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Preface

This publication includes one final report on a research project 
that terminated March 31, 1981 and was funded under the Ontario 
Geoscience Research Grant Program. A requirement of the Program 
is that recipients of grants are to submit final reports within 
six months after termination of funding.

A final report is defined as a comprehensive summary stating the 
findings obtained during the tenure of the grant, together with 
supporting data. It may consist, in part, of reprints or preprints 
of publications and copies of addresses given at scientific meetings.

It is not the intent of the Ontario Geological Survey to formally 
publish the final reports for wide distribution but rather to 
encourage the recipients of grants to seek publication in appropriate 
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made available to the public at an early date. Although final 
reports are the property of the applicants, and the sponsoring 
agencies, they may also be placed on an open file. This report 
is intended to meet this obligation.
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Project Review

The grant was awarded initially in May 1978, for a 

period of one year, and subsequently new funds were made 

available in the following two years, so that the period of 

the research funded by the Ontario Geoscience Research Grant 

Program (O.G.R.F.) was from May 1978 to March 31, 1981. 

Subsequently, the research program was continued for an 

additional two year period with the financial support of 

Campbell Red Lake Mines Ltd and Dickenson Mines Ltd., in 

accordance with the stated purpose of the O.G.R.F., which 

was to provide "seed money" for continued research programs.

The results of the research funded by the O.G.R.F. are 

reported in the following published papers, copies of which 

are attached in Appendix I.

MacGeehan, P.J., and Hodgson, C.J., 1982:
Environments of gold mineralization in the 
Campbell Dickenson i*ines, Re^ Lake, Ontario: 
In: Geology of Canadian Gold Deposits, Canadian 
Inst. Mining Metall. Sp. vol.24, p.184-207.

MacGeehan, P.J., Sanders, T., and Hodgson, C. Jay., 
1982: Meter-wide veins and a kilometer-wide 
anomaly: wall rock alteration at the Campbell Red 
Lake and Dickenson gold mines, Red Lake District, 
Ontario. Bull. Canadian Inst. Minin Metall., 
v.75, No.842, p.90-102.

MacGeehan, P.J., and Hodgson, C.J., 1981:
The relationship of gold mineralization to the 
volcanic and metamorphic features in the area of 
the Campbell and Dickenson Mines, Red Lake 
District, Ontario in Pye, E.G. and Roberts, R.G. 
(eds.) Genesis of Archean, volcanic-hosted gold 
deposits, Ontario Geological Survey, 
Miscellaneous Paper 97, p.94-110.

Rigg, D.M., and Helmstaedt, H., 1981.
Relations between structures and gold 
mineralization in Campbell Red Lake and Dickenson 
Mines, Red Lake, Ontario. Ibid, p.111-127.
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In addition brief reviews of the progress of the 

research are reported in the Geoscience Research Grant 

Program, Summary of Research for 1978-79 (Ontario Geol. 

Survey Misc. Paper 87, p.21-22), for 1979-80 (Ontario Geol. 

Survey Misc. Paper 93, p.111-121) and for 1980-81 (Ontario 

Geol. Survey-Misc. Paper 98, p.132-143.

One unpublished thesis provided the basis for the 

published paper of Rigg and Helmstaedt:

Rigg, D.M. 1980:
Relationship between structure and gold 
mineralization in the Campbell Red Lake and 
Dickenson Mines, Red Lake District, Ontario. 
Unpubl. M.Se. Thesis, Queen's University, 153p.

In the course of the research, a great deal of detailed 
geological mapping was done, both underground in the mines, 
and on surface and a large number of rock samples were 
analysed. Most of the significant information in this data 
is summarized in the above publications, however data 
pertaining to some features, for example, the chemistry of 
the siliceous altered and gold-mineralized rocks, is still 
being assessed. The "raw data" assembled when the research 
program was funded by the O.G.R.F., i.e. 19 maps showing 
lithological patterns, and sample locations, and the 
chemical analyses, are on file at the Mines Library, Ontario 
Geological Survey, 77 Grenville Street, Toronto, MSS 1B3, 
and the Resident Geologists Office, Box 5003, Red Lake, 
Ontario, POV 2MO. The maps are titled as follows:
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Map 1: Surface Geology of Balmertown Area, Campbell Red

Lake - Dickenson Mines, Scale l inch to 500 

ft.

Map 2: Detailed Surface Geology of Balmertown Area 

Scale l inch to 100 ft.

Map 3: Detailed Surface Geology, Campbell Red Lake Mines, 

Scale l inch to 100 ft.

Map 4: South C Zone, 15th Level, Dickenson Mines, 

Scale l inch to 2 ft.

Map 5: F-A Vein System, 14th Level, Campbell Red Lake 

Mines, Scale l inch to 2 ft.

Map 6: 1421 W. Dr., Campbell Red Lake Mines, Scale l inch 

to 30 feet.

Map 7: 2151 Area, 21st Level, Campbell Red Lake Mines, 

Scale l inch to 30 ft.

Map 8: 14th Level Geology, Campbell Red Lake Mines, 

Scale l inch to 100 ft.

Map 9: 2151 W. Stope, 21st Level, Campbell Red Lake Mines, 

Scale l inch to 5 ft.
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Map 10 1421-2 W f 1456E Dr, "L" Zone (NE Sheet of 4 Sheets), 

14th Level, Campbell Red Lake Mines, Scale l 

inch to 5 ft.

Map 11 1451E, 145NXC; "L" Zone (SE Sheet of 4 sheets)

14th Level, Campbell Red Lake Mines, Scale l 

inch to 5 ft.

Map 12 1456E, 1451-1 W DR; "L" Zone (NW Sheet of 4 sheets) 

14th Level, Campbell Red Lake Mines, Scale l 

inch to 5 ft.

Map 13 1451E DR; "L" Zone (SW sheet of 4 sheets) 14th

Level, Campbell Red Lake Mines, Scale l inch 

to 5 ft.

Map 14 14th Level, "G" Zone (N Sheet of 2 sheets)

Campbell Red Lake Mines, Scale l inch to 5 ft.

Map 15 14th Level; "G" Zone (S. Sheet at 2 sheets)

Campbell Red Lake Mines, Scale l inch to 5 ft.

Map 16 1461 W Dr. (NW Sheet of 4 sheets), 14th Level, 

Campbell Mines, Scale l inch to 30 ft

Map 17 Area N-NE of SHAFT (NE sheet ^f 4 sheets), 14th

Le "- 1 , Campbell Red Lake Mines, Scale l inch 

to 30 ft.
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Map 18 1402W, 1425 W Dr. (SW sheet of 4 sheets), 14th

Level, Campbell ~ed Lake Mines, Scale l inch to 30 

ft.

Map 19 1402E, 1402W Dr. (SE Sheet of 4 sh^ts) , Campbell 

Red Lake Mines, Scale l inch to 30 ft.
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Environments of Gold Mineralization in the
Campbell Red Lake and Dickenson Mines,

Red Lake District, Ontario
PJ. MacGEEHAN* and C. JAY HODGSON

Department of Geological Sciences, Queen's University
Kingston, Ontario

ABSTRACT
. The gold ore zones of the Campbell and Dickenson mines oc 
cur within a km-wide, 2 /cm-long zone of highly altered and 
anomalously fissile and deformed volcanic and subvolcanic in 
trusive rocks, cut by a series of mainly post-deformation mafic 
and quartz-feldspar porphyry felsic dykes.

Three main periods of gold ore-forming hydrothermal ac 
tivity are recognized. In the first, the mine rocks were exten 
sively altered and gold and arsenic enriched; syn-volcanic 
auriferous veinlet and low-grade chemical sedimentary ores 
were deposited in what was a major discharge zone of a sub 
marine hvdrothermal system. The chemical sedimentary ores 
are closely associated spatially and temporally with domal 
rhyolitic extrusions. Because of its mechanical and chemical 
properties, this synvolcanic alteration zone became the locus 
of later deformation, and the site of the generation of 
auriferous hydrothermal solutions, perhaps by pressure solu 
tion processes at depth. These solutions deposited, syn 
chronously with deformation and metamorphism, the second 
and most economically important type of ore zones in the 
mine: large foliation-parallel and foliation-oblique banded 
carbonate- 'chert' fissure-filling veins.

In the third and final mineralizing event, high-grade, pipe- 
shaped zones of siliceous replacement-type mineralization, 
and quartz-arsenopyrite-gold veins, were superimposed on the 
previous mineralization types after most of the deformation, 
but before the emplacement of the late dykes. The source of 
heat and also possibly the fluids for the third mineralizing 
period may have been the dyke-forming igneous activity. The 
textures and mineralogy of the banded carbonate- 'chert' veins 
suggest a near-surface (<3 km) environment of deposition, 
but their relationship to the fabric of their host rocks indicates 
they were emplaced in an environment, presumably at con 
siderable depth (5-10 km?), in which the rocks were undergo 
ing intense penetrative deformation. This anomaly is unresolved.

Introduction
Mine and exploration geologists have long recognized the com 
plexity of the geology of gold deposits in Archean greenstone 
belts. The age-old saying that 'gold is where you find it' cor 
rectly emphasizes this complexity, and the general inap 
plicability of simple geological models of gold exploration. 
The difficulty in predicting the distribution of gold is, in part, 
an inevitable result of the value attached to a metal with such 
low natural elemental concentrations, but it also reflects the 
multiplicity of geological environments in which gold deposits 
are formed. For example, Karvinen (1978, 1980) has documen 
ted the superposition of syn-volcanic by metamorphogenic 
gold ores in the Timmins district, and the occurrence of these 
two genetically different ore types appears to be almost a cha 
racteristic of volcanic-hosted gold deposits in the Superior

•Now with Western 
Western Australia.

Mining Corporation Limited, Kalgoorlie,

Province of the Canadian Shield (Hodgson and MacGeehan, 
1980, and this volume)

Nowhere is the complexity resulting from the superposition 
of several different stages of gold mineralization better ex 
emplified than in the gold orebodies in the Campbell Red Lake 
and Dickenson mines, the two current gold producers in the 
Red Lake District, Ontario. The two mines contain over 17 
gold-bearing ore zones, and have a combined production of in 
excess of 7 million ounces (218 million grams) of gold to date 
(Bertoni, 1980). The ore types include a minor component of 
interflow chemical sediment hosted ore of possible exhalative 
origin, a series of major auriferous metamorphogenic fissure 
veins, and several economically important zones of siliceous 
replacement-type mineralization, all of which occur within a 
linear deformed zone which transects a sequence of mafic to 
felsic volcanic flows, differentiated mafic to ultramafic sills, 
and volcaniclastic and volcanogenic exhalative sedimentary 
rocks (MacGeehan and Hodgson, 1980). Although initially 
developed to exploit a number of northwest-trending fissure 
veins, it was only after the mines had been in production for 
many years that the full potential of the ground was finally 
realized. As a result, a series of major new ore types has been 
discovered, right up to the present day, in areas within and ad 
jacent to the mine workings.

It is the purpose of this paper to describe the geological set 
ting of the mines, and the main geological and chemical 
features of the major ore types, by considering examples from 
different ore zones. We attempt to relate the several phases of 
gold mineralization to the geological evolution of the area, and 
to the geological processes which caused the development of 
the distinctive geological environment in which the gold 
deposits are situated.

Regional Setting
The Red Lake gold mining camp is 130 km north of Kenora, 
Ontario, within an enclave of Archean volcanic and sedimen 
tary rocks (Fig. 1) which forms a western extension of the 
Birch - Uchi Lake greenstone belt (Goodwin, 1977). The area 
is one of the major Canadian gold mining camps, containing 
15 current and past-producing mines, and 26 additional major 
prospects. Although the structure of the area is still poorly 
understood, the stratigraphic succession (Pirie, 1980) appears 
to consist of a lower sequence of dominantly mafic tholeiitic 
and ultramafic komatiitic volcanic rocks and subvolcanic in 
trusions, with lesser amounts of intercalated clastic and 
chemical sedimentary rocks, and felsic flows and intrusions. 
Overlying the lower sequence is an upper sequence of calc- 
alkalic mafic to felsic volcanic rocks and abundant clastic and 
chemical sedimentary rocks. The entire succession is cut by a 
large felsic stock, the Dome stock, and a number of associated 
intrusions, the largest of which is the Howey diorite (Hor 
wood, 1945).

The gold deposits of the district occur in a number of 
geological settings, the economically most important of which 
is large fissure vein systems, as in the Campbell and Dickenson
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FIGURE 1. Simplified geology of the Red Lake Greenstone belt, modified from the O.G.S. Geological Compilation Map 2175. The 
mafic and felsic volcanic rock units correspond lo the lower tholeiitic and komatiitic and upper calc-alkalic sequences of Pirie (1980). 
Most of the meiasedimentary rocks, with the exception of those occurring immediately east of the Dickenson mine, form part of Pirie's 
upper sequence.

mines. However, important production has also come from 
disseminated auriferous pyritic zones in tuffs and pyritic 
chemical sedimentary rocks ('iron formation'), as at the 
Madsen, Staratt-Olsen and Cochenour-Willians mines, and 
from fissure vein systems and vein stockwork zones within, or 
closely related to, the Dome stock and associated intrusions as 
at the Howey, Hasaga, Red Lake Gold Shore and Mackenzie 
Red Lake mines. All of the economically significant deposits 
discovered so far appear to occur near the contact of Pirie's 
(1980) lower tholeiitic-komatiitic and upper calc-alkalic se 
quences. The two deposits described in this paper are the only 
mines currently in production and occur within the upper part 
of the lower sequence in Balmer Township, in the eastern part 
of the Red Lake area (Figs, l, 2).

Geological relationships within Balmer Township are shown 
on Figure 2, based on l:10,560-scale mapping of the entire area 
by Pirie and Grant (1978), and l: 1,200-scale stratigraphic 
mapping by MacGeehan in 1978 and 1979, and by Thompson 
in 1979 on the Campbell mine property. The entire succession 
faces south. MacGeehan and Hodgson (1980) have divided the 
rocks of Balmer Township, which form the upper part of 
Pirie's (1980) lower mafic-ultramafic sequence, into three 
lithological domains: the Western Volcanic Complex (WVC), 
the Central Sedimentary Belt (CSB) and the Eastern Volcanic 
Belt (EVB). A fourth domain, the Southern Volcanic Belt 
(SVB), forms the lower part of the upper calc-alkalic sequence 
of Pirie (1980). In general, the volcanic rocks strike between 
0900 and 1000 , parallel to a penetrative cleavage and to the 
elongation direction of individual pillows (Fig. 3). However, 
both the flow contacts and cleavage swing north to about 125 0 
to ISO 0 in the northeastern part of the township, and in the 
area bordering the CSB. The rocks of the CSB are intensely 
deformed, with an early cleavage (SI) that is axial planar to

large folds in bedding, being later refolded on southwest- 
trending axial planes (Fig. 4). Only one cleavage is generally 
developed in the volcanic rocks and associated intrusions in 
most areas, but two superimposed cleavages occur in discrete 
northwest-striking zones of anomalously fissile volcanic rovk, 
the largest of which hosts the auriferous vein systems of the 
Campbell and Dickenson mines.

Geological Setting of the Mines
The orebodies at the Campbell and Dickenson mines are at the 
eastern border of the WVC, which is composed of massive to 
pillowed basalt, with lesser andesite and rhyolite, and minor 
interflow chemical and volcaniclastic sedimentary rocks. These 
units are intruded by concordant sills ranging from ultramafic 
to gabbroic ('diorite') in composition, and by a large, but 
poorly exposed, mafic-ultramafic intrusion, outlined by dia 
mond drilling under the southwest end of Balmer Lake (Fig. 
2). All of the rocks formed during volcanic activity are cut by a 
series of mafic to felsic dykes which were emplaced after the 
rocks had been deformed, but before the cessation of 
metamorphism.

An interpreted stratigraphic section looking north through 
the volcano-sedimentary sequence (Fig. 5) illustrates the pro 
bable volcanic stratigraphy and the geological setting of the 
area. The eastern border of the WVC appears to mark an 
abrupt lateral facies change from a site of active submarine 
volcanism to one of dominantly sedimentary accumulation, 
because clastic interflow sedimentary rock units in the Dicken 
son Mine appear to grade eastward into graded wacke- 
mudstone units intercalated with chemical sedimentary rock 
units in the CSB, which in turn are intercalated with mafic 
flows in the EVB (Fig. 5). Several lines of evidence, including 
the eastward pinching-out of rhyolite units, the thickening and
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pinching-oul of individual pillowed Hows, the changing pro 
portion of volcaniclastic material, and the eastward gradation 
from coarse epiclastic conglomerates and wackes to finer 
mudstones, indicate the WVC was a topographic high, from 
which detrital material was shed downslope into an adjacent 
sedimentary basin (CSB), which remained approximately fixed 
in space during a continuous period of volcanic activity.

The C'SU is a wedge of epiclastic conglomerates and grey- 
wackes flanking the WVC in the region of the Dickenson mine 
that grades eastward into graded wackes and mudstones. 
These are intercalated with chemical sedimentary rocks, in 
cluding cherts, cherty carbonates, and sulphide and oxide iron 
formations, in the central part of the CSB. Most of the 
chemical sedimentary rocks exhibit graded bedding, convolute

3,000 m.

l-.vH Gabbro, some ultramafic

I^H Felsic intrusions; includes some extrusive rock

m Intermediate extrusive rock.mainly pyroclastic

;*AH Rhyolite flow 

Basalt

Sediments

FIGURE 2. Geology of the western part of Balmer Township, simplified from Pirie and Grant (1978), and with additional information 
from mapping by MacGeehan in 1978 and 1979, and by Thompson in 1979. WVC-Western Volcanic Complex; CSB-Central Sedimen 
tary Belt; EVB-Eastern Volcanic Belt; SVB-Southern Volcanic Belt. Mappable subunits of EVB basalts: VZB-variolitic basalt; AB- 
aphyric basalt; PLB-plagioclase-phyric basalt; PUB-intensely altered aphyric basalt; LPL-plagioclase-microphenocrystic aphyric 
basalt; LPX- pyroxene- microphenocrystic aphyric basalt; GB-basal t containing single elongate ferromagnesians and plagioclase, set in 
a quartzo-feldspathic matrix. From Hodgson et al., 1980, modified after MacGeehan and Hodgson, 1980.
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laminations, and slump, scour and breccia structures, in 
dicating they were iiK.clia'iically transported into the sedimen 
tary basin by density currents from an initial depositional site 
on the flanks of the adjacent volcanic complex. These tur- 
bidites are interbedded with fine-grained, but non-graded, 
chemical sedimentary rocks, and are transected by syn 
sedimentary breccia dykes containing both locally derived and 
exotic clasts of bedded chert and iron-rich chemical sedimentary

rocks, set in a black siliceous and sulpliidic matrix. The breccia 
dykes arc flanked by bleached alteration zones and appear to 
have been formed by syn-volcanic hydrothermal activity which 
occurred within the CSB.

