures, several prin,ary structurcs are also recognizable 
in certain w('ll-preservecl deposits. Mention has been n,ad<.: previously of the 
common occurrcnce of sulphide clasts in silicic volcanic agglomerates (i. e. 
"mill-rock") coeval with the orebodies. Bya :;imilar '.oken, angular blocks 
and fragments of volcanic host rocks are frequentLy founll in the massive sul
phidp portion of several deposits. The low metamorphic grade and lack of 
schistosity in the clasts bespeaks of a primary origin and distinguishes it 
from the "Durchhewegung" fabric described by Vokes (1969, p. 129) fo ,. the 
flowage of a sulphide mass around detached silicate fragments during 
metanw rph ism. 

In a ve ry few deposits, the author has observed such soft sediment 
structures as slump-folds, and flame-structures, or load-casts. The former 

arl2 recognized bIT thei r confinemf'nt to a single sulphide layer or a small num
ber of adjacent layers; beds above and below the structure are undisturbed. 
The best-developed load casts observed were in a thin-bedded alternating 
series of pyl"ite and graphitic shale, part of a more massive pyrite deposit. 
The load-casts werf' developed by slumpage of the pyritf' into the underlying 
sedim('nt resulting in "flames" of shale which disrupted the pyritic layers. 
Soft-sediment deformation has also be,'n rt'cognized in layered sulphides of 
the Mattagami mine (Roberts, 1966). 

Fxcellent examples of graded bedding in monomineralic sulphide 
layers, again mainly of pyrite, have been observed in the Kidd Creek deposit 
in the Timmins area. The layers are generally only a few inches thick and 
are composed of angular pyrite grains in a carbonaceous matrix. The st,·uc
turf' is entirely similar to that commonly found in greywackes and results 
from di fferential settling of sulphide fragments. A related structu re, con
sisting of a '·elatively large fragment of sulphide (or sulphides), surrounded 
by finer g rained sulphide layers abutting the fragments on both sides but pas
sing above and below it, is frequently observed in some deposits. In appear
ance, the structure is analogous to the "drop-stones" of glacial origin and 
has on occasion been referred to as "volcanic drop-stones" in reference to 
the assumed pyroclastic origin of the sulphide fragments. 

Alteration 

Wall-rock alteration adjacent to sulphide ores has been a topic of 

investigation of economic geologists and geochemists for decades. One type 
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Figure 7. Vauze mine, Noranoa area. North-south section 
(north to the left). Slightly simplified from 
Spence (1967) and Sullivan (1968). 

of alteration adjacent (- 0 volcanogenic- massive sulphides has been recognized 
as characteristic of thes e ores (e.g. Dugas, 1966, p. 49-S0; Gilmour, 1965; 
Sharpe, d68, p. 107-109). 

Although, c:ven in areas of lowest grade metamorphism, host rocks 
tD sulphide ores have undergone at least some change in their mineralogical 
and chemical composition, the alteratiDn associated with volcanogenic mas
sive sulphide deposits is easily recDgnized and invariably DCCUrS on the fODt
wall side Df the massivE' Dre. In SDme cases it has been traced for 3,000 fE'et 
stratigraphically below the main ore mass. In undeformed deposits, the alter
atiDn zone is pipe-like in sh<l.pe and contains within it, usually as a shoot 
toward the centre, th~ pyrrhutite-chalcopYl'ite stringer-typp Dre (Figs. 5, 6, 7). 
The diamE'ter of the alteratiDn pipe increases upward until it is coincident 
with that of the massive ore. Only rarely dops the alteration pipe ('xtend into 
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Figure 8. (A) Atomic ratios of Cu-Pb-Zn abundance I:; in Canadian Phanerozoic 
volcanogeni.c massive sulphide deposits. 

(8) Same ratios for Precambrian deposits. Histogram illustrates 
bimodal nature of Cu/Cu+Zn ratios. Composi.tions of ores in 
both diag rams have been calculated from production or reserve 
figures. 

the hanging-wall. OT laterally beyond. the massiv e sulphide lens (e.g. 
Amulet irA "). Gilmour (1965, p. 71-72) has presented an excellent de scrip
bon of the alteration pipe below the Vauze deposit, a sma.ll orebody in the 
Noranda area which possesses many of the features typical of volcanCJgenic 
sulphide ores (Fig. 7). The following is paraphrased from Gilmour (op. cit.): 

'The core of the alteration pipe is composed of massive chlorite 
containing disseminated sulphides and magnetite. The chlorite content of the 
rock dccI"cases outward and the margin of the massive chlorite is gradational 
and poorly defined. There is an incomplete zone of massive sericite about 
the chloritic pipe. The chloritized and sericitized rhyolite grades into mas
sive, silic(>OllS rhyolite. 
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Within the tabular of alteration, the disseminated 
occur as a shoot, . The margin of the core of intense alteration 
tends to be defined as a zone which is made up of large blocks of 
bleached rhyolite enclosed by a nlatrix of chlorite and biotite.' 

The of the alteration zone is perhaps the most spec-
tacular form of this feature of these ores. In many deposits, how 
ever, the altered zone is expressed me as a chloritization of the footwall 
rocks and is in the -wall. The abundance of disseminated sul-

s in the alteration zone (and the contained stringer ore) leads to the com
mon occurrence of a diffuse footwall contact of the orebody in contrast with 
the -wall which is no veryabrupt. 

of chlorite is the main mineralogical expression of 
the footwall alteration followed, in decreasing order of seri-
citization, silicification, and carbonation. Chloritization and sericitization, 
the two most common types of alteration, result in a desilication of the host 
l"ocks, where they are in rhyolite. In where 
chemical studies have been mad the most obvious chemical changes in the 
alteration pipe are a relative increase of Fe, and S and a decrease of 
Si, K, and Na (Riddell, 1953; Roberts, 1966; Lickus, 1965; Sakrison, 1966). 
Magnesium metasomatism, in appears to have been the dominant 
process in the formation of the footwall alteration s and zones. 

rocks as processes is not mer 
est, Sulphides, because of their wide stability range, 
ing even the highest metamorphic 
undergoing even mild metamorphism, 
ways than it was before deformation; 
ence the exploration for, and these ores, 

ores and their host 
of academic inter-

after 
in many 

s can directly inilu

For example, the textures and structures of 
the host rocks are often destroyed and 
maldng it difficult for the exploration 
favourable host rocks. Similarly, 
ores resulting in a different size, 

altered 

deposit which can affect its ical, and even geochemical, response. 
Mineral textures affect the beneficiation of ores and the of the 
iniluences the techniques and of the mining process. 

Consequently, knowledge of the effects of can be 
useful in the exploration for and 

sm of volcanic and volcaniclastic rocks is a subject 
treated at many standard petrology texts and will not be d'iscussed 
in detail here. The to "see through" and to 

nature of the rock is a valuable asset 
when in the Precambrian, 
it was" from "what it is", Table III has been compiled from the literature. 
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Since most volcanogenic sulphjde oTes aTe closely associated with 
the acid phases of volcanism, the distinction between silicic 
volcanic rocks and metaquartzites becomes of paramount Simi-
lady, the recognition of a cherty tuff layer can be of assistance as a marker 
horizon and aid in the slructural interpretation of volcanic terraines which 
are characteristically complex because of lithologic and facies s, 

Form 

Judging f:rom examples in undeformed areaS, the original form of 
most massive bodies was probably :roughly circular or oval in plan 
with dimensions parallel to bedding being several times greater than thick-
ness. Beginning with this as certain preliminary deductions may 
be drawn cone e rning the of fo rm or which can occu r in 
sulphide masses during rnetamol"phism. 

One of the most common of these is the of 1 inear OT 

blade-like orcbodies aligned parallel to lineations, such as fold axes, horn
blende crystals, or corrigations in the foliation pJanes, in the enclosing rocks. 

s of bodies of this shape (and would be those of Balmat, ~. Y. 
(Lea and Dill, 1968), Chi sel Lake, jv1.an. (Martin, 1966) and Stall Lake Mi.ne s 
Ltd., Man. (C oats et ,1970). Rod a rc bodies such as the Be 

1,1 a TeaS of medium to high metamorphic grade which show penetrative linea
tion. In rocks of lower where deformation is expressed 

by shearing and folding, without well-developed lineation, the deposits 
tend to be flattened parallel to schistosity, as a result of transposi-
tion shear s. Frequently, orebodies deformed p by 
shearing, the appearance of having been sliced into several ore lenses 

by narrow widths of schistose and altered wall-rock. The 
effects of these two types of deformation 1. e. shear and penetrative lineation, 
on th(' shapes of massive orebodies has been described Howkins 
and Martin (1970) for depo sits in the Fl in Flon - Snow Lake areas. In the 
former area, where is the structural element, ore 
lenses have plunge-to-strike length ratios of about 3:1. In the Snow Lake 
area, where lineation in the metamorphic grade rocks is well 
orebodi.es have plunge-to-strike length ratios up to 10:1. Howkins and Martin 
also note that -like structures of the Snow Lake deposits have a con-
tinuity along plunge which results in more accurate predictions of the are 
locations at depth. II 

Areas of intense, deformation, or local areas 
adjacent to intrusions, commonly contain orebodies which have been 50 

distorted that their form is best de scribed as amoeba -like. 
are extremel y difficult to develop because of their ir regular and 

s. Successful of these ores y depends on studies of 
detailed structures in the host rocks. In cases where this has been done, the 
irregular nature of the ore zones has been fnund to be controlled by 
the inte rference pattern produced by intersecting deformation trends such as 
two periods of with widely divergent axial planes, Thehighlydistorted 
zone s adjacent intrusions are difHcul t to interpret because 
of the ir nature of the strain on country rocks resulting from the 
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forceful emplacement of the intrusive body. Examples of deposits with 
amoeba-like shapes would be Joutel, Mines de Poirier, and South Bay mines. 

Mineralogy 

As Vokes (]969) has quite rightly pointed out, the abundant miner
alogicaJ changes brought about in silicate rocks during metamorphism do not 
find their counterparts in sulphide assemblages; massive sulphide ores are 
no exception. The wide stability range of sulphides, the relatively few phases 
(and components) present in most ores, and the ease with which high
temperature sulphide phases revert to low-temperature phases on cooling, 
all contribute to ensure that the metamorphism of sulphide masses is gener
ally not reflected in their mineralogical assemblages. 

Nevertheless, in spite of these restrictions, certain mineralogical 
changes do occur in sulphide masses which have undergone metamorphism. 
Most of these changes are caused by thermal events and most occur in the 
iron sulphide species, The formation of pyrrhotite from primary pyrite is 
perhaps the most common change and perhaps mostoE the pyrrhotite presently 
found in Precambrian ores has formed in this manner, particularly pyrrhotite 
occurring with sphalerite in the massive sulphide portion of the ores; stringer
type ore can, and commonly does, contain what appears to be primary pyrr
hotite as the iron sulphide phase. The b,'eakdown of pyrite to magnetite can 
also occur as well as the generation of "new" pyrite from pyrrhotite or fer
romagnesian silicates. 

Exsolution of chalcopyrite in sphalerite is also a common pheno
menon in metamorphosed ores and could result in a high copper content in the 
zinc concentrates if not ground finely enough, The sphalerite itself commonly 
emerg2s from the metamorphism consid2rably enriched in iron relative to its 
original composition. This can be deleterious in that it depresses the zinc 
content of sphalerite concentrate since sphalerite commonly contains 
10-20 mol % FeS in solid solution. 

Small amounts of gahnite (ZnAl204) found in some metamorphosed 
zinc ores probably formed by reaction between sphalerite and aluminous 
silicate s. 

McDonald (1967) has suggested that increased metamorphism of 
sulphide assemblages results in ores of increasingly complex mineralogy but 
admits that these mineralogical variations may be due to original metal con
tents. The present writer has also noted this trend among Precambrian sul
phide ores but would suggest that the increased complexity is more apparent 
than real due to the increased grain size of the more highly metamorphosed 
ores, thereby making the accessory minerals more readily seen. 

Texture 

Increase in grain size is probably the most common textural change 
wrought in sulphide masses during metarrlOrphisrn. Although there is a gen
eral correlation between grain size and metamorphic grade, a recent attempt 
to quantify this relationship yielded only fair correlation (Tempelman-Kluit, 
1970) . 
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In ores of high metamorphic grade, recrystallization and grain 
growth produce a sulphide assemblage which is best described as a "sulphide 
pegmatite "; large porphyroblasts 0 f py rite and sphalerite are su r rounded by 
crystalline matrix of pyrrhotite and chalcopyl·ite. Original banding in the 
sphalerite portion of the ore is almost totally destroyed. The Geco orebody 
is a. good example of a massi.ve sulphide which has undergone high-grade 
regional metamorphism (Suffel ~ al., 197 1). 