A series of thin pillowed basalt flows which thicken 
eastward (EVB) intercalate with the sedimentary rocks of the 
CSB along the eastern border of the CSB (Fig. 5). Several of 
these flows are distinctive stratigraphic markers that have been

n*20 n-45

BEDDING

a) Western Volcanic Belt(WVB) 
N

n-24

n-8

BEDDING

b) Eastern Volcanic Belt (EVB) 
N

n-44

c) Southern Volcanic Belt 
N

CLEAVAGE

n*24

CLEAVAGE

FIGURE 3. Lower-hemisphere equal-area pole plot of bedding and cleavage orientations in surface outcrops of the volcanic rocks in 
Balmer Township. Bedding orientations are based on the elongation direction of pillows where facing directions could be determined. 
From MacGeehan and Hodgson, 1980.

n-110 n-45

a) Bedding b) Cleavage

FIGURE 4. Lower-hemisphere equal-area plot of bedding and SI cleavage orientations in surface outcrops of 
sedimentary rocks of the CSB in Balmer Township. SI cleavage is axial planar to the earliest folds iq bedding. 
From MacGeehan and Hodgson, 1980.
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PROXIMRL 
Western Volcanic Complex

Mineralized Zones at the Campbell 
and Dickenson Mines DISTAL 

Eastern Volcanic Belt

Feeder Sills

miles
Approximate scale

kilometers
1

FIGURE 5. Interpreted restored stratigraphic section looking north through the volcano-sedimentary sequence in Balmer Township. 
Rock unit symbols as in Fig. 2, except VA - variolitic andesite; cumulate zones in intrusions: filled squares s* cumulate pyroxene; open 
squares = cumulate plagioclase. Cross-correlation between the VVVC and EVB provided by the feeder sills and by interflow 
volcaniclastic sediments in the VVVB which extend out as graded wacke-mudslone units (fine dot and open circle symbol) into the CSB, 
and partly intercalate with individual flow units in the EVB. Front Hodgson and MacGeehan, 1980, modified after MacGeehan and 
Hodgson, 1980.
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FIGURE 6. AFM plot of the mean composition of unaltered or least altered samples of each EVB flow unit. The tholeiitic-calc-alkaUne 
dividing line is after Irvine and Baragar (1971). Fig. 5b shows a stratigraphic section through the EVB. From MacGeehan and Hodgson, 
1980.
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liULCil lor over 4 km along smke( V/H, Ali. 1M.IJ, PUB, l.l'L, 
LPX, GB in Fig. 2). The eastward thickening of each flow ap 
pears lo bc a primary Feature, perhaps reflecting the 
topographic environment in which the flows were laid down. 
Several gabbroic bodies rooted in the WVC contain thick 
pyroxenitic cumulate zones where they transect the CSB 
(shown diagrammatically, Fig. 5), but were observed to grade 
eastward into concordant sills that are overlain by, and grade 
laterally into, pillowed flow units. These sills are interpreted to 
have been high-level lateral feeders to the extrusive flow units 
of the EVB (Fig. 5).

The rocks fo the WVC, CSB and EVB are overlain by a thin 
sedimentary rock unit, and this unit in turn is overlain by a 
massive feldspar porphyry and monolithologic porphyry brec 
cia and mafic pillow basalt (Unit FP, and Units PLB2 and 
AB2 respectively, Fig. 2) which represent the basal members of 
what Pirie (1980) has termed the Heyson Calc-Alkaline Se 
quence, part of his upper calc-alkalic sequence in the Red Lake 
area. The contact between the two major groups of volcanic 
rocks recognized by Pirie (1980) is not exposed in outcrop, but 
a deep hole drilled by Dickenson Mines Ltd. and Onaping Ex 
ploration Ltd. in 1979-80 intersected a complete stratigraphic

section through the upper part ol the sedimentary sequence in 
the CSB. K.B. Larsen (pers. commun., 1980) reported an up 
ward gradation from finely bedded (5-25 cm) alternating grad 
ed beds of chert-sulphide and chert-oxide iron formation into 
massive, essentially unbedded cherty argillite. Larsen inter 
preted the section as a shallowing-upward sequence; the ter 
mination of exhalite deposition approximately coinciding with 
the cessation of volcanism in the WVC. This was followed by 
the infilling of the basin by unbedded cherty argillite before 
the calc-alkalic volcanism started. This interpretation implies a 
pause in volcanism between the lower tholeiitic-komatiitic and 
upper calc-alkalic volcanic sequence in this area.

The volcanic rocks associated with mineralization in the 
WVC are very altered and their original chemical composition 
cannot be determined (MacGeehan et al., 1981). However, tex- 
turally similar and stratigraphically equivalent volcanic rocks 
in the EVB are less severely altered and retain vestiges of their 
original igenous fabric (MacGeehan and Hodgson, 1980). 
Analyses of the least altered parts of these flows indicate they 
are iron-rich basalts (MacGeehan et al., 1981). Successuve 
flow units exhibit progressive iron enrichment (Fig. 6). As our 
work suggests that the EVB flows were extruded synchronous-

METASEWMENTARY. 
MOBILE ZONE

S CAMPBELL RHYOLITE
(DICKENSON DIORITE)

Ba

CAMPBELL MINE

Fig. 7a. STRATIGRAPHIC SECTIONS

CAMPBELL (A-A) DICKENSON(B-B)

Dickenson 
RJhyolite 

Rhyolite Hyaloclastite

Rhyditic Andesite'

Silicified Variolitic
Andesite

Rhyolite Hyaloclastite 
\ and Chert

Dickenson Diorite

FIGURE 7. Geology compilation map of 14 level. Campbell Red Lake mine (CRLM), and IS level, Dickenson mine (DM). The outline of 
ore zones (black) and geology of underground workings in the CRLM are from mapping by P. MacGeehan and D. Rigg, and mapping 
and drill-core logging by the geological staff of CRLM, and in the DM from mapping and drill-core logging .by the geological staff of 
DM, and from a map compiled by Derry, Michener and Booth (private report DM, 1977). Symbols for geology: Ba - undifferentiated 
basalt; Va - variolitic andesite; Vbx - 'altered rock' (CM) and 'chickenfeed' (DM) (altered mafic-ultramafic intrusions, see text); Yarn 2 - 
medium-grained 'andesite' (basalt, including some vbx); Vam 2 - fine-grained 'andesite' (basalt, but at least in part vbx, cf. Fig. 8). The 
'rhyolitic andesite' unit shown on Fig. 7a has not been mapped out on the level. *
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Quartz porphyry

*

PARTIAL ROCK CLASSIFICATION

Rock-type: 2.'Andesite', pillowed 
3. 'Andesite', massive

i
17. Ultramafic Intrusive

Modifiers: a^amygdular pf * feldspar phenocrysts 

bs non-amygdular q* quartz eyes

c* chloritic

g r garnetiferous 
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ss* silicified selvedges

U"uniform, massive 
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200 300 feet

FIGURE 8. Typical geometrical relationships of mineralogically and/or textural!? distinctive 'andesite' (basalt) flows (dot pattern) and 
interflow sedimentary rocks (line pattern) in Dickenson mine. See Fig. 7 for location of area, and Fig. 7a for relationship of units to 

stratigraphy.

ly with those in the WVC, and were fed from conduits rooted 
in the WVC (Fig. 5). the mafic units in the WVC were also pro 
bably iron-rich tholeiites. However, the WVC also contains a 
significant proportion of rocks of intermediate to felsic com 
position.

Thus, in geologic setting, the gold deposits at the Campbell 
and Dickenson mines occur in a distinctive volcanic en 
vironment which lies:
(1) at or close to the top of the Lower Mafic-Ultramafic Se 
quence of Pirie (1980) within possible iron-rich tholeiitic 
basalts and associted intermediate and felsic rocks; and
(2) on the east flank of a thick pile of volcanic rocks flanked by 
a sedimentary basin filled with chemical and volcaniclastic 
sedimentary rocks. The basin, in turn, is flanked by a sequence 
of flows extruded from fissures which extended laterally out 
ward from the WVC (Fig. 5).

190

This stratigraphic evidence indicates that:

(1) the volcanic rocks of the WVC and EVB were extruded 
during a continuous period of exhalative activity; and that
(2) the gold-bearing zones at the mines are at the same 
stratigraphic horizon as at least some of the chemical sedimen 
tary rocks in the CSB.

Mine Geology
The geology of the mines and the disposition of the ore zones 
are shown on a geological plan of the 14 level, Campbell mine, 
and 15 level, Dickenson mine (Fig. 7). Both level are approx 
imately 2100 feet below surface. The stratiform rocks are 
mainly pillow basalt, with lesser .andesite, rhyolite, interflow 
chert and pyrite-chert-magnetite-carbonate iron formation 
and volcanogenic sedimentary rocks. The thickness of in-
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TABLE 1. Typical chemical composition of some major rock types in the Campbell and Dickenson 
mines

Analysis No.
Sample No.
SiO2
AI 2 0 3
CaO
MgO
Na2 O
K2 O
*Fe2 03
MnO
TiO2
P2 05
L.O.I.
S
As(ppm)
Cr(ppm)
Au(ppb)
C02

1
247
76.4
14.4
2.6
1.4
0.24
0.84
1.4
0.03
0.16
0.03
2.0
0.16
21
50
57
 

2
577
52.5
15.7
6.9
4.4
0.53
0.32

10.6
0.26
1.08
0.07
4.0
0.52
58
133
11

2.4

3
578
54.3
15.5
5.3
4.4
0.65
1.74

14.1
0.29
1.00
0.06
1.5
0.22
120
136
27

0.06

4
580
55.7
15.1
5.5
4.3
0.52
1.52

11.3
0.20
0.95
0.07
2.4
0.18

14.2
160
20

1.7

5
582
56.5
12.3
6.0
3.7
0.45
2.26

10.3
0.23
0.80
0.05
4.0
0.90
759
141
260
4.5

6
583
52.5
14.0
6.4
5.2
0.63
2.80

12.7
0.25
0.84
0.05
3.8
0.70
260
182
24

3.3

7
588
51.5
15.2
8.2
4.3
0.91
1.38

11.5
0.21
0.77
0.06
5.8
0.14
76
173

5
5.5

8
261
42.5
9.9
11.5
7.3
0.20
1.73
5.1
0.02
0.67
0.05

11.9
0.09
3400
242

3770
12.1

9
281
50.6
7.1
5.3

10.9
0

1.01
7.7
.04

0.45
0.03
9.0
0.28
540
2248
240
9.2

10
221-3
44.0
4.8
8.5
12.7
0.18
1.01

13.9
 
0.30
0.02

1.2.6
-0.75
880
1969
 
 

Analysis 1 - Campbell Rhyolite; 2-7 - basalt flows B7-B6 (see Fig. 8 for location); 8-9 - 'altered rock' ('Dickenson diorite') adjacent 
to 2151W siliceous replacement ore zone, 21 level, Campbell mine (see Fig. 21); 10 - 'altered rock' ('Dickenson Diorite'), adjacent 
to G-Zone, 14 level, Campbell mine (see Figs. 7,19). Major element and Au analyses done by X-Ray Assay Laboratories, Don Mills, 
Ontario, LOI, S. As, Cr and CO2 done at Queen's University. 'Total iron reported as Fep 3 .

dividual sedimentary rocks, and the ratio of sedimentary rocks 
to volcanic rocks, increases rapidly from the Campbell mine 
toward the east end of the Dickenson mine, where the rocks of 
the WVC pass along strike into the CSB. The stratiform rocks 
are intruded by: an ultramafic sill; several fractionated 
gabbro-peridotite sills or massive flows (including the Dicken 
son and Campbell 'diorites', and several petrologically similar 
bodies in the Dickenson mine); a major syn-volcanic mafic- 
ultramafic intrusion ('serpentinite', Fig. 7), the southern ex 
tension of which has been outlined by drilling on the north side 
of the Dickenson mine workings; and a series of relatively 
undeformed, but metamorphosed, mafic to felsic dykes.

The ore-hosting volcanic rocks are intensely hydrothermally 
altered, both locally near the ore zones, and within a 
kilometre-wide zone encompassing the mines. This larger- 
scale alteration zone, which is interpreted to have been a major 
syn-volcanic hydrothermal discharge zone, is characterized by: 
anomalously high Au and As concentrations (>\0 and ^0 
ppm, respectively); abundant dolomite-ferrodolomite-ankerite, 
in a myraid of small and variably transposed veinlets formed 
by remobilization of dispersed carbonate in the rock during 
metamorphism and deformation; values of peraluminosity in 
dex (mole ^o Al2 O 3 (Na2 O + K2 O + CaO) of >2; and by per 
vasive feldspar-destructive alteration and variable silicification 
(MacGeehan et at., 1981). More restricted in distribution is an 
intense talc-chlorite-carbonate (dominantly ankerite) altera 
tion localized within the ultramafic parts of the sills, but extend 
ing out into adjacent volcanic and sedimentary rocks (Fig. 
7a). The ultramafic lithologies and flanking zones of alteration 
are termed 'altered rock' in Campbell and 'chickenfeed' in 
Dickenson; the term 'altered rock' will be used in subsequent 
descriptions in this paper, because of the uncertain origin of 
some of these petrologically distinctive rock bodies.

AH of the mine rocks, with the exception of the late dykes, 
are intensely deformed, in most areas being significantly more 
fissile and schistose than similar rocks outside of the mines. 
One weak but pervasive foliation is developed in volcanic 
rocks on a regional scale (MacGeehan and Hodgson, 1980), 
whereas the mine rocks contain two superposed cleavages 
(Rigg and Helmstaedt, 1980), although the degree of fissility of 
the rocks, and the amount of strain indicated by the deforma 
tion of pre-existing structures, including veins, varies with rock 
type. The massive flows and gabbroic and ultramafic intrusive 
rocks are least deformed, being characterized by a weak 900 - 
to 135 0-striking spaced cleavage. The more ductile, mafic 
pillowed flows are more schistose, with an early 90"- to 
1100-striking penetrative foliation being superposed by, or in

various stages of transposition into, a foliation striking 125 0 to 
135". Most deformed are the interflow sedimentary rocks, 
which typically have multiple superimposed fabrics and com 
plex internal fold geometry. A sequence of interflow sedimen 
tary rocks, including pyritic iron formation, chert and 
hydrothermally altered wacke (now 'altered rock' in part) ly 
ing just north of the Campbell rhyolite (Fig. 7), forms a 
lithologically and structurally distinctive 'mobile zone'. There 
has been significant displacement between the two more com 
petent blocks of volcanic rock on either side of this zone. 
Despite minor folding in volcanic rocks flanking the 'mobile 
zone', the mafic and intermediate pillowed flows face con 
sistently south throughout the Campbell and Dickenson mines 
(R. Church, M. Chowaniec respectively, pers. commun., 
1979), indicating that no major fold closures are present in the 
area.

The pillowed to massive mafic volcanic rocks, which are the 
main ore host in both the Campbell and Dickenson mines, are 
generally described as a uniform mafic 'mine rock' (andesite) 
on underground mine plans, because of the difficulty in 
recognizing individual flow units. They comprise about 65Vo 
of the stratigraphic section in the mines (Fig. 7a). At the east 
end of the Dickenson mine, individual flows ranging from 15 
to 80 m thick, and generally separated by chert, sulphide and 
oxide-rich chemical sedimentary rock units (iron formations), 
can be distinguished on the basis of their primary structure 
(massive vs pillowed; presence and percentage of amygdules, 
varioles, etc.), and by their content of certain diagnostic 
alteration minerals (e.g. garnet), as shown by the classification 
scheme in Figure 8. However, it has not been possible to 
distinguish these flow units only 650 m directly along-strike to 
the west in the Campbell mine, partly because interflow 
sedimentary rocks pinch out and partly because the intensity 
of hydrothermal alteration increases to the west. Furthermore, 
these individual flows are not geochemically distinctive (No. 
2-7, Table 1), the variation in major and trace-element content 
(especially of the residual elements Al, Ti and Cr) between 
flows being similar to the within-flow variation caused by 
hydrothermal alteration. Thus, it is not possible to 'see 
through' the alteration effects in the mafic volcanic rocks on a 
local mine scale, using the chemical composition of individual 
flow units.

However, other distinctive lithologies interbedded with the 
mafic volcanic rocks provide good stratigraphic markers which 
can be traced between the two mines. The two most distinctive 
of these are the Campbell and Dickenson rhyolites. The Camp 
bell Rhyolite is a massive aphanitic unit in the western part of
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the Campbell property (Fig. 7), but it thins rapidly eastward, 
grading into a 0.25- lo l -m-thick rhyolite agglomerate and tuff 
unit which has an auriferous and sulphidic chert associated 
with it. The unit can be traced at least 500 m east into the 
Dickenson mine. In contrast, the Dickenson Rhyolite is a 
quartz-bearing porphyritic rhyolite, which, like the Campbell 
Rhyolite, is also flanked by an apron of rhyolite breccia and 
tuff, containing several thin but distinctive units of auriferous 
chert and pyritic iron formation. These chemical sedimentary 
rocks and cherty veinlet zones, which transect the adjacent 
rhyolite and rhyolite tuff, comprise the H-Zone orebody in the 
Dickenson mine (Fig. 7).

Another distinctive rock type traceable for considerable 
distances along strike in the mines consists of mafic to in 
termediate pillowed flows with distinctive bleached and 
silicified pillowed rims. Rocks of this type are closely 
associated with the rhyolites. One of the units, a silicified, 
pillowed variolitic andesite (VA, stratigraphic section, Fig. 
7a), overlies the eastern flank of the Campbell Rhyolite dome, 
and extends east into the Dickenson property. Another iden 
tical unit occurs in a similar stratigraphic position at the 
eastern end of the Dickenson mine workings. Although ap 
pearing to form separate bodies on the 14th and 15th levels in 
the mines, the two must merge in the upper levels of the mines, 
because at surface there is only one unit which has been traced 
continuously between the two properties in surface outcrops. 
A similar unit of silicified pillowed basalt variously termed 
'acid lava' or 'rhyolitic andesite' by the mine staff (Rh A, Fig. 
7a) extends west of the Dickenson Rhyolite, and has been trac 
ed discontinuously into the Campbell property.

As with all the other mine rocks, the chemistry of these 
distinctive stratigraphic markers has also been intensely 
altered. The least altered units in the mine are the massive 
rhyolites (cf. Campbell Rhyolite, Anal, l, Table 1), although 
these dre alkali depleted, and the more massive parts of the 
ultramafic sill, which has a chemical composition approx 
imating that of a peridotite (Anal. 8-10, Table 1).

Mineralization Types
The 17 or more gold-bearing ore zones in the mines are com 
posed of at least three genetically different mineralization 
types. These were emplaced in a series of stages during 
volcanism and later deformation and regional metamorphism. 
The characteristics of these mineralization types are summariz 
ed in Table 2. The diagnostic features of each, i.e. the features 
which allow each type to be distinguished from the others, are 
in italics on this table. As shown, there are many similarities 
among mineralization types tentatively interpreted as being 
quite different in their time of emplacement and genesis. 
Therefore, the basis for our subdivision merits some discus 
sion, before we describe examples of each from the mines.

The identification of syn-volcanic chemical sedimentary ore 
in the mines is uncertain. Crocket et ai., (1980) have made a 
strong case for syn-volcanic mineralization, mainly on the 
basis of the texture of gold-rich rocks in the Dickenson mine, 
which they interpret as mixed chemical sedimentary and 
volcaniclastics rocks. One of the areas where they have iden 
tified this ore type is in the East South C zone in the Dickenson 
mine. Rigg and Helmstaedt (1980), however, noted that 
although the East South C ore zone, on the 24 level of Dicken-

TABLE 2. Characteristics of the main mineralization types, listed in probable order of time of emplacement, 
from oldest to youngest———————-^——^^-——^^^^^-^—

Mineralization 
Type

1 Syn-volcanic
a. Chemical 

Sedimentary

Approximate
Max. 

Dimensions

Dominant 
Host Deformation

Dominant Texture of 
Minerals Mineraliz.

Wall-Rock Examples of 
Alteration Au Ore Zones Notes

Om x <5QOm
Sc/7. 
Vr Vtf

Stratiform Folded' Pyrite Dissemin. H, North

b Veinlets < 5cm x < 5m Vb i stratig. Folded Carb- Fibrous
Chert Carb, or Q 

Chert

Bleached May be 
Type 2

2 Metamorpho- 
genic Veins

a. Early Set 
Veinlets

b. Breccia 
Veins

c Foliation- 
Parallel 
Veins

d Foliation- 
Oblique 
Veins

e Veinlet 
Zones

f Quarte- 
Arsenopyrite 
Veins

3 Siliceous 
Replacement 
Zones

< 5cm x f 5m Vb

<30cm x ^m Vb

*;1m x c 250m Vb 
(Vein systems 
c5m x < 1500m)

* 5m x * 300m Vb

< 10cm x < 5m lu 
(Zones: 
^Om x -c 100m)
•c 1m x? Vb

<20m x ^Om Vb-lu 
contact

Variable 
stratig. and 
foliation

Parallel to 
foliation

Parallel to 
foliation

< foliation; 
in faults 
cross-cutting 
foliation

Parallel to 
foliation

Parallel to 
foliation

Overprints 
foliation

Variably 
folded, 
depending on 
orientation 
and age.
Variable 
minor 
folding

Variable 
minor fold 
ing depend 
ing on age. 
orientation
Minor 
folding

Multiple 
ages; un 
folded
Minor fold 
ing

Undeformed

Carb.-Q

Carb.- 
Chert

Carb.- 
Chert

Carb.- 
Chert

Carb.-Q- 
Chl.