Although most Precambrian massive sulphide ores have undoubtedly 
undergone at least some post-ore deformation, evidence of strain texture is 
not a.s common as one would expect. The reason for this is not clear but the 
relative timing of maximum stress with respect to maximum thermal effects 
may be an important factor. Sulphides lacking strain texture may indicate 
that thermal annealing took place after the release of strain. When the reverse 
is the case i. e. strain in the absence of appreciable heat, such as deformation 
in rocks of low metamorphic grade, or the continuation of deformation after 
the thermal "peak", ores may exhibit such textures as comminution of pyrite 
and sphalerite, deformation twinning in sphalerite, "steely" galena, and 
streaky chalcopyrite. Preferred morphological orientationof sulphide grains, 
particularly galena and sphalerite, is a commonly observed phenomenon but 
preferred crystallographic orientation is much more difficult to document. 
Through the use of an X-ray technique, Roberts (1966) was able to demonstrate 
that the (000 1) plane in pyr rhotite of the Mattagami Lake orebod y lay in the 
axial plane foliation. Similarly, Kanehira (1969) through a study of the opti
cal extinction positions of pyrrhotite in the Co ronation mine, showed that there 
existed a preferred orientation of the c-axes perpendicular to foli.ation. 

Annealing of sulphide grains, if allowed to proceed to completion, 
will result in textural equilibrium among the sulphide phases. Equilibrium 
of this type is best recognized by a study of the interfacial angles between 
adjacent sulphide grains; thermodynamic stability is indicated when the inter
facial angles approach 120 0 (Stanton, 1964). Ce rtain lead -zinc ores in the 
Grenville Province contain sulphides approaching textural equilibrium. The 
increase in sulphide grain size brought about by regional metamorphism is 
of more than academic interest because the coarser-grained ores, during 
beneficiation. generally yield clean~r concentrat~s with less grinding than do 
the fine -gr ained ones. Texturally-eguilibrateCi ores, in particular, are more 
economical to mill and concentrate because of minimal interfacial contacts 
between the grains as described by Stanton (1964). 

Massive sulphides which have unde"l"gone intense deformation fre
quently have the appearance of having flowed plastically. The aspect of flow
age is enhanced by the common occurrence of fragments of schistose wall
rock within the sulphide mass and the "flow-lines" in the sulphides curve 
around these silicate fragments. Spurr (1923), noting this phenomenon in the 
Mandy deposit of Manitoba, concluded that the 8wphides had been introduced 
as a magma and that the flflow-lines to he observed were akin to flow -banding 
in rhyolite and other viscous magmas. The silicate inclusions were regarded 
by Spu rr as having been detached from wall-rock during the forceful intrusion 
of the sulphide magma. More recently, the OCCllrrence of schistose Cragments 
in flow-banded sulphides has been termed IIDurchbewegung l

' fabric by Vokes 
(i 969) who attributes the banding to post-ore deformation and the silicate 
inclusions as fragments of wall-rock which have been detached as a conse
quence of pLastic flow of the sulphides during metamorphism. 
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SeLective melting of sulphide assemblages, at lcal reason-
able temperatures, to pr()duce myrmekitic texturf"S has been experimentally 
demonstrated by Brett and KulJerud (1967) in the Fe-Pb-S system and by 
Craig and Kullerud (1968, 1969) in the ClI-Pb-S and Cu-Zn-S systems, 
respectively. There is som(' ('vidence that certain suJphide oreS may eV('!1 

have melted, at least to some degree. For example, Mookherjee and Durta 
(1970) dt'::cribe vermicular intergrowths of pyrrhotite-chalcopyrite-sphalerite 
in small veins pr cting into a post-ore diabase dykt> from the main 
mass at Ceca mine, Ontal·io. This, and other t('xtures in the veins, was 
interpreted as evidence of inCipient melt of the sulphides to the 
diabase -ore contact. 

Compo:,ition of 0 re 

Except (0 r minor changes in Fe, Zn and S content due to interaction 
between sulphides and silicates there is li.ttl~ evidence that the bulk composi.~ 

tion 0 ( ma s s ive 0 res is significantl y alt ered metamo rphism, Internall YI 

however, there is rnuch evidence of a redistribution of elements which, in 
some instances, tends to disrupt, modify, Of otherwise obscure the com.po-
sitional zoning described as a characteristic feature of vol.cano-

ores. 
The rearrangement of elements in metamorphosed ores is due 

almost entirely to the relative mobiLities of the ore-forming sulphides. 
and galena are much more mobile than sphalerite and pyrite and 

respond plastically to deformative and thermal processes, For example, 
metamo sm or Archean sulphide whi.ch contain only minor 
will mobilize the small amounts of galena out of its original position in the 
uppermost portion of the massive ore and redeposit it in small gash veins in 

th e ing -wall or the s it. salt s. such as tetr ahed rite
tennantite, frequent] y acc ompany gal ena in the se veins which, if large enough, 
can constitute important silver-rich concentrations. In the massive ore, 
veins of all sizes, consisting predominantly of chalcopyrite and quartz, 
respectively the most mobile of the es and gangue silicates, are a com
mon occurrence, Characteristically these copper-rich gash veins aTe aligned 
roughly pe cular to or the long dimension of the or and are 
usually contained within t'ne main sulphide mass. in some deposits, however, 
chalcopyrite veins, with or without sphalerite, penetrate into the host rock 
for short distances. These veins can be distinguished from stringer-type ore 
because they are less abundant and not by heavy chloritic alter-
aEon, Also, remobiliz.ed rite veins usually cross-cut schistosity 
whereas metamorphosed stringer ore is essentially parallel to metamorphiC 
foliation. 

On a large scale, intense deformation is capable of moving the entire 
sulphide mass by transposition along the metamorphic foliation s. This 
may result in a detachment of the massive are from the stringer are, such as 
may hav!" occurred at the Manitou-Barvue deposit (Ramsay and Swail, 1967). 
Wh er e th e sit ha s be en fold ed, pa by is ael ina1 fold iag, m obi li
zation of the sulphide mass can be brought about by plastic flowage of the more 
ductile sulphides (chalcopyrite, and to a lesser extent, sphalerite) 
and comminution of the brittle ones (pyrite). In well-developed instances, 
this differential mobility during isoclinal folding: will result in a noticeable 
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Figure 9. (A) Schematic diagram illustrating main geolngical featurE's of an 
undeformed volcanogenic massive sulphide deposit. 

(B) Same deposit as (A) but modified by shearing in the sense 
shown by heavy arrows above and belo,,; the orebody. Compare 
with Fig. 10 of the Flin Finn mine. 

increase in grade (particularly copper) and thickness toward thE' nose of the 
fold whereas the limbs will tend to bE' thinner and more pyritic. 

In highly metamorphosed ores, there' may be a slight lowering of 
over-all grade due to the inclusion of numerous contorteed siliceous fragments 
which have beE'n forcefully detach"d from the wall-rock by plastic flowage of 
the sulphides ann incorporated into thp ore mass. 

On the footwall alteration zone 

Mention has been made earlier of the flattening effect produced on 
mass've sulphide ores by transposition along shear or sch'stosity planes. 
Sincp the first schistosity developed in a rock undergoing metamorphism is 
commonly parallel to stratigraphy, transposition along these planes will 
effectively stretch the massive sulphide lens in a plane parallel to its original 
stratigraphic dimensions. The samee effect may be achieved by sliding a 
pack of cards to form a cross-sectional parallelogram from the original rec
tangle. If the process is continued it will produce a body several times longlCr 
than the original, but which retain,; its originaJ posltion relative to strati
graphy i. e. parallel to stratigraphic layering. If an alteration pipe occurs 
vertically beneath the massivee sulphidC' lens, its original position will be 
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Figure 10. Flin Flon mine, Manitoba. Plan of 3, OOO-footievel (from 
Byers, et al., 1965). Stratigraphic top is to the top of the 
diagram. 

nearly perpendicular to regional stratigraphy and incipient schistosity. Move
ment along the schistosity planes will rotate or transpose the pipe into aposi
tion nearly parallel to both schistosity and the massive sulphide lens (Fig. 9). 
The final position of the pipe will be en ~chelon to the main sulphide body 
rather than perpendicular to it as it was originally. Transposition also has 
the effect of decreasing the apparent thickness of the pipe due to the stretch
ing action during transposition. The stringer zone ore, under these circum
stanc{'s assumes a final pOSition near one end, but still in the footwall, of the 
massive ore. The appearance of the metamorphosed complex has been 
described in the older literature as a chloritic shear zone within which the 
massive sulphide ore has been emplaced. Excellent examples of this type of 
deformation are found in the Flin Flon (Fig. 10), Stall Lake, Normetal, and 
perhaps Geco orebodies. 

Metamorphism can also have a profound effect on the mineralogical 
constitution of the alteration zones. The original chloritic alteration is com
monly altered to an assemblage consisting of various proportions of horn
blende, biotite, cordierite and anthophyllite (Froese, 1969). If sufficient 
calcite was present in the original alteration zone, tremolite-actinolite, 
garnet, and Ca-pyroxenes may also form. Chlorites of low-to-medium 
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ratios are unstable under highe r metamorphic conditions and will 

re -eq ui 1 tbrate into the miner al assemblage s noted above. High -magnesium 
chlorites, on the other hand, have fields which extend into the higher 
metarno rphic conditions and may account for the prese rvation of ehloT ite 
alteration pipes in staurolite facies r metamo ism at Stall Lake 
mLnf'S in Manitoba. 

Cordlerite-anthophyllite assemblages in the alteration zone are 
the result of regional rnetamo sm. Under the proper conditions, 

howeve r, simple ther mal metamo rphism may also produce cord ier ite-

anthoph yll ite by isochemical me 0 ( alteration pipe s. In th e No randa 
area, "dalmatianite" i. e. cordierite-be~ring pipes (Walker, 1930; Dllgas, 
1966, p. 49) i.s onl y Cound in depo sits occu r ring with in til e the rmal au reole 0 f 
the Dufault granodiorite stock (de Rosen-Spence, 1969). Deposits such as 
Vauz€, Mobrun, Horne, etc., occur ring at some distance from the 
intrusive margin, do not contain cordierite in their alteration pipes (Fig. 4). 

GENESIS 

Conclusions regarding are genesiS of virtually all types of mineral 
deposits have had a long history of -like swing 5 and the ITlassive sul-

ores of the Canadian Precambrian are no exception. For example, 
Spu rr (1923) in commenting on the Mandy mine in Manitoba, concluded "that 
the are could have been introduced in no other way than in plastic form, as 
an intrusive mass ...... the viscosity was like that of tar and is analogous 
to that of tho se rhyolites and obsidians which show a fine flow- banded 
st ructur e. II 

By 1933, however, Lindg ten I s text "Mineral De po sits" was in its 
fourth p and the rmal of ore genesis predominated in 
Canada, as el sewhere, faT several decades. This was evident in opinions 
expressed in two separate volumes (1948 and 1957) on the Structural Geology 
of Canadian Ore by the Canadian Institute of Mining and 
Metallurgy. In these volumes, the authors were unanimous in ascribing a 
h yd r ath ermal or igin to mas s ive suI ph ide or es of the typ e de 5 c ri bed in the pre s
ent paper. 

In 1957, however, proposed the Source Bed and 
suggested that a great number of orebod ies had formed contempor-
aneously with their host rocks. Th i.s was followed, in 1958, by Oftedahl's 

of ("'xhaiative sedimentary ores in which base metal accumulations were 
to have been produced by sea-floor fumaroles of volcanic origin. 

Thus, when the Canadian Institute of Mining and Metallurgy held its 1959 
symposium on liThe Occurrence of massive sulphide deposits in Canada" in 
1959 (C.I.M. Bull., Feb. 1960), although most authors tenaciously clung to 
the hydrothermal replacement theory, several advocated a close genetic rela
tionship between massive sulphide ores and volcanism. Stanton (1959). in 
particular, strongly supported a volcanic-exhalative and biologic origin for 
ore 5 in the Bathu rst a rea of New Brunswick. H~ later (1960) expanded this 
concept for all orebodies of the "conformable pyritic l

' type. 
By 1960, Gilmour had applied Oftedahl ' s and Stanton's concepts to 

th e Noranda a rea but did not publ ish his conclu sions unti ~ 1965 at wh ich time 
he remarked (Gilmour, 1965): /lit is that the massive 
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sits were formed on or near the surface through the agency of fumal'olic 
emanations. II Similar dews were expressed by Goodwin (1965) with reference 
to base metal deposits in the entire volcanic belt from Noranda to Timmins. 
The volcanic exhalative concept gaiof>d ready acceptance among economic 

ists and its tenets were applied to sulphide ores 
of Matagami Lake and Val D'Or districts of Quebec (Latulippe, 196£'). 

In general terms, the volcanic exhaLative theory advocates that 
massive sulphide or:.: formation is an ~ntegral pad of, and coevaJ with, the 
volcanic complex in which the deposits occur. ThE' cornmon occurrence oC 

several 0 r('bodies at 0 r near the same stratigraphic horizon over large areas, 
the consistent relation between stratigraphy and zoning of the ores, and the 
widf'spread aS50ciahon with silicic volcanism, combine to make adeep-seated 
site ot 0 re formation untenable. 

The exhalative concf'pt does not differ markedly from the dassical 
hydrothf'rmal replacement theory in terms of process; in both instanc("s, ore 
deposition was (rom hydrothermal solutions originating within the crust of 
the earth and rising along tl'actures or other zoneS of weaknC'ss. The main 
pOint of deparbll'e bdween the two theories is the site or the of are 
dC'position relative to the host r(")Cks. Tn the exhalative theory, ore deposition 
takes plac(' at or near the volcanic rock-seawater interface between successive 
vo I canic episode s whe r('a 5 the h yd rothermal ists normally rega rd 0 re depos i-
tion as a secondary feature sed on the host rocks a considC'rable time 
after the~r formation and lithi.fication. Metal sulphide precipitation in both 
theories, however, was probably influenced by the held concepts of tem-
p<'rature and pressure gradients, dilution of OTe fluids, etc. 