Carb.-Q

Q-Pyrite 
Arsenopy.

Fibrous —

Rock frag- Locally 
ments in bleached 
banded 
Carb.-Chert
Banded; Locally 
orbicules. bleached 
Carb.-Chert

Banded: Locally 
ribbon; bleached, 
orbicules. 
Multiple 
Carb-Chert 
cycles
Fibrous

Mass*Ve

Dissemin.

**

Relative 
ages un-

A-F-South C certain: 
probably 

s overlapping

G

.x

F2 
^ 

Relative
2151-W a9es un- 

^ certain

'All folded veins are also boundinaged locally.
Abbreviations: Carb. - carbonate: Q - quartz; Chl. - chlorite; Vb - basalt; Vr - rhyolite; Vtf - volcaniclastic; lu
Diagnostic features of each type in italics.

'altered rock'(altered ultramafic sill);Sch. - chert
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son, is higher grade where in folded iron-rich chemical 
sedimentary rocks, the zone strikes across the trend of the 
folded units. From this evidence, they favoured an essentially 
epigenetic origin for the ore. In our study, we were impressed 
with the stratiform distribution of mineralization, and its close 
association with distinctive mixed volcaniclastic-chemical 
sedimentary units spatially related to rhyolites in the H-Zone 
(Dickenson) and North-L Zone (Campbell) as described 
below. We therefore tentatively conclude that syn-volcanic ore 
is present, but also concur with Rigg and Helmstaedt that 
much ore which in hand specimen looks syn-volcanic, is not. 

The identification of syn-volcanic veinlets is even more ten 
tative. As can be seen from Table 2, veinlets which are oriented 
approximately normal to stratigraphic contacts and appear to 
have formed prior to the metamorphic tectonite fabric of the 
rocks, are petrographically identical to veinlets and veins 
which clearly formed after at least the intitial stages of 
cleavage development. Characteristic of both these vein types 
is zoning from dolomite-ferrodolomite on vein walls to 'chert' 
in the vein center. The 'chert' is an aphanitic grey to greenish 
grey rock composed of fine polygonal quartz which resembles 
in every way normal sedimentary chert, and appears to have 
formed by the crystallization of amorphous silica. Not all 
'chert' in the mines is in veins; chert which looks identical to 
that in veins, but is not enriched in gold, is common locally in 
the interstices of pillows in basalt, and between polygonal 
blocks in 'altered rock' in the Campbell mine. We conclude 
from this that some epigenetic 'chert' was deposited syn- 
volcanically. Most of the 'chert', however, is in foliation- 
parallel and foliation-oblique auriferous veins which are 
variably deformed, but in general much less deformed than 
their host rocks. Furthermore, these veins are controlled by 
faults which either are subparallel to or clearly transect the 
foliation. From these relationships we conclude that most of 
the 'chert'-bearing veins were emplaced after at least the initial

stages of cleavage development and penetrative deformation 
of the rocks, but before deformation and associated metamor 
phism was completed. Veins of this type we term 'metamor- 
phogenic' (Karvinen, 1978).

Six types of metamorphogenic veins are distinguished on 
Table 2. The oldest type occur throughout the mines, mainly in 
basalt, and are termed 'early-set veinlets'. Multiple ages of 
these veinlets can be distinguished on the basis of cross-cutting 
relationships in single exposures, and invariably the earlier

1 milt

FIGURE 9. Location of portions of fissure-filling vein ore 
zones mapped in detail (1:24 and 1:60 scale) on 14 level. Camp 
bell mine, and IS level, Dickenson mine. Circled numbers refer 
to sub-areas of the main F-A-South C vein system referred to in 
text, and shown in Figs. 11-14.
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FIGURE 10. North L-Zone, Campbell mine (see Fig. 7 for location): a low-grade chemical-sediment-hosted ore zone of possible ex- 
halative origin (Type la mineralization - see text).
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veins are more highly deformed and transposed toward the 
cleavage than the Inter veins. This pattern has led Rigg and 
Helmstaedt (1980) to suggest that the early-set veinlets formed 
continuously during cleavage development by pressure- 
solution, with the dissolved material being deposited in frac 
tures which open at a high angle to the cleavage.

Of uncertain age relationship to these 'early-set' veinlets are 
carbonate-quartz-chlorite veins which occur in distinctive 
sheeted veinlet zones only in 'altered rock'. These subparallel 
the foliation, but are relatively undeformed, as are their host 
rocks. The sheeted veinlet zones in altered rock mainly occur 
near basalt-altered rock contacts in areas where this contact 
trends across the general strike of stratigraphic contacts in the 
mines.

Cross cutting the 'early-set' veinlets are the large 
carbonate-'chert' veins from which most of the gold ore in the 
mines has been derived. Areas where these have been mapped 
in detail are shown in Figure 9. Three types are distinguished 
on the basis of their morphology, and orientation relative to 
cleavage: breccia veins, foliation-parallel veins and foliation- 
oblique veins. However, the vein material in each is similar 
(Plates I-X), and all are locally enveloped by bleached altera 
tion zones. Regarding their age relationships, breccia veins are 
always older than foliation-parallel veins where the two occur 
together, and most occur in the east end of the mines, concen 
trated in the areas which contain the later, foliation-parallel 
veins. The foliation in the fragments of the breccia veins in 
some areas appears to be inclined to that in the adjacent wall 
rocks, suggesting breccia veins formed after the initial stages 
of cleavage development in the rocks. Foliation-oblique veins 
are confined to the Campbell mine, and appear to be localized 
in faults which transect the foliation, especially faults which 
juxtapose different rock types; their age relationship to the 
foliation-parallel veins is uncertain.

The youngest vein type appears to be quartz-arsenopyrite 
veins, which lack wall-rock alteration selvedges, and cut 
foliation-parallel veins in the west end of the Campbell mine.

The youngest major ore type in the mines is represented by 
zones of siliceous replacement mineralization. These zones are 
superimposed in the carbonate-'chert' veins, but are of 
unknown age relationship to the quartz-arsenopyrite veins.

In many areas, there are very minor amounts of sometimes 
spectacularly high-grade gold mineralization in local tension 
gashes. This mineralization type appears to have been formed 
by remobilization of quartz, carbonates, sulphides and gold 
into small structures formed after the main period of 
mineralization.
Examples of the Major 
Ore Types at the Mines
1. SyrvVolcanic Vein and 
Exhalative Mineralization
Low-grade auriferous chemical sedimentary rock forms a ma 
jor part of the H-Zone (Dickenson) and of a small stratiform 
zone, the North L-Zone, that is just north of the L-Zone in the 
Campbell mine (Fig. 7). Crocket et al. (1980) have also 
described what they interpret to be low-grade, interflow sedi 
ment ore at the east end of the East South C-Zone 
(Dickenson). None of these ore zones have been investigated in 
detail, but the North L-Zone and H-Zone mineralization are 
hosted by chemical sedimentary chert and pyritic iron forma 
tion which are near rhyolite units.

The stratiform mineralization forming part of the North 
L-Zone is associated with a sequence of rhyolite agglomerate, 
tuff and chert that overlies and flanks the east side of the 
Campbell Rhyolite dome (Fig. 10). The mineralization, which 
is composed of fine disseminated native gold and up to l*7o 
pyrite, is essentially restricted to a thin (25 cm) band of rhyolite 
tuff and chert which has been intensely folded in this area (Fig. 
lOa), but has been traced over 500 m east into the Dickenson 
mine. The fact that the mineralization is restricted to this in 
tensely folded cherty unit, and the lack of evidence for later
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LEGEND KOR PLATES (see facing page) 
PLATE l. Breccia vein. South C-Zone, Dickenson mine (sample 
568, see Fig. 13 for location). Stained with potassium ferro- 
cyanide: darkness of blue colour proportional to iron content of 
dolomite-fcrrodolomite. Vein-wall filling is fibrous quartz, in 
termediate zone is compositional^ zoned fibrous dolomite* 
ferrodolomite and the vein center (lower right side) is dense grey 
'chert'. Colour bands on scale (bottom) are l cm wide. 
PLATE li. Banded carbonate-chert vein. South C-Zone, Dicken 
son mine (sample 574. see Fig. 13 for location). Note that lower 
vein-wall filling is comprised of 3 main cm-scale dolomite- 
ferrodolomite cycles (top of each marked with triangle), but that 
each cycle is comprised of a number of smaller cycles. The same 3 
cycles can be recognized in the upper vein-wall filling. The 'cherty' 
vein-center filling contains angular percrystalline bodies of coarse 
carbonate, which in part are fragments of vein-wall carbonate,- and 
some small dark siliceous and sulphidic clasts which may be 
fragments of an earlier formed vein-center filling. Stain and scale 
as in Plate I.
PLATE III. Banded orbicular structures in carbonate-'chert' vein. 
South C-Zone, Dickenson mine (sample 554, see Fig. 13 for loca 
tion). Upper surface of sample is vein wall. Centers of nucleation 
on fragments of grey 'chert' (earlier vein-center fill?) marked C, 
coarse polycrystalline carbonate centers marked B. 'Chert*-coarse 
carbonate end-stage fill marked E. Direction of outward growth 
and marker dolomite double layer shown by arrows. Note that the 
two lower-left 'chert'-centered orbicules and the large carbonate- 
centered orbicule in the photo center are together enveloped by a 
larger-scale sequence of growth bands, in much the same way as is 
commonly observed in plagioclase glomerophenocrysts in some 
mafic igneous rocks. Stain and scale as in Plate I. 
PLATE IV. Thin-banded carbonate-'chert' vein, A-Zone, Camp 
bell mine (sample 521, Vein VI, see Fig. 11 for location). Note that 
the left carbonate vein-wall fill has two growth bands lacking on 
the right side, but thai both vein wall zones are zoned from lower 
to higher Fe/Mg ratio in carbonate. The innermost zone of dark 
ferrodolomite is filled with microscopic inclusions of sulphides 
and iron silicates (see text). The vein-center fill is white 'chert' with 
a median zone of coarse carbonate crystals. Grey areas in wall 
rocks are siliceous bleached alteration selvedges. Stain and scale as 
in Plate l.
PLATE V. Banded carbonate-'chert' vein, A-Zone, Campbell 
mine (sample 523, Vein III, see Fig. 11 for location). Zone 
A-coarse (white) and fine-grained (grey) dolomite; Zone B-fine- 
grained, finely banded ferrodolomite with microscopic inclusions 
of pyrite and iron silicates (see text); Zone C-'chert'; Zone D-fine 
grained ferrodolomite ± iron silicates (dark) and coarse fer 
rodolomite (pale); zone E-'cher|'; Zone F-coarse ferrodolomite 
and 'chert'. Dark zones at top and bottom of photo are wall rock; 
a mm-wide zone of fibrous quartz occurs between the wall rock 
and carbonate vein fill on the upper contact only. Stain and scale 
as in Plate I.
PLATE VI. Banded dolomite-ferrodolomite-relict siderite^) vein 
wall of F2-Zone vein, Campbell mine (lower part of sample 563, 
see Fig. 14 for location). White bands are coarse-grained and grey 
bands fine-grained dolomite. Dark bands are a finely banded mix 
ture of ferrodolomite, anthophyllite, grunerite, magnetite and 
sulphides possibly relict after a ferrodolomite-siderite-'chert' mix 
ture. Stain and scale as in Plate I.
PLATE VII. Underground photo of F2-Zone vein, Campbell 
mine. (Photo covers left-hand 0.6 m of vein shown in Fig. 14, and 
extends 0.3 m to left of mapped area. Vein is about 0.6 m wide.) 
Light areas are dolomite-ferrodolomite; dark areas are a mixture 
of ferrodolomite, anthophylite, grunerite, magnetite and sulphides 
possibly relict after a ferrodolomite-siderite-'chert' mixture. 
PLATE VIII. Border of 2151W-Zone siliceous replacement-type 
mineralization zone, Campbell mine (see Fig. 2 f for location). 
Photo covers 1-m-wide area. Grey area, siliceous altered basalt in 
contact with dark, normal 'unaltered' basalt. Small quartz- 
carbonate veinlets in 'unaltered' basalt (white) are decarbonated 
within the siliceous altered basalt.

\ -

superimposed mineralization types, suggests that the gold may 
be a syn-volcanic chemical precipitate*.

The H-Zone in Dickenson is in a similar geologic setting, 
and consists of a distinctive 1-m-thick unit of alternating chert
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PLATE IX. Subsidiary vein near the G-Zone, 14 level. Camp- 
bell mine. The vein occurs in 'altered rock' (altered 'Dickenson 
Diorite') and has a similar strike, dip and internal morphology 
to that of the mine G-Zone vein shown in Fig. 19.

PLATE X. L-Zone, central vein, 14 level, Campbell mine (see 
Fig. 7 for location), showing 'ribbon vein* internal structure in 
a foliation-oblique vein (type 2c, see text).

5 meters
feet

FIGURE 11. A-Zone. Campbell mine (sub-area 3, Fig. 9). Showing relationships of veins of mineralization-type 2c (see text) in a part of 
the main F-A-South C foliation-parallel vein system which is comprised of 8 successively-emplaced veins (veins II through IX). Vein I is a 
type Ib vein (see text) which is offset about 5 m across the vein system. Orientation of banding in carbonate vein fill indicated by fine lines 
paralleling vein walls. Fine lines perpendicular to vein walls are parallel to carbonate fibre sheafs; arrow heads indicate direction in which 
sheafs radiate (* direction of growth) and contact of carbonate with 'chert' vein fill. Cross-hatches are areas where vein textures could 
not be identified due to dirt, or recrystallization of vein fill. Dotted areas are 'cherty' vein fill. Breccia or block symbol within zone of 
'cherty' vein fill are fragments of vein-wall carbonate and/or clusters of coarse carbonate crystals in a fine chert matrix. Clear areas 
within veins are irregular patches and lenses of milky quartz. Square boxes and letraset numbers are sample locations and numbers, and 
thin rectangular boxes and hand-printed numbers are channel samples and numbers (see Figs. 16, 17).
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and banded pyritic iron formation which is interbedded within 
a sequence of rhyolite tuff that flanks the west side of the 
Dickenson Rhyolite (Fig. 7). The mineralization, which in 
cludes native gold, chalcopyrite and sphalerite, is sparsely 
disseminated within the chert - iron formation unit, and within 
mm- to cm-wide ptygmatically folded, very fine-grained quartz 
('chert') veinlets that transect the adjacent rhyolite tuff.

Widely distributed through the two mines, although in no 
one area abundant enough to constitute ore, are auriferous 
carbonate-'chert' veinlets ranging from l to 5 cm wide, and 
from one to several metres long (cf. vein I, Fig. 11). The vein 
filling is invariably a bilaterally symmetrical outer zone of 
fibrous carbonate and 'or oriented quartz fibres, and a central 
core of carbonate and fine-grained polygonal quartz. The 
grain size of the quartz indicates it formed by the crystalliza 
tion of amorphous silica, i.e. 'chert'. Minor minerals in the 
veins may include native gold, sphalerite, chalcopyrite and 
pyrite. The veins are dominantly restricted to the massive flow 
units, or to the more massive part of pillowed flows, and are 
commonly flanked by siliceous alteration envelopes up to 10 
cm wide. The dominant bedding-perpendicular orientation of 
the veins, the absence of the wall-rock breccia fragments, the 
lack of offset along the veins, the alteration envelopes and the 
highly deformed state of the veins relative to the later 
metamorphogenic veins all indicate they formed before 
metamorphism and before the development of a deforma- 
tional fabric in the rocks. Therefore, the veins are tentatively 
interpreted as syn-volcanic, and as having been formed by 
gold-bearing fluids which moved through the rocks along 
zones of fracture-controlled permeability, during or shortly 
following active volcanism.

2c. Major Foliation-Parallel 
Fissure-Filling Veins: the 
F-A-South C Vein System
The F-A-South C vein system is the major foliation-parallel 
vein system in the mines, and has been studied in detail at a 
number of localities along its length (Fig. 9). The system is 
localized within a l-m- to 3-m-wide zone which exhibits a con 
sistent sinistral displacement of about 5 m for over l km along 
its length. The vein system is normally composed of from l to 
2 en-echelon veins ranging from 15 to 100 cm in width and 
from 10 to 200 m in length, although locally up to 8 distinct 
veins are present (Sub-Area 3, Fig. 9 and Fig. 11). In areas 
where the vein system is comprised of multiple veins, in 
dividual veins have cross-cutting relationships which indicate 
they were sequentially emplaced (Fig. lib), the older veins be 
ing .ductilely deformed as a result of sinistral shear movement 
of the vein walls before brittle failure and the emplacement of 
the next younger vein (cf. Veins H and III vs Veins V and VII, 
Fig. lib). This relationship indicates that the 5-m total 
displacement across the vein system occurred in discrete in 
cremental steps, each punctuated, in areas of multiple vein 
development, by periods of dilation normal to the length of 
the system, and by the deposition of vein material in the open 
space so formed.

The interpretation sequence of events in sub-area 3 is shown 
diagrammatically in Figure 12. In these areas, each vein is 
characterized by a single depositional unit of carbonate 
followed by 'chert'. In areas where only one or two veins are 
present in the system, there is some evidence that the basic 
carbonate-'chert' depositional unit was repeated during infill 
ing of the veins, indicating either that these fissures remained 
open or that they repeatedly re-opened during progressive in 
cremental sinistral shear.

Notable features of the F-A-South C vein system are the 
mineralogical and chemical variation: i) within individual 
veins; ii) within a sequence of veins; and iii), laterally along 
strike over the entire length of the vein system.
i) Chemical and mineral variation within veins:
The most striking feature of the veins is their banded texture.
In most areas of the F-A-South C system, the vein fill consists
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FIGURE 12. Interpretation uf sequence of events in sub-area 
3, A-Zonc, Campbell mine (see Fig. 11 for map). Note thai in 
contrast to Fig. 11, the veins are numbered in sequence from 
the oldest to the youngest foliation-parallel vein, except that 
vein VII, Fig. 11, is not shown.

of bilaterally symmetrical zones of banded carbonate along the 
vein walls, and a central 'chert'-rich zone (Plate II, IV). Where 
veins are thick (cf. Fig. 13), the central 'cherty' zone is com 
monly composed of carbonate (or more rarely 'cherty') 
fragments with or without banded carbonate orbicules, set in a 
matrix of 'chert' (Plate III). In the west end of the system, 
however, there is very little 'chert', and banded carbonate oc 
cupies the entire vein width (Plate VII). The internal textures 
of the veins indicate that the crystallization sequence normally 
started with the nucleation of dolomitic carbonate fibres 
oriented perpendicular to the vein walls, which then grew in 
ward toward the vein center as radiating fibre sheafs with 
comb-type central terminations of ferrodolomite composition. 
The number of individual bands is related to the vein width. A 
single band of optically continuous fibrous carbonate is 
generally characteristic of veins less than 5 cm thick (cf. Veins 
V-VIII, Fig. lib; Plate IV), whereas the vein-wall carbonate 
consists of multiple bands usually l to 2.5 cm thick in the 
larger veins (cf. Veins IV, IX; Fig. 11; Plate II, VI, VII). 
Scheelite, where present, occurs as blade- or V-shaped single 
crystals parallel to the terminal faces of the carbonate fibre 
sheafs, at the leading edge of, or within a single carbonate 
band. There is, in general, an over-all progression toward 
more iron-rich compositions in banded carbonate, the most 
iron-rich carbonate occurring nearest the vein center (Plate IV, 
V).

In sub-areas l and 2 (Fig. 9), the most iron-rich inner zone is a 
light-coloured ferrodolomite. However, in sub-area 3 (Fig. 9), 
the innermost carbonate band is ferrodolomite, which has a 
black colour because of being filled with fine disseminated in 
clusions of pyrite and iron silicates (Plate IV, V). The inclusion- 
filled ferrodolomite may have formed by the breakdown of an 
ankeritic carbonate or siderite during metamorphism. Farther 
west, in sub-areas 4 and 5 (Fig. 9), discrete bands composed of 
an interlocking network of anthophyllite, grunerite, magnetite,
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FIGURE 13. South C-Zone, Dickenson mine (sub-area l. Fig. 9). Symbols as in Fig. 11, except that circular banded structures in vein 
center are carbonate orbicules (see text), and clear areas in small breccia veins below the main orbicule-bearing vein on map are wall-rock 
fragments, not quartz patches. Dot pattern hand-lettered 'R' on vein wall represents bleached, magnetite-bearing alteration selvedges.

Quartz-Arsenopyrite-Native Au 
Fissure Vein i

meters
2 Fissure Veins 

(Sub-area No.5)

feet 10

FIGURE 14. F2-Zone. Campbell mine (sub-area 5, Fig. 9), 
showing relationship of foliation-parallel veins (Type 2c, see 
text) to quartz-arsenopyrite native gold veins (Type 2f, see 
text). Symbols as in Fig. 11. except that clear areas within vein 
borders are composed of a mixture of anlhopyllile, grunerite, 
magnetite, pyrite and pyrrhotite possibly formed by metamor 
phic recrystallization and decarbonation of a primary 
siderite-'chert'-sulphide vein fill (see text). Symbol 'm* on vein 
wall in areas where bleached alteration selvedge present. Plate 
VII shows the left-hand quarter of the large central vein on the 
map.

pyrite and pyrrhotite, possibly after primary siderite, are inter- 
banded with the fibrous dolomite-ferrodolomite (Plate VI).

The central part of the vein in sub-area 5 (Fig. 9) contains 
orbicular banded ferrodolomite-relict siderite, set in a matrix 
of relict siderite (Fig. 14, Plate VII). In sub-area 4, the central 
vein fill contains isolated blebs of 'chert'. Throughout the rest 
of the system, however, there is a distinct unbanded 'cherty' 
zone in the vein center. Where these 'chert'-centered veins are 
narrow (<l m), the central core consists of a matrix of 
massive 'chert' (30-60^0 SiO2) containing discrete euhedral or 
irregular zones of coarse crystals of ferrodolomite and less 
than IVo disseminated sulphide (Plate II, IV). However, where 
the veins thicken (cf. Fig. 13), the central 'cherty' zone is com 

monly comprised of carbonate (or more rarely 'chert') 
fragments with or without carbonate orbicules, set in a matrix 
of 'chert* (Fig. 13 and Plate HI). Frequently, the 'chert' is 
locally intrusive into the banded carbonate vein-wall (Fig. l la) 
or, more rarely, into subsidiary fissures branching off the main 
vein. Orbicules have the same banded structure as the vein- 
wall carbonate (Plate H, VII), and may be cored by fragments 
of vein-wall carbonate, broken fragments of pre-existing 
'cherty' vein material or, more rarely, by fragments of wall 
rock. In many orbicules, however, there is no discernible 
nucleation center, although this may be entirely because, in 
most cases, orbicule centers are not visible in the plane exposed 
to view.
f The features indicate that the wider veins may have re 
opened, or remained open during successive periods of in 
cremental sinistral wall-rock displacement, as indicated by vein 
relationships where multiple veins are present elsewhere in the 
system (cf. Fig. 12). The locally intrusive relationship of the 
'cherty' vein-core filling to the banded carbonate and to the 
adjacent wall rock indicates that the 'chert' had rheid or 
magma-like properties, whereas the banded carbonate vein- 
wall filling always behaved in a brittle manner during deforma 
tion.

The major and trace element composition of the banded 
carbonate vein material (^ lOVo SiO2), 'chert' ^35Vo SiOz), 
and various mixtures of banded carbonate and chert from the 
South C zone (Sub-area No. l, Fig. 9 and 13) are shown in 
Figure 15. The major constituents of the carbonate minerals, 
Ca, Mg, Mn and Fe are all concentrated in the carbonate vein 
material. The gold content of the carbonate is less than a few 
ppm (Fig. 15 and MacGeehan et al., 1981), but gold is concen 
trated, along with sulphur and the chalcophile elements (Cu, 
Zn, Pb, Ni, Hg) predominantly in the 'chert' vein material. 
The gold occurs as fine disseminations through the 'chert', and 
as a thin, semi-continuous film along the terminal growth faces 
of crystals forming the banded carbonate wall where the car 
bonate wall and chert center are in contact.

Five hundred metres farther west in the A-Zone in the 
Campbell mine (Sub-area 2, Fig. 9), the central 'chert* zone of 
the vein is more SiO2-rich (^ 60^o SiO^) because of the 
absence of carbonate orbicules. Although gold again increases
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FIGURE 15. Chemistry of vein fill from main vein in South 
C-Zone, Dickenson mine (sub-area l. Fig. 9; upper vein in 
map. Fig. 13). Open and filled circles are samples composed 
dominant!} of vein-wall carbonate and vein-center 'cherty' fill, 
respectively.

with SiO2 (Fig. 16), gold content increases less with increasing 
SiO2 content than in the South C-Zone, indicating a significant 
along-strike variation in the gold content of the 'chert' vein- 
filling material, as discussed below.
ii) Chemical and mineral variation among veins within 
a single sub-area:
This variation is well illustrated by sub-area 3 (Fig. 9), where 
nine distinct ages of vein (Plates II-IX) have been distinguished 
on the basis of cross-cutting relationships (Figs. 11, 12). Vein I 
is an early, probably syn-volcanic fissure vein, the displace 
ment of which across the planar zone containing the A-Zone 
veins illustrates the consistent 5-m sinistral displacement of the 
vein system (Fig. 11). All of the subsequently formed veins, 
which belong to the F-A-South C system in sub-area 3, have 
very similar structure, each consisting of a bilaterally sym 
metrical outer zone of banded dolomite-ferrodolomite, ter 
minating in a thin band of black ferrodolomite adjacent to the 
central 'cherty' core zone (Plates IV, V).

The eight veins of the F-A-South C system in sub-area 3 
(Fig. 9) have very similar compositions, as indicated by the 
normative mineralogy of major vein-forming minerals (Fig. 
17) calculated from analyses of channel samples. The trace ele 
ment composition of the veins is also similar,* except for 
tungsten, which is absent from Veins II and III, but shows a 
fairly uniform concentration of approximately 0.27^0 WO 3 in 
Veins IV through VII.
Hi) Zoning laterally along strike in the vein system: 
Although the veins have a quite uniform chemical composition 
in any one area, the vein system over-all has a marked chemical 
and mineralogical variation along its length, as shown in 
Figure 18. At the east end of the system, in the Dickenson 
mine, the veins are composed of approximately 50Vo banded 
carbonate along the vein walls and 50*70 central 'chert' zone 
(Fig. 13), which itself contains about 65^o carbonate (Fig. 15). 
All of the carbonate is in the compositional range dolomite- 
ferrodolomite (Fig. 18). The proportion of banded carbonate 
to 'cherty' vein-fill gradually increases to the west, and at the 
same time the 'chert'-to-carbonate ratio (SiO2 content) of the 
'cherty' central vein-f ill increases (Figs. 16, 18). The iron con 
tent of the banded carbonate is slightly greater in area 3 than

Hg
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FIGURE 16. Chemistry of vein fill from A-Zone. Campbell 
mine (sub-area 2. Fig. 9). Note the difference in the concentra 
tion of Hg and Au, at a particular SiO2 content here, compared 
to the South C-Zone (Fig. 15).

sub-areas l and 2, and increases markedly in sub-areas 3 and 4 
(Fig. 18). There is also a progressive change in the nature of 
the wall-rock alteration flanking the veins from magnetite-rich 
selvedges at the east end (sub-areas l and 2) to magnetite-free 
at the west end, the disappearance of magnetite in the altera 
tion selvedges approximately coinciding with the appearance 
of relict siderite as a primary vein-filling mineral (cf. Fig. 18). 

The variation in the concentration of the metallic consti 
tuents along the vein system is complex. The veins have more 
gold at the east end than at the west end of the system, which is 
consistent with the close association of gold and 'chert' (Fig. 
15, 16) and with the distribution of 'chert* within the system 
(Fig. 18). Although the mercury content of the vein system in 
total is probably less than 100 ppm, it is relatively high in the 
east (Fig. 15), reaches a maximum in sub-area 2 (Fig. 16) and 
then decreases rapidly to a low background in the rest of the 
vein system. Tungsten is low in the east (< 400 ppm) and in 
creases westward to reach its maximum concentration in sub- 
area 3 (s 0.27^0 WO3 ), but then decreases rapidly farther 
west.

2d. Foliation-Oblique Fissure-Filling 
Veins: The G-Zone and L-Zone in the 
Campbell Mine
Although broadly similar in form and mineralogy, the 
foliation-oblique fissure veins differ in several ways from the 
foliation-parallel veins described above. Most obvious is their 
localization in northwest-trending faults which transect the 
foliation, and along which there has been strike-slip displace 
ment. The foliation-oblique veins are also wider and of shorter 
strke-length than the foliation-parallel veins (Fig. 9), and have 
a different internal structure.

The G-Zone is along the faulted contact between pillowed 
basalt and 'altered rock' (hydrothermally altered 'Dickenson 
diorite') (Figs. 9, 19). The vein is 120 m long, up to 4.5 m wide 
and is almost entirely layered carbonate-'chert', although a 
zone of wall-rock breccia fragments occurs on the west side 
(Fig. 19). Smaller veins with similar character and orientation 
also occur in the adjacent 'altered rock' (Plate IX). In the main
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FIGURE 17. Major element composition of vein fill in 7 of the 8 veins in the A-Zone, sub-area 3 (Fig. 9), plotted as (a) molecular ratios 
of SiO2 , CaO and FeO 4- MnO -i- MgO in normative carbonate, and (b) molecular ratios of CaO, MgO and FeO 4- MnO in normative car 
bonate. Based on analyses of channel samples and hand specimens located on Fig. 11.

vein, the grain-supported wall-rock breccia fragments are 
cemented by banded dolomite-ferrodolomite which nucleated 
on the fragments and then grew outward to infill the space bet 
ween fragments. East of the breccia zone, multiple units of 
finely layered carbonate-'chert' are present. Each unit cor 
responds to the single, carbonate-to-'chert' depositional unit 
described in the foliation-parallel veins. The vein-fill of the 
G-Zone differs from that of the foliation-parallel veins in that 
it consists of a stacked sequence of depositional units which 
appear to have all nucleated on the west side of the vein, 
because the carbonate fibre sheafs have a consistent growth 
direction toward the east side of the vein. This banded 
carbonate-'chert' grades to the east into more 'chert'-rich, 
banded 'chert'-carbonate, both types of vein-fill locally con 
taining discontinuous conformable layers of tabular 
arsenopyrite grains mostly confined to the 'chert* layers. Some 
orbicular carbonate structures up to 2 m in diameter occur in 
the central part of the vein (Fig. 19), but unlike the orbicules in 
the F-A-South C veins (Plate lib), the concentric banding of 
the orbicules grades out to merge with the banding oriented 
sub-parallel to the vein walls (cf. Plate IX). Although much of 
this layering is conformable, major 'unconformities', slump- 
like structures and localized breccia zones conformably 
overlain by banded carbonate-'chert' occur locally, and look 
like sedimentary features.

The internal structure of the carbonate-'chert' vein-fill and 
the over-all setting of the G-zone indicate that it formed in a 
fissure which remained open for a considerable period of time 
during the vein-filling history. Although the evidence is by no 
means conclusive, and in some instances contradictory, the 
banded texture of the vein appears to have formed by the pro 
gressive crystallization or recrystallization of an earlier vein- 
filling, most probably a fine-grained or partly amorphous 
silica-carbonate mud. The recrystallization of this early vein- 
fill appears to have started with the nucleation of fibrous car 
bonate along the vein wall, on the surface of the breccia 
fragments, at discrete nucleation points within the vein, and 
(predominantly) along planes that appear to be relict after 
depositional surfaces formed when the vein was initially infill 
ed. This complicated internal structure is only developed 
where the G-Zone is wide. Traced down-plunge, the vein nar 

rows to l to 2.5 m, and has a simpleNnternal structure similar 
to that of the subsidiary veins and to parts of the L-Zone (see 
below). In this area, the layering resembles liesegang banding, 
comprising mm-thick layers which are generally bilaterally 
symmetrical about the vein center.

Siliceous replacement-type mineralization is also associated 
with the main G-Zone fissure vein on the 14 level (Fig. 19). The 
vein is transected by a strike-slip fault which trends subparallel 
to the vein, and along which the vein is locally brecciated and 
mineralized with sulphides. This fault and the vein are cut by a 
series of small faults oriented across the vein. A bleached and 
p yd tic siliceous mineralized zone from 0.5 and 2.5 m wide 
overprints both the vein and the vein wall rock, along the east 
side of the central part of the vein. Similar narrow silicified 
zones oriented approximately perpendicular to the vein 
transect the adjacent 'altered rock' wall rock, only on the east 
side of the vein (Fig. 19). This siliceous replacement-type 
mineralization healed fault-planes which transect the vein and 
adjacent wall rock, indicating that it formed later than the vein 
infilling, and later than the two ages of faults described above. 
The siliceous mineralized zone appears to have been localized 
at the intersection of mineralized fractures in the 'altered rock' 
with the fissure vein. As the siliceous replacement mineraliza 
tion is only present on the east side of the vein, it appears as if 
the vein itself formed an impermeable barrier to the movement 
of silicifying fluids migrating through the 'altered rock* (Fig. 
19).

The L-Zone consists of three separate fissure veins on the 14 
level of Campbell mine (Fig. 7), each localized along faults 
where the 'altered rock' - volcanic rock contact strikes north 
east across the general trend of the strata. The three veins have 
a quite different internal structure, indicating a different infill 
ing and structural history. The northernmost vein is about 100 
m long and up to 4 m wide, and comprises mm-thick banded 
carbonate layers which are, in general, perfectly conformable 
with the vein walls. Locally, the layers thicken to form 
hemispherical mounds with an axiolitic texture because of the 
radiating texture of carbonate fiber sheafs about the mound 
center. The textures are similar to those in the subsidiary veins 
and down^-plunge extension of th*e G-Zone previously describ 
ed. The genesis of the banding, although enigmatic, is more
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FIGURE 18. Zoning in major element composition (plotted as in Fig. 17), mineralogy, and gold, tungsten and mercury content of F-A- 
South C vein system, based on analyses of channel and hand samples from the six sub-areas mapped in detail (Fig. 9). Analyses plotted as 
star symbols are of samples which contain an iron silicate mineral assemblage interpreted to have formed by the reaction of an initial 
sideritic carbonate and 'chert' vein-fill during metamorphism which followed vein emplacement (see text for discussion). Magnetite is in 
the alteration selvedges in areas marked 'm*.

\'Tr— Siliceous replacement zones,sometimes controlled by veins, 
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FIGURE 19. G-Zone, Campbell mine (see Fig. 7 for location): a foliation-oblique vein of type 2d (see text) located on the faulted contact 
of basalt and 'altered rock* (altered Oickenson 'diorite'). The vein dips steeply east, and consists of a footwall zone of wall-rock 
fragments cemented by banded carbonate, overlain by a zone of finely banded carbonate 'chert* (brick pattern), locally containing or 
bicular structures, which grades into a hanging-wall zone of 'chert'-rich banded 'chert'-carbonate (no pattern}.
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FIGURE 20. Major element composition of quartz-arsenop)rite-gold vein (type 2f, see text), F2-Zone, Campbell mine (sub-area 5. Fig. 9; 
see Fig. 14 for map). Analyses are of channel samples, and are plotted as molecular ratios of oxides in normative carbonate as in Fig. 17.

Major fault, lined by later carbonate- 
1 'chert 1 fissure vein

Recrystallized quartz 'veins; relict after 
veinlets of carbonate-chlorite- chert'

Sheeted ve inlet zone along strati- 
aphic contact of 'altered rock'
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relict after decarbonated^

Deformed 
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FIGURE 21. 2151W-Zone, 21 level, Campbell mine; a siliceous replacement-type ore zone (type 3, see text). Mineralization (spaced dot 
pattern) in basalt (dense dot pattern) and 'altered rock' ('Dickenson Diorite': cross pattern) bordering a banded carbonate-chert fissure- 
filling vein (short line pattern where carbonate-bearing, unpatterned where silicified: see text) emplaced into a fault with more than 30-m 
strike separation. Sheeted veinlets (type 2e, see text) (long parallel line pattern) are carbonate-bearing in unsilicified and carbonate-free in 
silicified 'altered rock'. Plate VIII located near south side of map. *
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consistent in this instance with repeated cycles of 
carbonate-'chcrl' deposition within a continuously open 
fissure. In contrast, the layered sequence in the central L-Zone 
vein consists of a multiplicity of bilaterally symmetrical, cm- 
scale, layered carbonate and carbonate-chert units, each unit 
being, on a detailed scale, transgressive to previously deposited 
units (Plate X). Geometrically, the structure of the vein is 
similar to the ribbon structure commonly described in gold- 
bearing quartz veins from many mines, and appears to have 
formed by a process of repeated opening of fissures, and the 
re-sealing of these fissures by vein material.

The southernmost vein of the L-Zone is along a fault with a 
sinistral strike-slip displacement in excess of 40 m. The vein is a 
complex mixture of the above two vein-filling types. During 
vein-filling, a complex series of deformationaJ events probably 
related to incremental movement along the fault were mostly 
localized within the vein. At its southeast end, where the vein is 
in proximity to the 'altered rock', it has been overprinted by 
siliceous replacement-type mineralization, similar to that 
which is locally present along the border of the G-Zone (Fig. 
19).

2f. Quartz-Arsenopyrite-Native Gold 
Veins: West End of the F-A-South C 
Vein System
The relationship of quartz-arsenopyrite veins to the F-Zone 
part of the F-A-South C foliation-parallel vein system is shown 
in Figure 14. The veins clearly transgress the foliation-parallel 
veins, although they are also dominantly foliation-parallel, 
and are commonly emplaced along the contact between the 
F-Zone vein and the adjacent wall rock.The veins are massive, 
and are comprised of about 70^o quartz and 30^o fer- 
rodolomitic carbonate and calcite (Fig. 20). They contain up to 
2.5070 As as arsenopyrite in erratically distributed concentra 
tions, and variable, but locally spectacularly high grade, gold. 
The banded carbonate veins of the F-Zone have a low gold 
content of less than 5 ppm, and probably most of the gold in 
the west part of the F-A-South C system is in these later 
quartz-arsenopyrite veins.

3. Siliceous Replacement Zones: 
2151-W Zone, Campbell Mine
In several areas in the Campbell mine, small pod- or pipe-like, 
sub-vertically oriented, and generally spectacular high-grade 
siliceous replacement zones occur in 'altered rock 1 and/or 
basalt at, or close to, the contact of these two rock types. Most 
of these ore zones are localized within or in close proximity to 
sheeted veinlet zones (vein-type 2e, Table 2) within the 'altered 
rock' bodies. The mineralization consists of irregular siliceous 
pods flanking fractures or massive quartz ± native gold ± 
molybdenite veins which transect the earlier-formed sheeted 
veinlet zones. Both this mineralization type and the sheeted 
veinlet zones appear to be controlled by both rock type 
('altered' rock) and structure (bends in the 'altered' rock- 
basalt contact (Rigg, 1980)). This mineralization type has been 
described by Rigg and Helmstaedt (1980) and Sutherland 
(1980), and is the subject of an M.Se. thesis project being car 
ried out by B. Christie at Queen's University. We will describe 
one of these zones hosted by both 'altered rock' and volcanic 
rock, which we have studied in detail, the 215I-W-Zone (Fig. 
21).

The 2151-W mineralized zone is a high-grade, pipe-like 
siliceous body localized by the intersection of a fault-bounded, 
foliation-oblique, banded carbonate-'chert 1 vein, and the fault 
contact between basalt and 'altered rock' (ultramafic sill) (Fig. 
21). The 'altered rock', the basalt, the major banded 
carbonate-chert vein and other intensely boudined, transposed 
and crenulated veinlets within the basalt all have been silicified 
and mineralized with pyrite, auriferous arsenopyrite and 
native gold (Plate VIII). Silicification and replacement within 
the carbonate-chert veins was accompanied by the partial to

o.n-22 
•.n-25

FIGURE 22. Lower-hemisphere equal-area plot of poles of 
schistosity in normal basalt and sheeted veinlets in 'altered 
rock' (solid dots) and weak foliation in 2151-W siliceous 
replacement ore zone (open circles).

complete leaching of carbonate from the veins, and recrystal 
lization of the vein 'chert' to coarse granoblastic quartz. The 
preservation of partly replaced, boudined and crenulated 
veinlets within the silicified zone (Plate VIII) and the oblitera 
tion of the cleavage normally associated with this deformation 
indi'cate that the silicification post-dated the main mine 
cleavage which strikes 1000 to 1300 . However, a cleavage strik 
ing between 130 0 and 150" occurs in rocks^ithin and border 
ing the silicified zone (Fig. 22), and two superposed cleavages 
can be observed in several areas. Although this new cleavage, 
with different orientation, possibly represents the overprint of 
a later deformational event, it may also reflect the localized 
recrystallization of the wall rocks in the presence of a silicify- 
ing fluid under the stress regime that existed when the orebody 
formed.