For example, metal-bearing fumarolic exhalatiuns, issuing forth 
on the o("ean floor during a pt"riod of quiescence in the volcanism, are thought 
to have deposited sulphides at, or close to, the source orifice. Inmost cases, 

took place almost upon emanating [rom the fumarolic 
vent. Rapid cooling andlor dilution of the metalliferous solutions probably 
aided the p of The passageway th which the fluids 
ro se is now p resc rved as the alteration pipe stratigr aphicall y beneath many 
orebodies. Extensive leaching, metasomation, and replacement by ore sill-
phides took place within the pipe which clearly transects the host 
rocks. Upon issuance, however, are deposiHon was probably largely as a 
chemical precipitate and is pictured as being a heavy, somewhat gelatinous 
mud at the time of formation. Honnorez {1969) has described a pTe sent day 

ide deposit on the island of Vulcano, [rom fumaroles related 
to an 1890 volcanic eruption. 

The sulphide clasts which are found either in "mill-rock" andlor 
in the massive sulphide body itself, may have formed by any of several pro
cesses. Some may be the result of post-depositional slumpage and breccia-
tion of an original bedded ide layer such as described by ra (1970) 

to explain the brecciated nature of ore in the Shakanai mine in Japan. A vari
abon of thi 5 method WOUld be brecciation of a sulphide lave r by a later vol
canic explosion erupting underneath it. Clark (1971, p. 213) has suggested 
a third method involving 0 precipitation of in open fissure 
veins and breccia pipes. Continued depos:ition of (He minerals in these ver-
tical channels would result in blockage of the passageways, to an 
increase in pressure, and climaxing in one or rnore minor explosions which 
free the sulphide accumulations from the channel walls and dist ribute the sul-

breccia s a round the volcanic orifice(s) as a volcaniclastic. 
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Massive sulphide ores occurring in the volcanically derived sedi
mentary apron surrounding and/or mantling the volcanic complexes sddom 

include the stringer ore portion or alteration pipe' so cummun in the ores within 

the volcanic pile. If the alteration pipe is regarded as the source orifice' for these 
ores, then deposits in the mantling sediments probably represent solutions 
emanating [rom similar orifices remote from the site of sulphide deposition. 

The metal-rich solutions are pictured as moving away from the source, pos
sibly downslope on the ocean floor, to then collect, and later prC'cipitate sul

phidf's, in a slight hollow or other depression (Gilmour, J 971). Alternatively, 
the lack of an altpration pipe beneath some massive sulphide ores could be 
explained by early, submarine transport such as sliding down the volcanic 
slope, as suggested by Jenks (1971) and Scherme rhorn (1970), or stripping 
by tu rbidity currpnts (Suffel, 1965, p. 306). LatE' faulting could also account 

[or the lack of appreciable altpration bpneath the HornE' mine (Hodgco, 1967). 
Mention has been made earlier in this paper, in a discussion of a 

favourable hurizon [or sulphide bodies, that the exact relationship between 
exhalite (genprally chert and/or iron-formation of the oxide, carbonate, or 

sulphide facies) and economic massive sulphide bodies is not clear. Although 
many orebodies arc overlain by, Or grade lateraLly into, chert with~r without 
variable amounts of iron oxide or sulphide, it has yet to be demonstl-ated that 

these occurrences are tfw stratigraphic correlatives of any of th", widespread 
oxide, carbonate, or sulphide facies of iron-formation which are so chat-ac

teristic of Precambrian volcano-sedimentary basins. In spite of the great 
numb~'r of massive sulphide deposits and iron-formations in the Precambrian 
(the Superior Province is a good example), examples of where it is possible 
to "walk-out" oxidE' iron-formation through to a massive sulphide body, con
taining pconolnic amounts of base IT1etals, are extremely rare. Oxide facies 

can, however, be traced into sulphide facif's barren of base m"tals and, as 
Goodwin and Ridler (1970) and Ridler (1971a) have puinted out, this zonation 

may be indicative of a shelf-to-basintransition. As such, the barren sulphides 
facies may, by its presence, be a valuable indication of a depositional environ

ment favourable for sulphide accumulation irrespective of whether or not the 

barrC'n sulphides con.stltute lateral equivalents of the economic sulphide bodies. 
The pmpirical observation relating the spatial correlation between the two 
differing forms of sulphide deposits (metal-rich and metal-poor) has led 
Ridler (1971a) to sUlnmarize as follows: I'Vll1 1;rever a volcanic complex is 

within th(' sulphide or sulphidic carbonate facies and exhaling base or precious 
metals, significant mineralization may occur." If, in fact, the barren sul
phides arE' the stratigraphic, as well as the' gen('tic, equivalents of the mctal
rich sulphid" deposits, thpn, as Ridler (1970a) quite rightly points out, geo
chemical inve stigation of the regional exhalite may prove a rewarding explor
ation exercise. Since any single volcanic pile may be cornprised of one, two, 
or even three volcanic cycles, each containing on(' 0 r more exhalite horizons, 

demonstration that the "favourablco horizon" exhalite equivalent is geochemi
caJly distinctive [rom the other (barren) exhalites would constitute an excit
ing breakthrough in the exhalative concept of metallogenesis. Lickus (J965) 

and Sakrison (1966) have shown that the chemistry of a cherty tuffaceous 
layer, stratigraphically equivalent to the Vauze and Lake Dufault orebodies 
in the Noranda area significantly changps its character as the or" zones are 
app roached. This is a valuable observation because it at once renders the 
exhalite ("favourable horizon") amc;nable to exploration for "blind"orebodies. 
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COMPARISON WITH JAPANESE I<:UROKO OF-POSITS 

With the recent publication of the book '·Volcanism and ore genesis" 
(Tatsumi (cd.), 1970), Japanese geologists havc· revealed the extent of their 
excf'llent studies and descriptions of vulcanically-related ore deposits in Japan. 
Although several types uf minerali7.ation are induded in the book, of interest 
to the nresent study arp the commpnts relating to "Kuroko-type" deposits. 

Briefly, a Kuroko deposit is "<1 stratabound polymetallic mineral 
deposit genetically related to ~ubmarinC' acid vol canic activity of Neogene 
Tertiary in Japan" (Matsukuma and Horikoshi, 1970, p. 151). The unmeta
morphosed nature of these ores, together with their excellent clocumentation 
by Japanese geologists, has naturally led to the unofficial acceptance of these 
as the "type-deposits" for volcanogenic sulphide ores. It is therefore of 
interest to compare (and contrast) similar ores in the Precambrian with thusC' 
of the ty-pe locality. 