The deformational history contemporaneous with and 
slightly preceding mineralization, in this general area, con 
sisted of the development of: (1) a first 1000 - to 120 0 -striking 
cleavage in the 'altered rock' and adjacent basalt; (2) cleavage- 
parallel sheeted quartz, quartz-carbonate and carbonate- 
chlorite veinlets in the 'altered rock' (as mapped, Fig. 21); (3) 
displacement in excess of 30 m along major fault(s) at a high 
angle to the cleavage; (4) emplacement of major foliation- 
oblique carbonate-'chert' fissure-filling veins along these 
faults, with the layering in the veins making a high angle with 
the first cleavage; (5) subsequent faulting and brecciation of 
the major veins (viz. the mineralized vein lying west of the 
2151-W stope, Fig. 21), and boudinage and crenulation of 
other, smaller veinlets in basalt. All this occurred prior to (6), 
the influx of Au-bearing, silicifying fluids which formed the 
orebody. Clearly, a considerable period of time, marked by 
successive deformational events (including, possibly, the deve 
lopment of a new cleavage with different orientation, Fig. 22), 
separated the emplacement of the fissure-filling mineralization 
from siliceous replacement mineralization in this general area.

This relationship of fissure-filling veins to siliceous replace 
ment mineralization in the 2151-W ore zone is repeated in the 
G-zone (see above), and in the vicinity many other fissure- 
filling veins, irrespective of whether the fissure-filling vein 
itself is gold-bearing. We interpret this to indicate that the 
fissure-filling veins and 'altered rock', and especially the 
'altered rock' containing sheeted veinlet zones, acted as 
permeability barriers which focussed the flow of later silicify 
ing fluids, and also provided an environment of strong corn-
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petency contrasts which resulted in the localization of fracture 
permeability in these areas. It is particularly significant that 
none of the deformation and vein-forming events within and 
adjacent to the 2151-W Zone (Nos. (3) through (5), above) are 
recorded in the 'altered rock\ indicating that once the sheeted 
veinlet zones formed, the 'altered rock' behaved both as a 
competent and an impermeable unit relative to the surround 
ing rocks, until the influx of Au-bearing, silicifying fluids.

Summary of Genetically 
Significant Features
Any genetic model for the origin of the diverse types of gold 
mineralization in the Campbell and Dickenson mines must ac 
count for the following features of the mineralization, and the 
host rock sequence:
1. The volcanic environment of the mines is typical of that 
hosting gold deposits of similar type throughout the Superior 
Province of the Canadian Shield (Hodgson and MacGeehan, 
1980, and this volume). The most characteristic features of this 
volcanic environment are the concentration of gold in se 
quences of submarine mafic tholeiitic and ultramafic 
komatiitic volcanic and subvolcanic intrusive rocks containing 
minor quantities of felsic volcanic rocks, near their contact 
with sequences of clastic and/or volcanic exhalative, chemical 
sedimentary rocks.
2. The volcanic sequence hosting the ore zones was formed at 
an eruptive center, and formed synchronously with clastic and 
exhalative chemical sedimentary rocks in the adjacent CSB, 
and more distal mafic flows of the EVB.
3. Hydrothermal alteration is widespread within the mafic 
volcanic sequence of Balmer Township, and is of two main 
types (MacGeehan et a/., 1981). The first alteration type in 
volved the leaching of Fe, Mg, Mn and Ca, and the deposition 
of Na and Si along zones controlled by the primary permeabili 
ty of the volcanic rocks. The geometrical and geochemical 
character of this alteration indicates that it formed near the 
lithosphere surface during volcanism, and represents the 
source of constituents precipitated as exhalative cherty iron 
formations between flow units, and in the sedimentary basin 
flanking the volcanic complex. The second alteration type is 
composed of a complex of subtypes, some of which are per 
vasively developed, and some of which are controlled by initial 
variations in lithology and permeability of the rocks. These 
alterations, which are collectively termed 'feldspar-destructive 
alteration', are localized in a roughly stratiform zone which 
hosts the ore zones. The feldspar-destructive altered zone is 
characterized by addition of CO 2, As, Au and variable 
amounts of the SiO 2, and the pervasive destruction of albite 
and leaching of Na 2O.
4. The roughly stratiform zone of strongly altered rock which 
hosts the gold ore zone is characterized by a generally more in 
tensely developed schistosity, and a higher degree of deforma 
tion, than the less altered rocks which surround it.
5. The gold ore zones in the mines comprise a complex of 
mineralization types formed at different times in the geological 
evolution of the area. The earliest mineralization types are 
low-grade, syn-volcanic veinlets and chemical sediments. On 
these are superimposed a complex series of fissure-filling veins 
which formed after the initial stages of cleavage development, 
but synchronously with much of the deformation in the mines. 
On these in turn are superimposed siliceous replacement zones 
which postdate most of the deformation, but predate the ter 
mination of metamorphism and a major period of dyke 
emplacement.
6. The oldest ore type, the auriferous chemical sediments, are 
spatially associated with rhyolite tuff layers which apron 
domal rhyolitic flow units. The contemporaneous syn-volcanic 
vein mineralization is widely, although sparsely distributed 
through the mine sequence, being concentrated mainly in 
massive mafic flows.

7. Fissure-filling 'chert'-carbonate veins are by far the most 
abundant ore type in the mines, and have a number of impor 
tant features which must be explained by any genetic model:
a) The earliest phase of fissure-filling veins are discontinuous, 
dominantly foliation-parallel breccia veins which are mainly in 
the Dickenson mine. Fragments in the veins are foliated, but 
appear to typically be less foliated than lithologically similar 
vein wall rocks, and may be rotated with respect to foliation in 
the vein wall rocks.
b) The most abundant and economically important ore type is 
foliation-parallel veins which occur in vein systems consisting 
of from one to eight veins localized within narrow planar 
zones. The largest of these systems is the F-A-South C system. 
In localities where more than one vein is present in this vein 
system, vein shapes and cross-cutting relationships indicate 
that the veins were emplaced sequentially, with each being 
deformed by foliation-parallel shear before the emplacement 
of the next younger vein. These relationships, and a consistent 
sinistral offset of markers of 5 m across the F-A-South C 
system along its entire length, indicate that periods of vein- 
parallel shear and vein formation alternated during the forma 
tion of the system.
c) A cyclic deposition of banded carbonate, followed by 
'chert', can be recognized in all fissure-filling veins, although 
veins may comprise from one to a very large number of such 
cycles. The main foliation-parallel veins generally consist of 
one cycle with the carbonate forming bilaterally symmetrical 
banded layers on the vein walls and with the 'chert* forming 
the vein center. The thicker, foliation-oblique veins are com 
posed of a multiplicity of cycles, which may comprise a "con 
formable" sequence, may be in packages of cycles separated 
by "unconformities" or in some instances may be in theVorm 
of thin, bilaterally symmetrical veinlets which are generally 
subparallel, but locally cross-cut, forming "ribbon" veins.
d) Orbicular carbonate structures, in some instances nucleated 
on wall-rock fragments or on vein-fill fragments, are common 
in the central parts of thicker veins, and have banding identical 
to that which characterizes carbonate on vein walls.
e) Although no significant chemical or mineralogical variation 
was detected in a comparison of veins of different ages at one 
locality, there is a strong lateral zonation in the F-A-South C 
vein system, from 'chert'- and gold-rich at its east end, 
through a tungsten-rich zone to gold- and 'chert'-poor and 
carbonate-rich at its west end.
O Gold is mainly associated with the 'chert' member of the 
carbonate-'chert' cycles, being particularly concentrated on its 
contact with the carbonate member.
8) Cross-cutting the carbonate-'chert' veins are foliation-sub- 
parallel quartz-arsenopyrite veins. These appear to be 
restricted to the west end of the Campbell mine.
9) The youngest ore type is siliceous replacement zones, which 
are superimposed on all previous mineralization types. A weak 
foliation inclined at about 45 degrees to the main foliation oc 
curs within at least some of these.
10. Post-dating all ore types are a series of mafic and feldspar 
porphyry felsic dykes which are unfoliated, although they are 
competely recrystallized to hydrous metamorphic mineral 
assemblages.

Proposed Sequence of Geological Events
To explain these various features, we suggest the following se 
quence of events: , 
1. Initial deposition of sedimentary and tholeiitic and 
komatiitic rocks of Pirie's (1980) 'lower sequence.' The WVC 
was the main eruptive center, although fissures extending 
eastward from this center fed flows forming the EVB. Most of 
the clastic and chemical sediments of the CSB were 
transported by mass flows from the adjacent volcanic belts, 
probably mainly from the WVC* although some chemical 
sediments were probably deposited around hot springs within 
the CSB.

204 Geology of Canadian



2. Widespread hydrothermal activity was associated with the 
volcanism. The primary permeability of the volcanic rocks 
throughout the area allowed seawater to circulate and leach 
Fe, Mg, As and Au and deposit Na and Si continuously during 
the build-up of the volcanic section. In the area of the mines, 
during the time when the ore-hosting part of the volcanic sec 
tion was being extruded, there was a major hydrothermal 
discharge center, probably because of the presence in this area 
of fissures, as indicated by the presence of felsic volcanic rocks 
which probably were extruded from fissures and did not flow 
very far from eruptive centers. The close association of the 
low-grade syngenetic ores and the felsic flows in the mines is 
consistent with this hypothesis, and is reminiscent of the rela 
tionship commonly observed among fissures, felsic extrusive 
and sulphide ore of volcanic exhalative origin in volcanic 
massive deposits (e.g. Simmons et at., 1973). In this major 
fluid discharge zone, fluids effected a widespread feldspar- 
destructive alteration in which Au and As were deposited, 
rather than leached from the rocks, as the fluids rose through 
the last few hundred metres below the sea floor. This Na- 
leaching and Au-As-depositing alteration is thought to be a 
'discharge zone-type' alteration. On reaching the lithosphere 
surface, discharge fluids deposited chert, pyrite, magnetite and 
carbonate-rich chemical sediments ('iron formation'), showing 
variable degrees of enrichment in Au and As, the degree 
perhaps depending on their temperature, which in turn might 
have depended on their depth of circulation. The regionally 
distributed, Na-depositing and Au-As-leaching alteration is 
conceived of as 'recharge zone-type' alteration.
3. Following deposition of an overlying calc-alkalic volcanic 
sequence (Pirie's (1980) 'upper sequence'), the rocks were 
tilted into subvertical altitudes. The volcanic units were flat 
tened parallel to their layering, and a metamorphic tectonite 
fabric developed in them. The weaker sedimentary units were 
intensely internally folded. The zone of pervasively altered 
rock hosting the syngenetic gold ores, because of its 
mineralogical composition, behaved as a ductile zone within 
the volcanic succession, and was more intensely deformed, and 
the rocks within it developed a greater fissility than the sur 
rounding, less altered volcanics.
4. Some time during deformation, silica-, carbonate- and gold- 
depositing fluids moved up through discrete planar zones in 
the zone of highly altered rock containing the earlier syn- 
volcanic gold ores, and deposited the carbonate-'chert' veins 
which constitute the main ore type in the mines. Following 
this, carbonate-leaching and silica and gold-depositing fluids 
formed the siliceous replacement ore zones.
5. Finally, after all of the ore zones had been formed, but 
before the termination of metamorphism, a series of dykes was 
emplaced into the mine sequence.

Genesis of Epigenetic Gold Mineralization
The exact nature of the processes which resulted in the forma 
tion of the fissure-filling veins and siliceous replacement zones 
cannot be defined with any exactness, although the features 
described above put some limits on the possibilities.

The relationship of veins to cleavage indicates that they 
began forming after the beginning, and before the completion 
of deformation of the host rocks, which unambiguously rules 
out a syn-volcanic origin. Also, the textural and mineralogical 
similarity of the foliation-parallel and foliation-oblique veins 
indicates that these were formed at nearly the same time, 
although in some places the foliation-oblique veins appear to 
be the younger. The age relationship of these two types of 
carbonate-chert veins and the quartz-arsenopyrite veins and 
siliceous replacement zones is unambiguous, as is the relation 
ship of all veins to the dykes, but the genetic relationship of the 
three types of epigenetic gold mineralization is uncertain. 
There are two main possibilities here. The preferred explana 
tion is that the carbonate-chert vein types formed early in the 
history of deformation and metamorphism as one of the ef 
fects of deep crustal metamorphic-deformation processes,

while the quartz-arsenopyrite veins and siliceous replacement 
zones formed late in the deformational and metamorphic 
history, and are genetically related to a relatively near-surface 
geothermal system associated with the igneous event which 
resulted in the emplacement of the dykes. According to this 
hypothesis, the carbonate-chert veins would be called, in the 
terminology of Karvinen (1980), 'metamorphogenic', while 
the quartz-arsenopyrite veins and the siliceous replacement 
zones would be called 'Lamaque-type' or epizonal intrusive- 
related mineralization, in the terminology of Hodgson and 
MacGeehan (1980). The main evidence for this explanation is 
the geometrical relationship of the veins and cleavage, and the 
extent of cleavage development in fragments in breccia veins, 
relative to that in adjacent rocks.

These features indicate that most of the deformation in the 
fissile zone hosting the veins occurred during and after the for 
mation of the carbonate-'chert' veins, but before the forma 
tion of the quartz-arsenopyrite veins, the siliceous replacement 
zones and the dykes. An alternative possibility is that all of 
these epigenetic mineralization types, although differing in 
time of emplacement, are genetically related to the dyke- 
forming igneous event. This would require that a significant 
amount of the deformation and metamorphic recrystallization 
in the fissile zone occurred just prior to the emplacement of 
the dykes. In favour of this idea is the mineralogical 
(carbonate-'chert') and textural (banded, breccia vein textures) 
similarity of the carbonate-'chert' veins to veins in near- 
surface ('epithermal') vein systems associated with subareal 
volcanic sequences (compare, for example, Plates I-VI I and IX 
and X with Plates 12 and 13, p. 179, in Boyle, 1979).

At least two processes could result in the characteristic inler- 
nal morphology and mineralogy of carbonate-'chert' veins. 
These processes will be considered in detail in another paper 
(Hodgson and MacGeehan, in prep.), and will be described 
only briefly and in qualitative terms here.

The first possible explanation of the features involves a pro 
cess of sequential precipitation of carbonate and 'chert' 
(amorphous silica) as a result of sudden pressure release which 
caused boiling and cooling of a relatively low-temperature 
(< 2500 C) hydrothermal fluid saturated with respect to quartz 
and carbonate. In such a situation, the first increments of 
vapour released would be enriched in CO2 , relative to the fluid, 
because CO 2 is more volatile than water. This would cause in 
itial precipitation of carbonate. However,, as boiling proceed 
ed, the rate of CO 2 loss would decrease as the solution cooled 
and became progressively depleted in CO 2 because of vapour 
formation (Glover, 1970). This would tend to decrease or stop 
carbonate precipitation, as carbonate solubility in cooler solu 
tions is higher than in hotter solutions of the same CO 2 con 
tent (Holland and Malinin, 1979). Precipitation of 'chert' 
from such a fluid would not start until the fluid had cooled 
enough to become supersaturated with respect to amorphous 
silica, which for a solution initially at 2500 C would require 
that it cool to about 1500 C (Holland and Malinin, 1979, p. 
469). Variations in the 'chert'-to-carbonate ratio of veins pro 
duced by this mechanism could be caused by differences in 
pressure or temperature in different parts of the system, and 
the cycles of mineral deposition in the veins by variations in 
the rate of boiling and the extent of cooling. These variations, 
in turn, could be caused by variations in pressure in the fluid 
because of intermittent sealing of the fluid channelways by 
precipitate, in a relatively near-surface (< 3 km) system under 
hydrostatic pressure during the periods of vein deposition.

It is also conceivable that in stressed rocks of sufficient 
strength, pulsating pressure differentials sufficient to cause 
enough boiling to precipitate the observed quantity of vein 
material might be attained as a result of tectonic forces in a 
relatively deep crustal environment (5-10 km).

A second possible explanation for the mineralogical zoning 
and textures of the veins is that they "were first filled with a fine 
carbonate-silica mud. The mud then gradually crystallized to 
form the present vein fill, in much the same way as a magma
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might crysialli/c to form a rnincralogically /oued dyke, l lie 
formation of handed structure eould bc caused by carbonate 
nucleation on vein walls or at discrete centers within veins, and 
a rate of crystal growth which is greater than the rate of diffu 
sion through the 'mud' of carbonate-forming constituents to 
crystal growth sites. The siliceous 'ooze' that would form at an 
advanced stage in vein solidification might be expected to have 
the thixotropic properties of a siliceous gel, and be capable of 
intruding the already crystallized zones, ripping off fragments 
and carrying them as suspended xenoliths, if the vein were sub 
ject to tectonic stresses, or if there were pressure variations in 
the fluids being injected into the structure. Water initially form 
ing a large proportion of the mud would be expelled in the 
final stages of vein formation, through fractures, where it 
would be expected to react with previously deposited vein 
minerals and/or wall rocks to form auriferous fracture- 
controlled sulphide and silica veinlets, and perhaps the 
siliceous wall-rock alteration effects which occur locally along 
vein borders.

However, the process which might cause the initial forma 
tion of 'mud* veins remains obscure. Perhaps strain-softening 
and granulation of the rocks in the presence of an aqueous 
fluid in shear zones resulted in the formation of a slurry which 
collected and was injected into fractures such as the pegmatite- 
forming magma produced by partial melting in migmatite ter 
rains. Alternatively, perhaps the 'mud' was dumped from 
hydrothermal solutions by precipitous boiling of fluids, as 
discussed above.