In 1970, the International Associationonthe Genesis of Ore Deposits 
(l. A. G. O. 0.), at the invitation of the Science Council of Japan, held its meet
ing in Japan. The authur was fortunate enough to atu·nd this meeting as well 
as partake in field trips to several KurokodC'posits. Thisprovidedanunf',,

celled opportunity to comparp and contrast geological features of thcse ores with 
Canadian Precambrian massive sulphide deposits, based on the author's own 
experience with tl,e latter. 

All the Kuroko cleposits uf Japan occur in association with Miocene 
volcanic rocks and fossiliferous sediments deposit('d on the eastern margin of 
a major geosynclinal basin. The depositional environment of the host rocks, 
on the basis of paleontological studies, is considered to be a warm inland sea. 
Paleontology has also sbown that Kuroko min'2ralization occurred within a 
relatively short period of time (Middle Miocene) over a strike-length of 

approximately 500 miles, the length of the so-called Green Tuff region of 
Japan. Within this "greenstone bplt" (to apply Precambrian terminology) more 
than 100 Kuroko-ty-pe occurrences are known but most are clustered into 8 or 
9 districts (Aoki, et~., 1970). 

Host rocks to the Kuroko deposits arC' acidic pyroclastic flows con
sidered to have been deposited from turbidity currents accompanying subma
rine eruption (Horikoshi, 1969). Much of the Kuroko mineralization shows 
close spatial association with lava domes or masses, particularly those show
ing evidence of explosive activity. 

Within the deposit, Kuroko orC's show a consistent stratigraphic 
succession of ore and rock types and an idealized, fully-represented Kuroko 
deposit would contain the following types in descending stratigraphic succes
s<on (Matasukuma and Horikoshi, 1970, p. 163): 

Hanging-wall: Upper volcanic and sedimentary formation. 
Ferruginous quartz zone: Composed chiefly of hematite, quartz and 

minor pyrite. 
Barite ore zonE>: Massive barite ore. 
Kuroko zone: Sphale rite -galena-barite. 
Oko zone: CuprifC'rous pyrite ores. 
Sekkoko zone: Anhydrite-gy-psum pyrite ore. 
Keiko zone: Copper-bearing, siliceous, disseminated and/or stockwork 

ore, 
Footwall: Silicified rhyolite and pyroclastic rocks, disseminated and 

veined by sulphides. 
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Fine laminations and compositional layering parallel to associated 
tuff beds, graded bedding of sulphide fragments, colloform textures, and 
penecontelnporaneous brecciation of sulphide lay"rs art" characteri:;tic fea
tures of the Kuroko and Oko ores. 

Composihonally, the ore deposits are zoned rOllghly in the follow
ing sequence (from top to bottom): barium, lead, zinc and copper. ,n the 
upper part of Kuroko ore, the predominant copper -bearing mineral is tetra
hedrite-tennantite while in the Oka and Keika ores chalcopyrite pr::dominates. 

Alteration directly related to mineralization generally consists of 
s [lic i fic aU on and a rg illl zatio n (mon trrlO rillonite - z eol i te and s e ri c it e - c hlo rite) . 
Argillization is usually more extensive in the rocks overlying the deposits and 
is considered by Japanese geologists to represent post-ore "leakagf>" of min
eralizing solutions. Silicification of ho,ot rock is most cornmon in the footwall 
to the orebodies and is an integral part of Keiko (siliceous copper) ore. Silica 
in the ferrugineous chert horizon overlying thp sulphide" ore may be the exhala
tive equivalent of the footwall silicification. 

To best explain all the g'·~ological features of Kuroko mineralization, 
Tatsumi and Watanabe (1970) proposed three main ore-fonning processes: 

1 Fis su re - filling, di 5 semination 0 r r epl acement by as cending ore - for ming 
fluids in pre-existent rocks or sediments (Kciko orebodies). 

2. Chemical precipitation from ore-forming fluids emanating onto a sea 
floor of pre-existing sediments or volcanic rocks (Kuroko and Oko 
orebodie s). 

3. Mechanical sedimentation of ore fragments formed by crushing of early. 

orebodies during precipitation or by later explosion. 
In some deposits, all three p ·ocesses appear to have contributed to 

ore deposition, in others only one or two appear to hiJ.ve been operative. 
Even this extremely brief outline of some of the main characteris

tics of Kuroko deposits reveals several features in common with Precambrian 
volcanogenic ores, namely: 

1. Both occur with calc-alkaline, submarine, volcanic rocks. 
2. Both show a tendency to occur in clusters or districts related to centres 

of volcanic activity. 
3. Both show a strong spatial correlation with the acidic, explosive phase 

of volcanism. 
4. Both consist of two main ore types, massive ore (Kuroko and Oko) and 

stringer ore (Keiko). The massive ore in both cases is essentially 
confo rmable with su l' rounding rocks whpr eas stringer or e clea rl y 
cross-cuts stratigraphy. The massive ore in both instances is banded. 

5. Both are frequently capped by a layer of ferruginous chert (hematite 
for the Japanese ores, magnetite for the Precambrian) which may 
extend beyond the limits of the orebodyand serves as a marker horizon. 

6. Both show a compositional zoning relative to stratigraphy with lead
zinc decreasing and copper increasing downward. 

7. Both are underlain by a zone of alteration enclosing the stringer-type 
ore. 

In view of these many points of similarity between Kuroko and 
Precambrian massive sulphide depOSits, there seems ample justification for 
comparing the two and, by inference, ascribing to thenl a similar mode of 
ongln. There are, however, several consistent, and therefore perhaps impor
tant, differences betw('en the two which may impose certain restrictions on a 
straight "one-ta-one" correlation between Kuroko and Precambrian ores. 
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1. Footwall alteration in Kuroko deposits is predominantly silicification 
(>90% Si02 ) of pre-existing felsic rocks whereas most Precambrian 
(mainl y Ar ch ean) footwall alte ration is cha ra cterized by magnesian 
metasomatism (Riddell, 1952; Lickus, 1965; Sakrison, 1966; Roberts, 
1966) ac companied by a marked .<:lec rea se in sil ica relative to the unal -
tered host rock. No explanation for this difference in alteration chem
istry is offered but, because rocks and ores in the two instances are 
separated by about 3.0 b. y. of earth history, it may be related to 
fundamental and long -term change s in earth chemistry whereby 
volcanic-related hydrothermal solutions may have changed with time 
in terms of major -element chemistry. 

2. Post-ore alteration, which can be directly related to mineralization, 
of hanging-wall rocks is rare (or largely unrecognized) in the 
Precambrian but common in the Kuroko. The difference, however, 
may be more apparent than real because mineralogical alteration of 
hanging-wall rocks may conceivably be more obvious in the younger 
rocks where direct comparison with fresh, unaltered rocks is possible. 
The pervasive mineralogical breakdown in Precambrian volcanic rocks 
may have effectively masked any subtle alteration of rocks immedi
ately overlying the orebodies. At the present state of knowledge, how
ever, hanging-wall alteration related to mineralization is not a recog

nized feature of Precambrian massive sulphide ores. Although 
hanging-wall. chemical alteration of both the Vauze and Lake Dufault 
orebodies has been documented by Lickus (1965) and Sakrison (1966), 
the alteration is very sporadiC and confined to only a few feet above 
the ore contact. 