Conclusions
1. The gold ore zones of the Campbell and Dickenson mines 
occur within a broadly stratiform, anomalously fissile and 
deformed zone of altered, mainly mafic volcanic and sub 
volcanic intrusive rocks adjacent to a local sedimentary basin. 
The zone occurs near the top of Pirie's (1980) Lower Mafic- 
Ultramafic sequence in the southeast part of the Red Lake 
greenstone belt. Minor, but probably genetically significant, 
volumes of felsic volcanic rocks and mainly post-deformation 
mafic to quartz-feldspar porphyry felsic dykes occur within 
the area of the mine workings.
2. The area of the mines is interpreted to have been a major 
discharge zone of a syn-volcanic geothermal system. Rising 
hydrothermal fluids caused widespread enrichment of the 
rocks in Au, As, Mg-Fe carbonate minerals and to a variable 
extent in Si, and depletion in Na and to a variable extent in K. 
This zone of altered rock, because of its mechanical proper 
ties, became the locus of strain during metamorphism and 
deformation, thus accounting for its present highly deformed 
and fissile state.
3. Where the syn-volcanic hydrothermal fluids discharged on 
the sea floor, iron-rich chemical sediments were deposited. 
Most of these are only slightly enriched in Au, and most were 
moved as mass flows into the adjacent sedimentary basin. 
Some, however, which are closely associated with rhyolites in 
the mines, constitute low-grade gold ore zones. Minor quan 
tities of small auriferous veins formed at this time in the syn- 
volcanic hydrothermal solution conduits.
4. The most abundant and economically important gold ore 
zones in the mines are foliation-parallel and foliation-oblique 
banded carbonate-'chert' fissure veins. These were emplaced 
following the initial stages of cleavage development in the 
rocks, and synchronously with much of the deformation and 
metamorphism, after the rocks had tilted into subvertical 
altitudes. Although the source of gold and other constituents 
in these veins is unknown, it seems most likely that the ore- 
forming solutions were generated by pressure solution pro 
cesses which operated on hydrothermally altered and gold- 
enriched volcanic rocks, and/or gold-rich clastic or chemical 
sedimentary rocks formed in the syn-volcanic stage of gold-ore 
generation, but below the present level of exposure in the mine 
workings.
5. Small but spectacularly high-grade zones of siliceous

replacement-type mineralization, mainly locali/cd in the lower 
levels of the Campbell mine, and quartz-arcscnopyritc veins 
which occur predominantly in the west end of the Campbell 
mine, were the last major gold-ore types to be formed. These 
were deposited after most of the deformation, but before the 
emplacement of the mafic to felsic dykes, and the cessation of 
metamorphism.
6. The fissure-filling banded carbonate-'chert' veins were 
either precipitated as a result of rapid cooling because of inter 
mittent boiling of relatively low-temperature (3000 C) fluids in 
a near-surface environment or by 'fractional crystallization' of 
a siliceous carbonate mud. The mud might have been 
generated either by some type of mechanical granulation- 
chemical alteration mechanism, or dumped from hydrother 
mal fluids by precipitous change in physico-chemical condi 
tions in the ore-forming system. In either case,'the environ 
ment of deposition of the veins seems incompatible with the 
depth environment indicated by the deformational fabric of 
the ore-hosting volcanic rocks, which all the evidence indicates 
was developed synchronously with mineralization. However, 
perhaps schistosity and intense penetrative deformation can 
develop in a nearer-surface environment than is normally 
assumed, i.e., within 2-3 km of the earth's surface.
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MINE GEOLOGY

Meter-wide veins and a kilometer-wide anomaly:
wall-rock alteration at 

the Campbell Red Lake and Dickenson 
gold mines, Red Lake District, Ontario
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Department of Geological Sciences, Queen's University

Kingston, Ontario

ABSTRACT
The orebodies of the Campbell and Dickenson mines are local 
ized within an anomalously fissile and deformed zone that 
transects the eastern margin of a dominantly mafic volcanic 
complex, close to its contact with a synchronously formed sedi 
mentary basin containing clastic and chemical sedimentary 
rocks. The ore zones are mainly quartz-carbonate fissure veins 
and siliceous replacement zones formed during deformation 
and metamorphism, although there are some syn-volcanic ex- 
halative ore zones in the mines. On a regional scale, the
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volcanic rocks have been affected by syn-volcanic spilitic altera 
tion which has involved the leaching of Fe, Mg, Au and As 
from, and the addition of Na and variable amounts of Si to 
bleached zones enveloping primary permeable structures in the 
rocks. The leached constituents were deposited on the contem 
poraneous sea floor as iron-rich chemical sedimentary rocks. 
Although this alteration is not closely related, spatially, to the 
ore zones, it is characteristic of the general environment, and 
may serve to distinguish gold-prospective from gold-barren 
areas on a mining-camp scale.

Closely associated spatially with gold deposits is a zone of 
feldspar-destructive alteration within which the-volcanic rocks 
are characteristically feldspar-free, enriched in As, Au and to a 
variable degree in Si, and depleted in Na, Ca and to a variable
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FIGURE 1. Simplified geology of the Red Lake greenstone belt, modified from the O.G.S. Geological Compilation Map 2175. The mafk 
and felsic volcanic rock units correspond to the lower tholeiitic and komatiite and upper calc-alkalic sequences of Pirie (1980). Most of 
the metasedimentary rocks, with the exception of those occurring immediately east of the Dkkenson Mine, form part of Pirie's upper 
sequence.

degree in Mg, Fe and K. The alteration zone is also characteriz 
ed by abundant, variably transposed, small quartz-dolomite to 
ferrodolomite veinlets formed during deformation and meta 
morphism, and includes, but extends outside of, the anomal 
ously fissile zone hosting the orebodies. The alteration zone is 
interpreted to have formed syn-volcanically within the upper 
part of a major submarine hydrothermal discharge zone.

A km-wide, 2-km-long anomaly which envelopes the Camp- 
bell-Dickenson mines, and which is due to feldspar-destructive 
alteration can be defined by five independent parameters: val 
ues of peraluminosity index (mole Vt A^Oj/CaO H- Na2 O ± 
K2 O) > 2; Au content > 10ppb; As content > 50ppm; the 
presence of abundant (> 20Vb) carbonate-quartz veinlets; and 
the f act that the carbonate in the veinlets and rocks is dolomite- 
ferrodolomite, rather than calcite, which is present outside of 
the alteration zone. This anomalous zone could have been de 
tected in a regional exploration program by outcrop sampling 
at a density of only l sample per km2, and fully defined by samp 
ling at a density of 5-10 samples per km2 . Thus, lithogeochem 
istry may provide a major tool in exploration for Campbell- 
Dickenson-type gold deposits.

Introduction
Gold deposits hosted by volcanic and sedimentary rocks con 
sisting of epigenetic vein systems and l or stratiform mineraliza 
tion of possible exhalative origin, represent the economically 
most important gold deposit type in the Superior Province of 
the Canadian Shield, and thus are a major gold exploration tar 
get (Hodgson and MacGeehan, 1980). The ore zones common 
ly have no geophysical expression, and historically over 90*70 of 
the deposits have been discovered by surface prospecting 
(Boldy, 1980). However, the deposit type typically occurs in a

distinctive geological setting within sequences of mafic tholeii 
tic and ultramafic komatiitic volcanic rocks, at or close to their 
contact with clastic and chemical exhalative sedimentary se 
quences. In over 90^o of the major deposits, the ore zones are 
closely associated with small felsic intrusive or extrusive bodies 
(Hodgson and MacGeehan, 1980). Although the rocks associ 
ated with mineralization in this environment are normally high 
ly altered, the chemistry of the alteration is poorly understood, 
and little systematic research has been done to test the applica 
tion of lithogeochemistry to exploration for this deposit type. 

The Campbell Red Lake and adjacent Dickenson mines, the 
two current gold producers in the Red Lake District, have a 
combined production in excess of 7 million ounces of gold to 
date (Bertoni, 1980), and are typical examples of the volcanic- 
sedimentary-rock-hosted gold deposit type. The two mines 
contain over 17 gold-bearing ore zones, localized within a NW- 
trending linear deformed zone up to a l km in width and sever 
al km in length that is located within a sequence of dominantly 
mafic volcanic rocks flanking a local sedimentary basin. The 
basin is filled with clastic and chemical sedimentary rocks of 
exhalative origin. The volcanic rocks are hydrothermally alter 
ed on a regional scale, but the ore-hosting sequence within and 
adjacent to the deformed zone is more intensely altered than 
similar lithologies elsewhere in the general area. Although 
some ore in the mines is hosted by interflow chemical sedimen 
tary rocks and may possibly be of exhalative origin (Crocket et 
al., 1980), the major zones are foliation-rparallel and (less abun 
dant) foliation-oblique carbonate-''chert" and quartz-arseno- 
pyrite fissure veins and high-grade siliceous replacement bodies 
that were emplaced in a series of stages during and shortly fol 
lowing deformation and regional metamorphism (MacGeehan 
and Hodgson, 1980b). The "chert*' in the veins is very fine-
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FIGURE 2. Geology of the western part of Balmer Township, simplified from Pirie and Grant (1978), and with additional information 
from mapping by MacGeehan in 1978 and 1979, and by Thompson in 1979. WVC - Western Volcanic Belt; CSB - Central Sedimentary 
Belt; EVB - Eastern Volcanic Belt; SVB - Southern Volcanic Belt. Mappable sabunits of EVB basalts: VZB - variolitic basalt; AB -aphyric 
basalt; PLB - plagioclase-phyric basalt; PUB - intensely altered aphyric basalt; LPL - plagiodase-microphenocrystic aphyric basalt; LPX 
- pyroxene-microphenocrystic aphyric basalt; GB - basalt containing single elongate ferromagnesian and plagioclase, set in a quartzo- 
feldspathic matrix. From Hodgson et aL, 1980, modified after MacGeehan and Hodgson, 1980.

Rhyolite flow 

fcSI Basalt 

I_l Sediments

grained quartz which appears to have formed by the crystalliza 
tion of amorphous silica. Pirie (1980), on the basis of 12 to 15 
samples collected from surface outcrops, suggested that the 
volcanic rocks near the mines contain geochemically 
anomalous concentrations of the ore-associated elements As 
and Sb. MacGeehan and Hodgson (1980a), on the basis of a 
larger sample population (~ 100 samples), showed that the

ore-hosting volcanic rocks have a high peraluminosity index 
(PAI: mole Vo Al^/I^O -H Na^ + CaO; Spitz, 1973), 
and that a large lithogeochemical anomaly centered in the 
mines could be outlined by contouring the PAI values.

Over 500 samples have now been collected from surface out 
crops in the district and underground at the mines, as part of a 
more general study, sponsored by the Ontario Geological
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Survey, of the genesis of gold-bearing zones at the Campbell 
and Dickenson mines (Hodgson et al., 1979, 1980). Most of 
these samples have been analyzed for the major rock-forming 
elements, as well as S, As, Cr, CO2 and Au. The sampling pro 
gram was designed to include representative samples from the 
mines, from the background population of volcanic rocks and 
from other deformed zones in the general area which are simi 
lar to that containing the Campbell-Dickenson ore zones, but 
in which no ore-grade mineralization has yet been discovered. 
This data-base therefore provides a good test of the application 
of whole-rock major and trace-element geochemistry in the 
search for gold mineralization of the type which occurs in these 
mines.

Geological Setting of the Deposit
The Campbell-Dickenson vein systems occur in Balmer town 
ship, on the east side of the Red Lake greenstone belt, a 50- by 
30-km enclave of Archean volcanic rocks, flanked on all sides 
by diapiric granite plutons (Fig. 1). Pirie (1980) divided the 
greenstones into the Lower Mafic-Ultramafic Sequence of 
komatiitic to tholeiitic volcanic rocks, and an overlying se 
quence of calc-alkaline volcanic rocks and sediments. The rela 
tionship between the ore zones and the volcanic stratigraphy is 
shown in Figure 2, a geological map of Balmer township. For 
the purposes of description, MacGeehan and Hodgson (1980a) 
have divided the sequence into four domains: the Western Vol 
canic Complex (WVQ, the Central Sedimentary Belt (CBS), 
the Eastern Volcanic Belt (EVB) and Southern Volcanic Belt 
(SVB). There is poor outcrop, especially in the north and west 
of the township, but l:10,560-scale mapping of the area by 
Pirie and Grant (1978) and follow-up 1:1200 mapping by 
MacGeehan in 1978 and 1979 and by John Thompson in 1979 
on the Campbell property indicate that the volcanic rocks have 
near vertical dips, strike EW to NW-SE, and face south 
throughout the township (MacGeehan and Hodgson, 1980a). 
The WVC and the stratigraphkally equivalent rocks of the 
EVB represent the top of Pine's (1980) Lower Mafic- 
Ultramafic Sequence, and are overlain by the basal members 
(SVB) of what Pirie (1980) has termed the Heyson Calc- 
Alkaline Sequence. The ore zones at the mines are located on 
the eastern flanks of the WVC, near its contact with the CSB 
(Fig. 2).

The ore zones consist of at least five types of gold mineraliza 
tion, emplaced in at least three separate mineralizing epochs. 
The oldest ore type is volumetrically minor, and consists of 
auriferous iron- and silica-rich chemical sedimentary rocks. 
These ore zones are interpreted to have formed during volcan 
ism. Cross-cutting the syn-volcantic ore type are two, different 
ly oriented sets of carbonate-"chert" fissure veins. The 
"chert"-bearing veings in turn are cut by quartz-arsenopyrite- 
native-gold veins and siliceous replacement-type mineralized 
zones (MacGeehan and Hodgson, 1980a). All ore zones are lo 
calized within a km-wide, SE-trending, structurally distinctive 
stratigraphic zone that transects the eastern border of the WVC 
(Fig. 2). The H.G. Young property, which contains several 
dominantly NS-oriented mineralized zones, lies approximately 
2 km north of the deformed zone hosting the Campbell- 
Dickenson mines, on the west side of Balmer Lake (Fig. 2).

The WVC consists of massive to pillowed mafic flows (66Vo), 
lesser andesite (77o) and rhyolite (5Vo), and minor interflow 
chemical and volcaniclastic sedimentary rocks (2Vo), which are 
transected by an ultramafic sill (5Vo) and by two fractionated 
gabbroic bodies (Campbell and Dickenson "diorites", 15*7o: 
these may be thick massive flows) (Fig. 3). A mafic-ultramafic 
intrusion has also been outlined by diamond drilling under the 
southwest end of Balmer Lake (Fig. 2). Although the part of 
the WVC which hosts the ore zones consists of a number of ori 
ginally different rock-types, much of the present variation in 
mineralogy and texture of the rocks is due to the combined ef 
fects of alteration and deformation. In general, the most fissile 
rocks are the metasedimentary rocks. The most fissile igneous 
rocks within the mines area are highly altered mafic volcanic

Stratigraphic Sections; WVC
CAMPBELL (A-A) DtCKENSON(B-B)

Rhyolit* Hyatociastite 
and Cher t

FIGURE 3. Stratigraphic sections, spaced approximately 800 
m apart, through the WVC in the Campbell and Dickenson 
properties. Undesignated stippled pattern is undifferentiated 
basalt.

rocks, which are characterized by abundant, variably trans 
posed carbonate, carbonate-"chert" and "chert" veins. Al 
though the mafic and ultramafic intrusive rocks may be highly 
fissile locally, they are in general much less fissile than the maf 
ic volcanics, and both macroscopic and microscopic primary 
igneous textures are preserved in them in many areas in the 
mines.

The WVC is flanked to the east by a wedge of epiclastic con 
glomerates and greywackes. These rocks grade eastward into 
graded wackes and mudstones which intercalate with turbiditic 
chemical sedimentary rocks in the central part of the CSB. The 
chemical sedimentary rocks are dominantly cherts, cherty car 
bonates, and sulphide and oxide iron formations, and are inter 
preted to have been transported into the basin by density cur 
rents from an initial depositional site higher up on the flanks of 
the volcanic complex. The EVB consists of a series of mafic 
flows which appear to have been extruded from fissures now 
occupied by intrusions which occur around the periphery of the 
WVC. The flows of the EVB intercalate with the sedimentary 
rocks of the CSB along the eastern border of the CSB. The geo 
logical setting of the area, as interpreted by MacGeehan and 
Hodgson (1980a), is shown on Figure 4. Of particular import 
ance to this study is the interpretation that the stratigraphically 
equivalent volcanic rocks in the WVC and EVB were extruded 
during a continuous period of exhalative activity, and that the 
gold-bearing zones at the mines occur at the same stratigraphic 
level as chemical sedimentary rocks farther east in the CSB.

Hydrothermal Alteration
All of the volcanic rocks of the district are composed of min 
eral assemblages of the greenschist facies, and most have been 
metasomatically altered to variable degrees. Two chemically 
and mineralogically distinct alteration types have been recog 
nized. The first is widely developed in the volcanic rocks of 
Balmer Township, and consists of bleached domains of Na-Si 
enrichment and Fe-Mg depletion localized around zones of 
primary permeability in the volcanic rocks. This alteration type 
is termed spilitic alteration, because the altered rocks have the 
chemical and mineralogical characteristics of spilites (Turner 
and Verhoogan, 1960). The second alteration type has a more 
restricted distribution, being mainly, but not entirely, confined 
to rocks within and near the deformed zone hosting the Camp-
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FIGURE 4. Interpreted stratigraphic section through the volcanic and sedimentary rocks in Balmer Township at the time of active volcan 
ism. Rock unit symbols as in Fig. 2, except VA - variolitic andesite. Paleotopographic reconstruction is based on facies changes between 
WVC and CSB, the contact of several thin interflow volcaniclastic sedimentary units in the WVC which extend eastward as graded wacke- 
mudstones (fine dot and open circle symbol), and intercalate with exhalative sediments in the CSB and with individual flow units in the 
EVB (from MacGeehan and Hodgson, 1980a).
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FIGURE 5(a). AFM plot of the mean composition of unaltered or least altered samples of each EVB flow unit (Table 1). The thoikeiitic- 
calc-alkaline dividing line is after Irvine and Bangar (1971). (b). A stratigraphic section through the EVB (from MacGeehan and 
Hodgson, 1980a).
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e major-element oxides were analysed by XRF and Au was determined by neutron activation analysis by X-Ray Assay Laboratories 
d., Don Mills, Ontario. As, S and Cr were determined by XRF on powder pellets at Queen's University.

bell-Dickenson orebodies. It is defined on the basis of the ab 
sence or low abundance of feldspar, intense Na- and variable 
K-depletion, and Au- and As-enrichment of the altered rocks, 
and is termed feldspar-destructive alteration because of its 
most characteristic minerological property.

When chemical variations among rocks in an area are inter 
preted in terms of variations in the type and intensity of altera 
tion, it must be assumed that all of the rocks being compared 
originally had the same composition. The least-altered mafic 
volcanic rocks of the EVB are iron-rich tholeiites (Fig. 5; Table 
1). Outcrop-scale textures, as described below, show that these 
are the protolith of the spilitic altered rocks. However, it has 
not been proven that the volcanic protolith of the feldspar-de 
structive altered rocks also was iron-rich tholeiite, although 
megascopic textures of the altered rocks are typical of those 
found in Archean balsalts, and are similar to those of iron-rich 
tholeiites in the EVB. Because of these textural similarities, we 
have assumed in this paper that all altered mafic volcanic rocks 
in the area originally had approximately the composition of the 
least-altered EVB flows.
Spilitic Alteration
This alteration type occurs as bleached domains localized 
around quartz-epidote-carbonate-filled fissures, fractures and 
pipe-like circular structures in massive flows, and around pil 
low selvedges in the more permeable, pillowed flow units. The 
alteration is widely, but unevenly, developed in the area. In 
general, it is most abundantly developed in pillowed units, and 
especially in those pillowed units directly overlain by chemical 
sedimentary rock units (e.g. Units AB, PLB, PUB and GB in 
the EVB sequence, Fig. 2).

The chemistry of spilitic alteration is illustrated by a study of 
Unit GB from the EVB (Fig. 2). The least altered rocks in this 
unit, which are the cores of pillows and the more massive parts 
of the flow, have a uniform composition, and original igneous 
textures are well preserved. Pyroxene is uralitized, and plagio 
clase phenocrysts and matrix microlites are recrystallized to 
metadomains of albite, epidote and calcite. Although the 
analyses are variable, these least altered samples contain about 
8 ppb Au and 20 ppm As (Fig. 6), which is within the normal

1ABLE 1. Normalized major-element composition 
of least-altered samples of each of the major basalt 
flow units in the EVB (c.f. FIG. 2, 5)
Rock Unit: 
No. Samples:
SiO2
TiO2
AI2 O3
Fe-O..Kb 3
MnO
MgO
CaO
NauO
K-O
P205

VZB 
2

45.87
.74

12.68
2.29

13.71
.40

11.49
11.03

1.56
.18
.06

AB1 
4

50.08
.92

14.56
1.51
9.87

.42
6.48

14.27
1.54
.28
.08

PLB1 
4

49.93
1.03

16.07
2.11

10.66
.21

7.34
11.11

1.22
.07
.10

LPL 
1

47.10
.86

16.28
1.83

10.83
.20

8.79
9.66
2.01

.11

.06

LPX 
3

50.76
.86

17.21
.18

10.64
.20

4.60
10.86
2.72

.14

.08

QB 
4

50.96
.95

15.36
1.75
9.86

.32
3.75

14.64
2.10

.15

.09

FeO* 15.71 11.23 12.56 12.48 10.80 11.43
Note: Analyses were completed by X-Ray Laboratories, Don 
Mills, Ontario, by XRF on fused pellets, and checked using 
Seimens VRS vacuum spectrograph at Queen's University.
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FIGURE 8. D.I. vs P.A.I, for variably altered basalts affected 
by regionally distributed spilitic alteration in the EVB, and the 
localized zone of feldspar-destructive alteration in the WVC.

concentration range of these elements in balsalts (Boyle, 1979). 
Within the bleached domains, the rocks are both mineralogi- 
cally and chemically altered. Plagioclase phenocrysts and laths 
are pseudomorphically replaced by albite, ilmenite is replaced 
by sphene, and the matrix of the rock consists of a fine-grained 
mixture of polygonal albite and quartz containing a prismatic 
metamorphic amphibole, the modal content of which decreases 
toward the pillow rims. Because the alteration is characterized 
by the conversion of plagioclase to albite, and by the extensive 
replacement of the rock by albite and quartz, its intensity can 
be conveniently measured by the normative differentiation 
index (normative quartz plus alkali feldspar content, Thornton 
and Tuttle, 1960), which is typically 20-25Vo in the samples of 
the least altered rocks, but ranges from 3(Wo to 60Vo in samples 
of altered rocks (Fig. 6).

Variation hi composition with increasing degree of alteration 
in Unit GB can be shown by plotting the major- and trace- 
element contents of samples against their normative differenti 
ation index (Fig. 6). Chemically, the bleached zones are strong 
ly depeleted in Fe, Mg, Mn and Ca, and enriched in Na, and to 
a variable extent Si and Cr, in comparison to the least altered 
samples. Au and As also appear to have been leached from 
within the bleached zones. A portion of some of the depleted 
elements, in particular Ca, occurs hi minerals in veins and ir 
regular open-space fillings in pillow interstices. Rarely, high 
gold values ^15 ppb) also occur in these open-space fillings. 
However, most of the leached material appears to have been 
completely removed from the rock system. The association in 
the area of the spilitic alteration hi the basalts, and chemical 
sedimentary rocks enriched in the elements leached during spil 
itization suggests that the two phenomena are genetically 
related.

Feldspar-Destructive Alteration
This alteration type is localized within and near the zone of 
highly fissile volcanic rocks which host the ore deposits in the 
Campbell and Dickenson nunes. Although the alteration has 
some distinctive mineralogical and chemical properties, as de 
scribed below, it is comprised in detail of a number of different 
sub-types. Some are lithology specific, some may be zonally 
related alteration facies, and others are probably the result of a 
complex superimposition of alteration and y or deformation ef 
fects, caused by different types of hydrothermal solution pass 
ing through the rocks at different tunes during the geological 
evolution of the area.

Mineralogically, rocks within the zone of feldspar- 
destructive alteration are characterized by the assemblage 
quartz, chlorite, amphibole and sericite, with biotite and /or 
garnet occurring locally. Where the rocks are least deformed 
and have a fissility comparable to that of rocks outside the 
feldspar-destructive alteration zone, the original igneous 
textures are preserved. However, feldspar crystals are replaced 
by fine-grained quartz, carbonate and sericite, and pyroxenes 
are replaced by amphibole aligned hi the foliation. The matrix 
of the rocks consists of a fine-grained mixture of quartz, 
chlorite, sphene and amphibole. Biotite and garnet are widely 
distributed hi variable amounts, but garnet is generally more 
abundant on the eastern border of the WVC, in the Dickenson 
mine (Fig. 2).
- Where the rocks are highly foliated, original igneous textures 
have been obliterated and there is, in general, less amphibole 
relative to chlorite, and more mafic minerals relative to quartz, 
than in the less fissile rocks. Planar chloritic pressure solution 
residues oriented parallel to the foliation are conspicuous 
locally, particularly in those areas containing abundant, vari 
ably transposed carbonate-chert veinlets (Rigg and Helm- 
staedt, 1980).

One of the most conspicuous types of alteration within the 
zone of feldspar-destructive alteration is the development in 
the mafic volcanic rocks of bleached domains flanking zones of 
primary permeability, such as pillow rims. These bleached 
zones are morphologically similar to spilitic alteration zones in
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the EVB and, as with spilitic alteration zones, they may be de 
veloped to variable degrees in adjacent flow units.

On Figure 7 is shown the chemical characteristics of variably 
bleached pillows, within the feldspar-destructive alteration 
zone. The bleached zones are variably enriched in Si, and de 
pleted in Mg and Fe. However, even the unbleached parts of 
pillows are significantly more siliceous than similar-looking 
rocks in areas where spilitic alteration is developed. It is com 
monly the case that basalts affected by feldspar-destructive al 
teration have anomalously high SiO2 contents, i.e. the SiO2 
content of andesites or dacites (c.f. Sopuck et al., 1980; Spitz 
and Darling, 1977).

One chemical measure of the intensity of feldspar-destruc 
tive alteration is the peraluminosity index (PAI). PAI has been 
used by Spitz (1973) to measure the intensity of somewhat simi 
lar alteration associated with massive sulphide deposits (Spitz 
and Darling, 1977). A plot of PAI against DI (Fig. 8) for the 
analyses shown in Figure 7 shows no relationship between 
feldspar destruction and bleaching, as described above. This is 
in marked contrast to the relationship between these chemical 
parameters hi variably spilitized rocks of Unit GB in the EVB 
(Fig. 8).

As and Au are also significantly enriched in rocks from the 
zone of feldspar-destructive alteration (see below) and As in 
creases with D.I. hi the analyses of variably bleached pillows 
plotted in Figure 7.

In summary, although spilitic and feldspar-destructive alter 
ation both involve variable silicification and Fe-Mg depletion, 
the Na and As contents of bleached rocks are quite different in 
the two alteration types. Furthermore, both bleached and un 
bleached rocks in the zone of feldspar-destructive alteration are 
much more siliceous, and the unbleached rocks much lower hi 
Na and Ca, than the apparent protolith of these rocks, the 
least-altered mafic volcanic rocks of the EVB. These distinctive 
chemical measures of alteration type and intensity will now be 
used to chemically outline regional-scale alteration hi the SE 
part of Balmer Township.
Regional Distribution of 
Alteration Types
The chemical and mineralogical features of spilitic and 
feldspar-destructive alteration described above suggest that 
five parameters might be used to map out the regional distribu 
tion and intensity of these alteration types: PAI; As, Au and 
carbonate content; and carbonate composition. Regional vari 
ations hi the first three of these alteration indices are shown in 
Figures 9-14, and are described in the following sections. Our 
data on carbonate distribution, also described below, are only 
qualitative.
Peraiuminosity Index
In Balmar Township, most unaltered samples of mafic flows 
have a PAI of about 0.5, which is due to them consisting main 
ly of normative labradoritic plagioclase with a theoretical PAI 
of about 0.7 and calcium clinopyroxene with a theoretical PAI 
of 0. With increasing extent of spilitic alteration, the PAI of 
mafic flows changes from 0.5 to ~ 1.0. A PAI of l is attained 
hi the most altered rocks (Fig. 8) because most of the Na, Ca 
and K in them is in alkali feldspar. Therefore, virtually all rocks 
outside of the zone of feldspar-destructive alteration have a 
PAI of 0.5-1 (Figs. 9, 10). In contrast, rocks affected by 
feldspar-destructive alteration have a PAI of > l and mostly 
> 3 (Figs. 9, 10). This is because the Al in the rocks is almost 
entirely hi sericite (PAI ^ 3) and chlorite (PAI = oo), although 
they contain some Ca, alkalies and Al hi amphibole (PAI very 
large), and low but variable quantities of carbonate (PAI = 0). 
PAI values tend to increase as the fissility of the rocks in 
creases, probably because, as noted above, chlorite (which 
contains no Ca) becomes progressively more abundant, relative 
to amphibole (which contains substantial Ca), as fissility in 
creases.

It should be emphasized that the sampling of all rocks was 
done so as to exclude vein material. At the outcrop scale, most
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to 13
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FIGURE 9. Frequency distribution of values of peraluminosity 
index in samples of variably altered basalts from the WVC and 
EVC. Analytical details as noted in Fig. 6.

FIGURE 10. Peraluminosity index in basalts, Balmer Township. 
Anomalies designated B, C and D discussed in text.
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of the rocks in the zone of feldspar-destructive alteration are 
quite carbonate rich, and if this carbonate had been included in 
our samples, PAI values would have been substantially de 
creased. By contouring PAI in variable bleached rocks from 
throughout the area, a zone of anomalously high PAI is clearly 
defined hi the area of the mines (Fig. 10).

Arsenic Content
The As content of all samples from each of the major lithologic 
belts is shown in Figure 11. Although there is a wide range in As 
contents, the As contents of the rocks of the EVB are most 
tightly clustered, and the lowest mean value of As occurs in this 
group. In general, the least altered samples from areas charac 
terized by spilitic alteration in the EVB contain about 20 ppm 
As, and As content decreases with increasing intensity of spilit 
ic alteration, as measured by D.I. (Fig. 6).

Arsenic contents of samples from the WVC are spread over a 
wide range, but on the whole are higher than those from the 
EVB (Fig. H). In variably bleached and silicified rocks from 
the zone of feldspar-destructive alteration, As contents in 
crease with D.I., i.e. with the intensity of silicification (Fig. 7).

The 50-ppm contour on a map of As values of samples from 
the area (Fig. 12) outlines roughly the same lithogeochemically 
anomalous area as is defined by values of the peraluminosity

index of ^.0, and thus As content provides a second inde 
pendent chemical guide to the ore-bearing area.

Gold Content
The gold content of the three main lithologic belts is shown in 
Figure 13. The distribution of Au values in each population 
and the differences among the three populations are very simi 
lar to those of As (Fig. 12).

Au appears to decrease with increasing degree of spilitic al 
teration (Fig. 6), although there is much more scatter in the 
data than in the case of As. Erratic high gold values occassion- 
ally occur in open-space-filling mineral aggregates and veins as 
sociated with this alteration. In contrast, gold is almost invari 
ably enriched hi both well-foliated and relatively unfoliated 
rocks hi the zone of feldspar-destructive alteration. Thus, over 
80Vo of samples from within the zone of anomalously high PAI 
^2.0) and As ^50 ppm) have Au contents of > 10 ppb.

There is clear evidence for the enrichment of gold in syn- vol 
canic veins and the contemporaneously formed auriferous sili 
ceous chemical sedimentary rocks associated with rhyolites in 
the mines, and in the much later, epigenetic fissure-filling veins 
and siliceous replacement zones. However, no gold appears to 
have been mobilized during the formation of planar chloritic 
domains and small variably transposed carbonate-quartz (or 
"chert") veinlets hi fissile rocks, at least at the present level of 
exposure. The veinlets are neither enriched hi gold nor is the 
more fissile rock gold-depleted relative to less fissile rock in the 
zone of feldspar-destructive alteration. Although the mean 
gold content of all samples carefully taken to exclude the ore to 
sub-ore-grade areas is about 30-35 ppb, there may be a 
somewhat higher and more uniform gold content in the ultra 
mafic sill hi the Campbell mine (Fig. 3), as 7 of the 9 samples 
taken from this unit have 43 ± l ppb Au, and all the others, ex 
cept one, are even higher. The 10-ppb contour on a contour 
map of gold contents of samples from the area (Fig. 14) out 
lines the same chemically anomalous zone as is defined by PAI 
^.0 and As ^0 ppm.

Carbonate Content
Carbonate minerals are abundant in all rock types hi Balmer 
Township, but there are significant differences in the type bf 
carbonate minerals present (calcite vs dolomite to ferrodolo 
mite) and in then- distribution hi the rocks (veins and other 
open-space fillings vs disseminated). In the CSB, carbonate oc 
curs as a major mineral hi iron- and silica-rich chemical sedi 
mentary rocks. In the least-altered rocks of the EVB, about 
3-4^o CO2 occurs as matrix disseminations of calcite. With in 
creasing intensity of spilitic alteration, CO2 contents progres 
sively decrease to l *7o or less. Calcite, however, occurs as a ma 
jor mineral hi the open-space- filling veins and aggregates about 
which the bleached spilitic alteration zones are developed, as 
well as hi later vuggy veinlets. Despite the high CO2 content of 
both "unaltered" and Ca-depleted and Na-enriched, spititic- 
altered rocks in the EVB, COj/CaO molecular ratios are 
always much less than one, because most of the CaO hi the 
rocks is in non-carbonate minerals. Vein-free samples of mafic 
volcanic rocks in the zone of feldspar-destructive alteration 
have very low CO2 contents, normally much less than l Vo . The 
carbonate is present as fine disseminations of dolomite to fer 
rodolomite. However, at the outcrop scale, these rocks contain 
abundant carbonate veins of many different ages, most of 
which appear to have formed during the deformation (Rigg 
and Helmstaedt, 1980). Although we have not attempted to 

, sample the rocks in such a way as to include representative vol 
umes of vein and inter-vein material, it is clear from large un 
derground and surface outcrop exposures that the total 
amount of carbonate hi the zone of feldspar destruction is at 
least equal to, and in most areas significantly greater than, that 
in the texturally similar least-altered rocks in the EVB, prob 
ably averaging hi the order of 20Vo of the rocks. Altered ultra 
mafic rocks in the mines are locally extremely rich in 
carbonate.
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FIGURE 12. Arsenic in basalts, Balmer Township. Anomalies designated A, B and C discussed in text.

Although Ca-bearing silicate minerals, mainly amphibole, 
occur in the inter-vein rock, the low amount of these and the 
fact that the carbonate mineral of veins is dolomite-ferrodolo- 
mite, and not calcite, indicates that, at the outcrop scale, the 
CO2 /CaO molecular ratio of rocks in the zone of feldspar-de 
structive alteration is considerably greater than one. Therefore 
the carbonate content, and the relationship between carbonate 
content and the COj/CaO ratio of the feldspar-destructive 
zone is quite comparable to that of carbonate-rich zones map 
ped by Karvinen (1980), and described chemically by White 
head et a/., 1980, in the Timmins area. However, it appears 
that the ratio of "vein" to "rock" carbonate in Balmer 
Township is much higher than at Timmins. Thus, as suggested 
by Karvinen (1980) for the Timmins area, visual estimation of 
the carbonate content of rock exposures and drill core, 
combined with potassium ferrocyanide staining to identify the 
carbonate minerals, is a highly useful method of outlining gold- 
prospective zones in the Red Lake area. Another way in which 
the dolomite-ferrodolomite carbonate can be distinguished in 
surface outcrops from calcite is by the difference in their 
weathering characteristics. Calcite is always leached in surface 
outcrops, whereas dolomite-ferrodolomite tends to remain 
relatively unleached, and is normally rust stained.

In addition to the major chemically anomalous zone con 
taining the orebodies, three other chemically anomalous zones 
were outlined by our sampling. Anomaly A (Fig. 12) is a zone 
of low-level As-enrichment in typical spilitized flows of units 
GB, LPL and LPX near where these pass along strike into sedi 
mentary rock units. No Au or PAI anomaly occurs in this area. 
Anomaly B (Figs. 10,12) occurs in Unit PUB, which is entirely 
surrounded by sedimentary rocks, and is intensely altered, with 
the garnet-chlorite assemblage forming pillow centers and

quartz-sericite the pillow margins. The entire flow unit has a 
high PAI and is enriched in As, but does not contain an 
anomalous Au concentration. Anomaly C (Figs. 10,12,14), al 
though small in size and of low intensity, has all the characteris 
tic features associated with the Campbell-Dickenson anomaly. 
The zone occurs at the top Unit AB1, and is sub-stratiform. 
The chemical anomaly is defined by PAI M, As contents 
ranging up to 60 ppm and Au contents of up to 14 ppb. The 
anomalous rocks are also highly foliated, with the development 
of two subparallel cleavages, and deformed dolomite- 
ferrodolomite veins are abundant. In one part of the zone, 
there are a number of trenches in which a quartz-tourmaline 
vein is exposed, and the zone has been drilled, so there prob 
ably is some sub-oregrade gold mineralization present. Anom 
aly D (Figs. 10, 14) occurs in basalts of the WVC in a hole 
drilled to the east of the H.G. Young vein system, and is 
defined by PAI >2 and Au MO ppb, but there is no As 
enrichment of the rocks. Although shown as an isolated anom 
aly, the anomaly could extend westward to include the host 
rocks of the H.G. Young orebodies, which we have not 
sampled.

Genesis of Geochemical Anomalies
The lithogeochemical and field techniques that could be used 
to find the zone hosting the Campbell and Dickenson ore 
bodies are obvious from the patterns described above, and re 
quire no consideration of the geological significance of the pat 
terns. However, it is important to consider the genetic inter-re 
lationships of features in order to intelligently apply the tech 
niques to other areas prospective for similar types of gold de 
posits. This is because the geological environment of this type 
of deposit, although quite distinctive, is nevertheless highly
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FIGURE 13. Frequency distribution of gold contents of basalts 
in EVB and WVC, and sedimentary rocks in CSB. Analytical 
details as noted in Fig. 6.

variable (Hodgson and MacGeehan, 1980). It is to be expected, 
therefore, that lithogeochemical patterns will also vary as the 
volcanic and metamorphic-deformational processes vary from 
one area to the next. Some of these genetic problems are briefly 
considered in the next section.

Statement of Model
We visualize spilitic alteration as occurring throughout the area 
as a result of sea water circulating downward through cooling 
volcanic units almost immediately after they were extruded 
(c.f. MacGeehan, 1978). The fact that spilitic alteration tends 
to be most abundantly developed in pillowed units, and especially 
those pillowed units directly overlain by chemical sedimentary 
rocks, suggests that the extent of sea-water penetration de 
pended on the permeability of the units (pillowed more perme 
able than massive) and on the time interval that each unit was 
exposed on the sea floor (during which sediments accumulated) 
before being covered by the next flow in the succession. Some 
of the sea water circulated deep into the volcanic edifice and 
was drawn in toward and rose up through, fracture systems 
within the WVC, which was the major thermal center, and the 
main zone of structurally controlled, cross-stratal permeability 
in the general area. Au and As were enriched and Na ± K re 
moved from the fluids as a result of their reacting with the 
channel-walls, forming spilitic alteration envelopes as the 
fluids moved downward and in toward the major thermal cent 
er. As the fluids moved upward over the thermal center, and

FIGURE 14. Gold in basalts, Balmer Township. Anomalies 
designated C and D discussed in text.

approached the surface, they began to cool, causing feldspar- 
destructive alteration, Au- and As-enrichment, and extensive 
carbonization and silicification. At major discharge sites where 
the metal-bearing fluid exhaled on the sea floor, chemical sedi 
ments were precipitated.

It is proposed that the cause of the mineralogical and chemi 
cal difference between spilitic and feldspar-destructive altera 
tion was that the fCO2 of the hydrothermal fluids was higher in 
the zone of feldspar-destructive alteration than it was in the 
zone of spilitic alteration. Fluids of high fCO2 would be ex 
pected to favour the formation of Ca, Mg and Fe carbonates, 
relative to silicates, and also, because pH would decrease as 
fCO2 increased, sheet silicate minerals, relative to feldspar. 
Thus, with increasing fCO2, the product side of the following 
reactions would be increasingly favoured:

CO - H HCO-

calcite -f amphibole + CO2 - chlorite Ca - Mg - Fe 
carbonate

alkali feldspar -i- H+ ~ sericite -*- quartz + Na* 

silicate minerals * H+ = quartz * dissolved cations

This chemical model would explain the following features of 
the zone of feldspar-destructive alteration: its high chlorite, rel 
ative to amphibole, content; the presence of dolomite- ferrodol 
omite, rather than calcite, as the dominant carbonate phase; 
the high modal content of carbonate; and the high degree of sil 
icification, in comparison to similar-appearing spilitic altera 
tion zones in the EVB.

Most of the chemical sediments formed around hydrother 
mal vents in the WVC were moved by mass flow processes into 
the adjacent CSB, but some, perhaps formed from particularly 
high-temperature fluids in proximal locations flanking the ma 
jor hydrothermal conduits, remained in place and constitute 
the low-grade exhalatite ores in the mines. Following this early 
stage of volcanism and hydrothermal activity, the rock se 
quence was buried, deformed and metamorphosed to green 
schist-facies mineral assemblages. During this deformation, 
pressure-solution processes localized in the previously formed, 
and therefore incompetent, feldspar- destructive alteration 
zone caused massive redistribution of carbonate and quartz in 
to small veins.

The formation of small veins occurred continuously during 
deformation, so that earlier-formed veins were rotated farther 
toward parallelism with the foliation, i.e. were more trans 
posed, than later-formed veins (Rigg and Helmsteadt, 1980). 
These variably transposed veins are now concentrated within
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the feldspar-destructive alteration zone because the carbonate 
content of the rocks in this zone was higher than that of the 
rocks outside of it. Similarly, the correlation of chlorite/am- 
phibole and quartz/mafic mineral ratios with fissility is the re 
sult of deformation being localized in the most highly altered, 
and therefore most incompetent, rocks. Pressure-solution pro 
cesses at depth, or in the adjacent CSB, may have generated the 
auriferous fluids from which the main fissure-filling veins and 
siliceous replacement zones in the mines were precipitated. Fin 
ally, a series of mafic and felsic dykes were emplaced in the fis 
sile zone.