3. Assuming, for the present, that chalcopyrite-pyrite-quartz (Keiko) 
stringer ore is the equivalent of the Precambrian chalcopyrite-
pyl rhotite-chlorite stringer ore, than all the major ore types in Kuroko 
deposits (Kuroko, Oko, Keiko) can be matched with their counterparts 
in the Precambrian. However, the Japanese Sekk{)ko (or Sekko) ore

type, consisting of bedded anhydrite and gypsum, does not have an 
equivalent in the older sulphide masses. In fact, bedded sulphates of 
any kind are unknown in the Archean which contains the bulk of the 
known Canadian Precambrian massive sulphide ores. Since sulphur 
isotope studies of Sekkoko ore (Sakai, ~ al., 1970; Tatsumi, 1965) 
suggest the sulphate is derived from seawater, the lack of sulphates 
in the Archean may indicate a corresponding lack of sulphate in Archean 
oceans possibly resulting [rom a low oxygen content in the atmosphere 
at that time. Hence, the absence of Sekkoko-type bodies associated 
with Precambrian volcanogenic ores may be attributed more to the 

chemical evolution of the earth's atmospheric and oceanic composi
tions than to major differences in ore-forming processes in Tertiary 
and Precambrian deposits. 

4. Although the major ore-types (with the exception of Sekkoko) are com
mon to both, the relative abundances of certain minerals differ between 
the Canadian and Japanese ores. For example, bornite and tetrahedrite
tennantite are commonly major constituents of Kuroko deposits but 
are rarely n10re than accessory minerals in the Precambrian ores. 
Similarly galena and barite, the fonner a minor, and the latter sel
dom, a constituent of Precambrian massive sulphide ores, comprise 
the major portion of the massive Kuroko ore. The reason for the 
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paucity of bornite and tetrahedrite-tennantite in Precambrian ores is 
not clea r but absence of ba rite may, as with anhyd fite and gypsum, 
reOed a lack of sulphate in early Precambrian seas. Similarly, the 
lack of lead in the ancjent ores may be a function of long-term geo
chemical evolution because the crust (and/ or mantl~) would not have 
had time to generate and accumulat(' lead produced by radi.oactive 
decay of uranium and tho rium. Since the earth! 5 over -all II) ead budget II 
is continually increasing by this process, the paucity of lead in the 
early Precambrian, like the paucity of sulphate, can probably be 
attributed to over-all changes in earth chemistry. If this premise is 
accl"pted then, in spite of these major differences in mineralogy, com
parison of the Tertiary and Precambri.an ores would stUI be justified. 

In contrast to the above trvnd of a more varled assemblage in the 
Tertiary ores, pyrrhotite, a very abundant mineral i.nmost Precambri.anores, 
is a rare constituent in the Japanese ones. Pr-imary pyrrhotitedoesnotoccur 
in KUI"oko ores; minor occurrences of secondary pyrrhotitE' have been reported 
as the products of thermal alte ration of pyrite by nearby post-ore dykes, This 
absence of primary pyrrhotite in Kuroko ores may suggest that pyrrhotite in 
Precambrian deposits is largeLy or entirely the result of regional metamor
phism, even in depo sits in areas of low-grade metamorph ism such as Vauze 
and Mattagami Lake. Conver-s el y, the Precamb rian py r rhobte could in la rge 
part, be primary and indicative of a slightly different depositional environ
ment relative to the Kuroko. 

In summa ry, although the Ku roko depo sits compa r"e favou r ably with 
Precambrian massive sulphide counterparts in most of their major features, 
the Precambrian ores, particularly those in the Archean, possess unique pro
perties which must be taken into consideration before r igo rously equating the 
tvJo. The relative lack of lead and sulphates and the predominantlyMg- instead 
of 5i - metasomation in the footwall rocks are characteristic of the older 
Precam.brian ores. In the author's opinion, these chemical characteristics 
are I'restraints" imposed on the bulk compositions of Archean ores by the 
primitive geochemical evolution of the Earth and its atmosphere at that time, 

If, as proposed earlier, volcanogenic massive sulphide ores have, 
in fact, fo rmed from submarine exhalation s, perhaps the chemical di fference s 
between Precambrian and Kuroko ores are manifestations of the geochemical 
evolution of the earth's lithosphere', hydrosphere, and even atmosphere::. 

THE SULLIVAN MINE - AN EXHALATIVE DEPOSIT 

IN NON- VOLCANOGENIC ROCKS 

Occurring in argillites and siltstones of Prote'rozoic (Helikian) age, 
the Sullivan mine has produced more than 100 million tons of lead, zinc, and 
silve r 0 re, 'making it one of the largest lead -zinc mines in Canada today, The 
mine is situated on the east 9ide of the Purcell anticlinorium in southeastern 
British Columbia (Fig. 2, no. 69), The lowermost Purcell, the Aldridge 
Formation, is at least _5,000 feet thick and the lowermost portion consists 
principally of grey-green, rusty weathering, thinly. interbedded impure fine
grained quartzite, siltstone, silty argillite, and argillite (Freeze, 1966). The 
Sullivan mine OCCUt"S near the top of the lusty weathering Lower Aldridge. 

The deposit has bf..·en described by several a.uthors (SwansC'11. and 
Gunning, 1945; Carswell, 1961; Freeze, 1966) andthe (ollowingbrief descrip
tion o( the deposit is paraphrased from Leach and Wanles~ (1962: p. 250). 
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'The ebody occurs within a stratigraphic 7.,one 200-300 feet 
thick and has bc('n mined (or about 6,000 feet along st r ike and 4,500 feet down 
d It i thu In general coo(o rmity with the strata, although the strat igr.aphic 
position of greatest sul {' concentration varies slightly (rom place to 

.. Within individual ore bands the' conrormability of sul 5 and 
mpres ve. Only a relatively small rart of the' orc is in veins cut

metasedimenta ry rocks. 
I ThL P rind pal sul phidC' arc ena, sphaJ t: r ite. pyr rhot ite, and 

pyr ... Magnetite is comlrlon but not quantitatively important, and cassi-
occu rs in small but commc r ic all 

st of the () re is distlnc 
from a fraction of an inch to morc 
ting r ropo rtions and [suI phid es 

layering in the sulphides r 
'Tr.e ot"iginal shape 

a zonal distribution 
cent ral z.one cons i st 5 al mo st enti r 

a symmetrical 
e the ratiun Pbl Zn is g reate st 

tow a r d the per r y 0 f the d e po s 

amounts ... 
ayers, whose thickness 
consist of sui ide-s n 

with Hletasedimcntary 
the st rock ... 

rcntlyeli coidal 
A relativC'ly 
and various 

the 
dccreasC's 

Beneath the central part the and eh"tend for mor(' 
than 1,500 feet below the footwall f the ore zone, is a roughly funnel-shaped 
Z.one of tourmalinized wall-rock. Alteration the hanging-wall has affected 
considerably less rock and has resulted in chloritization and albitization of 
the metasediments more-or-Iess directly above the "iron zone" in the are and 
the central part of the tourmaline alteration II Consideration of the 
g ical relationships described above and shown in 11 suggests that 
formation of Sullivan orebody may similar to that of the volcanic exhalative' 
type of Stanton (1960) and that ore deposition was essentially contemporaneous 

sedimentat of the nost arg lite. In thi genetic model, the 
tourmaline-rich pipe would represent the feeder zone through which the' ore-

reach the sea floor, at 
zonal ar range 

central pa 
hot minera~ 

feed 

and albite in the sediments above the central zone repre 
I amounts of post-ore "1 " of the (by then) barren 

These solutions, which produced tourmaline ((Na, Ca) (AI, 
in the hotter environment of the {eC'der zone, would, when pass 

the sedimentary ic environment above the ore horizon, be 
constituted into chJo rite ((M~. Fe) (AI, Fe) 1 O(OH) and albite ((Na, Cal 
A 1 tT'.inerals which are under se less conditions 
diagenesis and sedimentation. Boron, a natural constituent of seawater, 
would e cape into the Proterozoic seas. 

Besides the Sull ivan, at least three other small orebodies 
r in the Ald and bear many similarities to the main Sullivan ore 

These 0 es, as well as the ubiquitous iron disseminated throughout 
Lower Aldridge and which gives characteristic rusty weathering 

appearance, are considered to have reached their present position 
manner to of the Sull ivan i, e. 
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fractures tothe sea [loor whereupon the metals wert: deposited contempora
neously with sedimentation. A similar origin fOr the Sullivan deposit has 
recently been proposed by Gilmour (197 1). 

The tourm.al in(; zone beneath the orebody (analogous to the chlorite 
alteration pipe beneath massive sulphide ores in vol ca.nic roc ks). the metal 
zoning, the relativE' lack of alteration on the hanginr-wall, and the massive, 
di srupted natu,·f' of the orE' in the central part of thE' body (over the postulated 
feeder pipe) giving way laterally to increased banding and continuity of layers 
on the fringe of the are (quieter depositional environment ?) all combine to 
make an exhalative theory of 0 rigin reasonably plausibl e. 

The major di.[fereoce between the Sullivan orebody and the "normal If 
volcanogenic massive sulphide bodies described in the previous chapters is, 
in the authorl s opinion, the depositional environment. A f(;w volcanic layers 
occur in the Purcell sc-quence but are insufficient to classify either the host 
rocks or the environment as volcanogenic. In fact Price (1964) has suggested 
that the Aldridge rocks were depositE'd mainly in a deltaic depositi.onal envi
ronment. Recently, Kanasewich (1968) postulated, on the basis of deep seis-· 
mie reflections, that a P'·ecambrian rift valley may exist beneath southern 
Alberta and British Columbia. The position of the rift is such that the Sullivan 
orebody is situated just within the north edge, leading Kanasewich to specu
late that the deposit was fOrmed in an ancient rift in a manner similar to that 
occurring at present for the Red Sea hot metalliferous brines (Degens and 
Ross, J 969) i. e. that metalliferous solutions rose along deep-seated fractures 
in a rift, 0 r ocean floo r spreading, tectonic environment and deposited metals 
directly on the ocean floor. The process is entirely analogolls to that postu
lated for the volcanogenic massive sulphides, the only difference being that, 
for the latter, the process was operative in an active, eugeosyndinat, vol
canic, possibly island arc environment. Tr.€ similarity in ore-forming pro
cesses, however, has resulted in deposits with many parallel internal fea
tures as discussed above. For these reasons, then, Sullivan is regarded as 
being of exhalative origin but in a sed imentary, rather than volcanic 
envi ronment. 

Table I 

Major sulphide mineral content of selected Precambrian 
massive sulphide ores (as per cent o( total sulphides) 

Pyrite Pyrrhotite Sphalerite Chalcopyrite Reference 

Ceco SO 17 20 10 Milne, 1969 

Lake Dufault 39 14 26 20 Pu rdie, 1967 

Rod 30 12 15 40 Coatset~., 1970 

Coronation 2S 13 62 Whitmore, 1969 
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Table II 

Minor metallic minerals in selected massive sulphide ores 

Texas Gulf Sulphur 
Chisel Lake Lake Dufault (Kidd C reek) Coronation Zenmac 

Arsenopyrite Argentite 

Bournonite Chal coc ite 

Native gold Cubanite 

Altaite Dysc rasite 

Hessite Galena 

Tennantite Mac kina "Wi te 

Geoc ronite Silve r 
antimonial 

Arsenic Stannite 

Tetrahedrite Magnetite 

Boulangerite 

Pyrargyrite-
proustite 

Cassiterite 

Rutile 

Covellite 

Digenite 

Marcasite 

Acanthite 

Arsenopyrite 

Stromeyerite 

Native silver 

Bornite 

Galena 

Table III 

Arsenopyrite 

Cubanite 

Marcasite 

Native gold 

Magnetite 

Ilmenite 

Hematite 

Cassiterite 

Spinel 

Violar ite 

Magnetite 

Ilmenite 

Possible metamorphic equivalents of primary rock types 
commonly associated "With Precambrian massive sulphide 
deposits (modified slightly from Hutchinson, 1970) 

Primary or Low-Grade 
Metamorphic Rock 

Chert 

Pyritic, cherty iron
formation 

Rhyolite } 

Rh yolite tb~~efcc I" a 
Rhyolite , 

Rhyolite agglomerate 

Andesitic tuff 
(chlo rite - schist) 

Andesite (chlorite
schist) 

Basal t (chio rite - sch ist) 

Medium-Grade 
Metamorphi sm 

Siliceous schist 

Pyrite -pyr rhotite
magnetite mica schist 

Quartz -feld spar
sericite gneiss 

Bio tite - chio rite -quartz 
schist 

Epidote -plagioclase
amph j bo lite 

Epidote amphibolite 

High -Grade 
Metamorphism 

Quartzite 

Pyr rhotite -magnetite 
mica quartzite 

Quartz-feldspar gneiss 

Biotite -quartz gneis s 

Hornblende -plagioclase
amphibolite gneiss 

Amphibolite (gn~'iss) 
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