Discussion of Genetic Model
Several lines of evidence indicate that the spilitic alteration in 
the volcanic rocks of the EVB is due to syn-volcanic hydro 
thermal activity involving sea water. The alteration and open- 
space-filling mineral aggregates and veins are clearly related to 
primary permeable zones in the rocks, which would not be ex 
pected to have remained open during deformation and meta 
morphism. Also, the microscopic textures of the altered rocks 
indicate that the present metamorphic mineral assemblage was 
superimposed on an earlier alteration assemblage, and not on 
the primary mineralogy of the rocks. Perhaps most compelling 
is the fact that the constituents leached from the rocks are the 
same as those concentrated hi syn-volcanic chemical sedimen 
tary rocks, which strongly indicates a close genetic relationship 
between alteration and the formation of the chemical sedimen 
tary rocks. Of particular significance here is the fact that Au 
and As were leached from the basalts and concentrated in the 
chemical sedimentary rocks. Finally, recent studies of the pet 
rology and chemistry of submarine volcanic rocks (Corliss, 
1971; Spooner and Fyfe, 1973), a consideration of the patterns 
of heat flow in volcanically active, ocean-ridge environments 
(Anderson, 1972; Lister, 1972) and experimental studies of sea 
water-basalt interaction (Hajash and Archer, 1980) indicate 
that spilitic alteration is widespread in such environments, and 
is caused by the massive penetration of sea water into cooling 
volcanic rocks soon after they form. Many studies have shown 
that iron- and silica-rich chemical sediments are formed where 
these fluids discharge onto the sea floor (c.f. Table 2 in Rona, 
1978).

The evidence for the syn-volcanic time of formation of the 
feldspar-destructive alteration zone is less conclusive than that 
for the time of formation of the zone of spilitic alteration. A 
key observation is the recognition of chemical sedimentary 
gold ore zones in the mines (Crocket et a/., 1980; MacGeehan 
and Hodgson, in preparation). Although much of what ap 
pears, on the hand-specimen scale, to be chemical sedimentary 
ore can be shown, on the basis of field relationships, to be epi 
genetic (Rigg and Helmstaedt, 1980; MacGeehan and 
Hodgson, hi preparation), the low-grade-stratiform gold ore 
zones spatially related to rhyolite extrusives do appear to be of 
exhalative origin. The association of these zones with rhyolites 
is similar to the association found in many base metal massive 
sulphide desposts, and is probably due to the control of both 
felsic magma and hydrothermal fluid discharge by major syn- 
volcanic fissures (Hodgson and Lydon, 1977). Also, what 
appears to be syn-volcanic veins enriched in Au, As, Hg, Zn 
and Cu, and containing quartz and dolomite-ferrodolomite, 
are widely distributed hi underground workings in the mines 
(MacGeehan and Hodgson, in preparation). The veins indicate 
that Au and its associated element suite were being deposited 
not only at the sea floor, but also hi permeable structures below 
the lithosphere surface in the general area of the mines. Further 
evidence that a major fluid discharge zone existed in the WVC 
at the tune of active volcanism is the lateral facies changes from 
west to east in contemporaneous sediments in the CSB (Fig. 4), 
suggesting that most of the clastic and chemical sedimentary 
rocks of the CSB were transported as mass flows from their ori 
ginal site of deposition within the WVC.

Finally, the relationship of bleached and Au- and As-en 

riched altered zones to primary permeable structures hi the 
mafic flows within the feldspar-destructive alteration zone sug 
gests, as does the similar geometrical relationship in the zone of 
spilitic alteration, that the bleaching and Au- and As-enrich- 
ment occurred before deformation and metamorphic recrystal 
lization destroyed the primary permeability of the rocks.

Although we cannot conclusively show that the feldspar- 
destructive alteration, the bleaching related to primary perme 
ability, the abundant development of dolomite-ferrodolomite, 
the general enrichment of the rocks in As and Au, and the for 
mation of auriferous chemical sediments and early veinlets 
were contemporaneous, the coincidence in areal distribution of 
these effects in the general vicinity of the mines (c.f. Figs. 10, 
12, and 14) suggest that contemporaneous formation is certain 
ly the simplest and most plausible explanation that is consistent 
with the facts. Another possible explanation of the patterns we 
observed, and which cannot completely be discounted, is that 
carbonate-, Au-and As-enrichment, and destruction of feld 
spar occurred during metamorphism and deformation as part 
of the hydrothermal effect related to auriferous fissure vein 
and siliceous replacement zone formation, with these altera 
tions being superimposed on a zone of spilitic alteration. Such 
a model was originally proposed by Boyle (1961) for the gold- 
bearing shear zones of the Yellowknife area. Profound and 
pervasive metasomatic effects have also been documented in 
shear zones recently by Beach (1980).

Conclusions
The gold orebodies of the Campbell and Dickenson mines are 
localized within a texturally distinctive zone of highly de 
formed and fissile rocks which form a part of a larger, chemi 
cally and mineralogically distinctive zone characterized by:
1. Values of PAI of >2, due to the absence, or very low abun 
dance, of feldspar.
2. Au content of > 10 ppb.
3. As content of ^0 ppm.
4. Presence of abundant ^20^0) dolomite-ferrodolomite.

This distinctive zone of altered rock occurs within a larger 
geological environment characterized by an abundance of 
cherty iron-rich chemical sedimentary rocks (iron formation 
according to the terminology of Gross, 1967), and in which 
Mg, Fe, Ca, Au and As have been leached from iron-rich 
tholeiitic volcanic rocks.

Although over 500 samples were analyzed in our study, it 
should be emphasized that a sample spacing of only l per km2 
(100 samples/township) would have sufficed to detect the large 
chemically anomalous zone containing the orebodies. The 
anomaly could have been adequately outlined by outcrop 
sampling along traverse lines spaced at 250-m intervals. It is al 
so worth emphasizing that this alteration zone could have been 
outlined by mapping the abundance and distribution of dolo 
mite-ferrodolomite in the area, although chemical analyses of 
CO2 in hand specimens chosen to exclude vein carbonate 
would not have shown the carbonate anomaly. On the other 
hand, samples chosen to include the vein carbonate probably 
would not have shown the PAI anomaly.
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Gold Symposium

The Relationship of Gold Mineralization to Volcanic and 
Alteration Features in the Area of the Campbell Red Lake 
and Dickenson Mines, Red Lake Area, Northwestern 
Ontario

P.J. MacGeehan1 and C.J. Hodgson1

Abstract
The gold deposits at the Campbell and Oickenson mines 
consist of epigenetic quartz-carbonate fissure veins and 
silicified replacement bodies located in an anomalously 
fissile deformed zone within hydrothermally altered vol 
canic rocks flanking a sedimentary (dominantly exhala- 
tive) basin. Geothermal activity contemporaneous with 
volcanism leached Fe, Mg, and Au from the volcanic 
rocks to form the exhalites. and later pre-, syn-, and post- 
mineralizing hydrothermal alteration and deformation 
also affected the volcanic rocks on a regional scale, indi 
cating that both the geological setting of these ores and 
the identification of regional alteration-deformation pat 
terns may provide important criteria to be used in explor 
ation for this deposit type.

At the present time, the most important criteria ap 
pear to be: 1) geological setting within seafloor altered 
basalts where Au was leached and redeposited in con 
temporaneous exhalites or carbonate altered zones in a 
primary enrichment stage; 2) structurally favourable traps 
in linear deformed zones that transect both the volcanic 
rocks and exhalites, and which form depositional sites for 
Au remobilized during regional metc.rDrpnism ar.d defor 
mation; 3) the ore-bearing environment outlined by zones 
of Fe-Mg carbonate alteration and veining within the de 
formed belt; and 4) a large-scale aureole of intense alkali 
depletion which encompasses, but has a wider lateral ex 
tent than either the zone of Fe-Mg carbonate enrichment 
or the deformed zone.

Introduction
The Red Lake area lies 130 km north of Kenora. Ontario, 
and is underlain by a 60 km x 30 km enclave of Archean 
volcanic rocks2 , flanked on either side by diapiric g'rariific" 
plutons (Figure 8-1) This area, which forms a western.ex-

' Department of Geo sg'cal Se erces. Queen's University.
2 All the rocks ;n th s area ha', e ceen metamorphosed therefore
the prefix 'meta is --c: jsed.

tension of the Birch-Uchi Lake 'Greenstone' Belt (Go 
odwin 1977), is one of Ontario's major gold-producing 
camps, containing over 15 current or past-producing 
mines and 26 additional major prospects. The gold oc 
curs in a wide variety of geological settings: as silicified 
veinlet zones in rhyolite; as disseminated zones in tuff 
and iron formation; as major vein systems in volcanic 
rocks; and in or closely associated with a variety of por 
phyritic stocks (Horwood 1940). The Campbell Red Lake 
and adjacent Dickenson mines, the two current gold pro 
ducers, are located on major vein systems in mafic vol 
canic rocks in Balmer Township, on the east side of the 
'greenstone belt' (Figure 8-1).

In this paper the geological setting of the gold miner 
alization will be outlined with particular emphasis on 
those features of the geological environment which ap- 
pear,*at this time, to be relevant to mineral exploration 
and serve to distinguish the ore-bearing zones at the 
mines from the region as a whole. The data on which this 
paper is based form part of a continuing research pro 
gram; the ideas presented here are therefore tentative.

Geological Setting cf the 
Campbell and Dickenson 
Mines
The two mines embrace a system of over 15 vein or re 
placement-type auriferous lodes that occur within a 
highly deformed succession of mafic and felsic extrusive 
flows, differentiated mafic to ultramafic sills, and volcan 
iclastic and volcanogenic exhalative sedimentay rocks 
on the eastern side of Balmer Township (Figure 8-2). Tra 
ditionally, this area was regarded as a complexly de 
formed zone that had suffered at least two phases of 
isoclinal folding (Chisholm 1951; Ferguson 1966a; Fergu 
son et al. 1970, Compilation Map 2175, see Figure 8-1),, 
but recent synoptic 1:10 560 scale mapping of the town 
ship by J. Pirie and A. Grant (1978a)has shown that, con 
trary to previous interpretations, no major fold closures 
are present in the area except within a thick sequence of 
sedimentary rocks that occupy the central part of the 
township. Later follow-up 1:1200 scale stratigraphic map-
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Figure 8-1 Simplified geology of the Red Lake 'greenstone' belt, from the ODM Geological Compilation Map 2175 (Fer 
guson et al. 1970).

ping in the township by P.J. MacGeehan in 1978 and 
1979, and by J. Thompson (1979) on the Campbell prop 
erty has confirmed this interpretation. A simplified geo 
logical map embodying the work of all these workers is 
shown in Figure 8-2.

For the purpose of description the map has been di 
vided into four areas: 1)the Western Volcanic Complex 
(WVC), 2) the Central Sedimentary Belt (CSB), 3) the 
Eastern Volcanic Belt (EVB). and the Southern Volcanic 
Belt (SVB) (Figure 8-2). Facing-direc.ions from mafic pil 
lowed flow-units indicate that the volcanic rocks face 
south throughout the township (Figure 8-3). In general the 
flow-units strike between 090" and 110", parallel to the 
penetratively developed cleavage (Figure 8-3) and to the 
elongation (flattening?) direction of individual pillows, but 
both the cleavage and flow-contacts swing north to be 
tween 1250 and 150* in volcanic rocks bordering the 
CSB. These sediments have been intensely deformed; an 
early cleavage (S,) that was axial planar to large folds in 
bedding (Figure 8-4a) was later folded on southwest- 
trending axial planes (Figure 8-4b). Whereas most vol 
canic rocks and associated intrusions have only one pen 
etrative cleavage, two superposed cleavages are de^el;. 
oped in several spatially restricted and generally 
northwest-striking linear belts of anomalously fissile and 
strained (relative to the area as a whole) volcanic rock, 
one of which hosts the Campbell and Dickenson vein sys 
tems.

The orebodies at the Campbell and Dickenson

mines lie at the eastern border of a major volcanic com 
plex (WVC), composed of a thick pile of extrusive vol 
canic rocks including massive to pillowed basalt, lesser 
andesite, rhyolite, and minor interflow exhalative and vol 
caniclastic sedimentary rocks (Figure 8-5a) that are in 
truded by concordant sills ranging from ultramafic to 
gabbroic or dioritic in composition, and by a large but 
poorly exposed mafic-ultramafic intrusion, outlined by 
diamond drilling under the southwest end of Balmer Lake 
(see Figure 8-2). Several clastic interflow-units in the 
WVC have been traced eastward as graded wacke-mud- 
stone that are intercalated with exhalative sedimentary 
rocks in the CSB and with basic pillowed flows in the EVB, 
indicating that the eastern border of the WVC marked a 
rapid facies change from a site of active submarine vol 
canism to one of dominantly sedimentary accumulation. 
Several lines of evidence (including the eastward pinch- 
out of rhyolite units, the thickening and pinch-out of indi 
vidual pillowed flows, the changing proportion of volcan 
iclastic material, and the eastward gradation from coarse 
epiclastic conglomerate and wacke to finer mudstone) in 
dicate that the WVC was a topographic high. This high 
was a source of detrital material for the sedimentary basin 
during volcanic activity.

The coarse clastic wedge of epiclastic conglomerate 
and greywacke which flanks the WVC in the region of the 
Dickenson mine grades eastward into graded wacke and 
mudstone that are intercalated with a thick sequence of 
exhalative sedimentary rocks including chert, cherty car-
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5,000 feet
Figure 8-2 Geology of the western part of Balmer Township simplified from Pirie and Grant (1978), with additional infor 

mation from mapping by MacGeehan in 1978 and 1979, and by Thompson (1979). WVC-Westem Volcanic 
Complex; CSB-Central Sedimentary Belt; EVB-Eastern Volcanic Belt; SVB-Southem Volcanic Belt. Mappa- 
ble subunits of basalt; VZB-variolitic.-basalt; AB-aphyric basalt; PLB-plagioclase-phyric basalt; 
PUB-plagioclase-phyric basalt (unit 2); LPL-plagioclase-microphenocrystic aphyric basalt; 
LPX-pyroxene-microphenocrystic aphyric basalt; GB-basalt containing single elongate ferromagnesian 
and plagioclase, set in a quartzo-feldspathic matrix.
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Figure 8-3 Lower hemisphere equal area pole plot of bedding and cleavage orientations in surface outcrops of the vol 
canic rocks in Balmer Township. Bedding orientations are based on the elongation direction of pillows where 
facing-directions could be determined.
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Figure 8-4 Lower hemisphere equal area pole plot of a) bedding, and b) penetrative cleavage in pelitic beds that is ax 

ial planar to F, folds.
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Figure 8-5 Restored stratigraphic section through the extrusive volcanic rocks, sedimentary rocks (no symbol), and 
synvolcanic intrusions in (a) the WVC and (b) the EVB (see text for explanation). Volcanic rocks occupying 
the southern part of the township (Units FP and stratigraphically higher units) are common to both strati 
graphic sections. Cumulate zones in some of the intrusions are illustrated: filled squares - cumulate pyrox 
ene: open squares = cumulate plagioclase. Symbols for stratigraphic columns: VZB-variolitic basalt; 
ABj-aphyric basalt; PLBt-plagioclase-phyric basalt; PUB-plagioclase-phyric basalt (unit 2); 
LPL-plagioclase-microphenocrystic aphyric basalt; LPX-pyroxene-microphenocrystic aphyric basalt; 
GB-basait containing isolated elongate ferromagnesian and plagioclase crystals, set in a quartzo-feld- 
spathic matrix: FP-plagioclaseporphy'rylhlermediate extrusive rock, mainly pyroclastic; ABf-aphyric basalt 
(unit 2): a) WVC: B-undifferentiated basalt; Rh-rhyolite; VA-yariolitic andesite; DD-Dickenson 'diorite' and 
CD-Carrpbetl 'diorite' (both 'diorites""are differentiated mafic'to ultramafic intrusions - see text); 
PLBf-piagioclase-phyric basalt (unit 3).
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bonates, and sulphide and oxide iron formation in the 
central part of the CSB. The exhalites exhibit graded bed 
ding, convolute laminations, and slump, scour, and brec 
cia structures, indicating they were transported from an 
initial depositional site (presumably on the flanks of the 
adjacent volcanic complex) into the sedimentary basin. 
The turbidites are interbedded with fine-grained chemical 
sedimentary rocks, and both are transected by synsedi 
mentary breccia dikes containing both locally derived 
and exotic clasts of bedded chert and iron formation, set 
in a black siliceous and sulphidic matrix. These breccia 
dikes are flanked by zones of hydrothermal alteration, ev 
idently the result of a synsedimentary hydrothermal exha- 
lative activity within the sedimentary basin.

A series of thin pillowed basalt flows which thicken 
eastward into a major volcanic build-up (EVB) are inter 
calated with exhalative sedimentary rocks along the east 
ern border of the CSB (see Figure 8-2). Several of these 
flows are distinctive stratigraphic markers (Rgure 8-5b) 
that have been traced for more than 4 km along strike. 
The eastward thickening of each flow appears to be a pri 
mary feature, reflecting the site in which these pillowed 
units were extruded. Several intrusive gabbroic bodies 
emanating from the WVC contain thick pyroxenitic cumu 
late zones where they transect the CSB (shown diagram-

matically, Figures 8-5, 8-6), but they grade eastward into 
sills that are overlain by, and grade laterally into pillowed 
flow-units with almost identical mineralogical composition 
(Figure 8-5b). These sills, rooted in the WVC, thus formed 
high-level feeder zones to the extrusive flow-units of the 
EVB.

The gold-bearing zones at the Campbell and Dick- 
enson mines thus occur on the eastern flanks of a thick 
pile of proximal volcanic rocks, with strong topographic 
relief, flanked by a thick sequence of dominantly exhala 
tive sedimentary rocks, and by distal flows fed through 
lateral feeder zones from around the periphery of the 
complex (Figure 8-6). These volcanic rocks were thus ex 
truded during a period of continuous exhalative activity, 
and the gold-bearing zones at the mines are at the same 
stratigraphic horizon as some of the exhalative sedimen 
tary rocks in the eastern part of the CSB.

Hydrothermal Alteration
Most of these volcanic rocks have been hydrothermal al 
tered on a regional scale. They have been variably spiti- 
tized, silicified, chloritized, carbonatized, and alkali-de 
pleted in a series of alteration events, some of which were

PROXIMRL 
Western Volcanic Complex

Mineralized Zones it the Campbell 
and Dickenson Mines DISTAL 

Eastern Volcanic Belt
Feeder Sills

5 'fAASfisjtotej* V?5 1 A*Vti **^*4

Approximate scale 1ml.

Figure 8-6  Interpreted stratigraphic section through the-volcano-sedimentary sequence at the lime of active volcanism 
(lithologic symbols as per Figure 8-5). Paleo-topographic reconstruction based on lateral facies changes in 
the WVC and CSB; as discussed in the text. Cross-correlation between the WVC and EVB provided by the 
feeder sills and by interflow volcaniclastic sedimentary rocks in the WVB which extend out as graded wacke- 
mudstone units (fine dot symbol) into the CSB, and partly intercalated with individual flow-units in the EVB.
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synvolcanic, whereas others preceded, were contempo 
raneous with, or postdated deformation and regional me 
tamorphism. In the vicinity of the mines these large-scale 
alteration events are superposed by hydrothermal altera 
tion accompanying ore deposition, and the geochemistry 
of these rocks is indeed so strongly disturbed that their 
original primary geochemistry and volcanic affinity have 
not yet been established. However, the volcanic rocks in 
the EVB are generally less severely altered; they retain 
vestiges of their original igneous fabric, and the geo 
chemistry of unaltered or least-altered samples of each 
flow (Table 8-1) indicate they are highly fractionated iron- 
rich basalt of undoubted tholeiitic association (Figure 8- 
7). As these distal flows were sequentially extruded dur 
ing a continued period of active volcanism in the WVC 
(Figure 8-6), this strongly suggests that the volcanic cen 
tre itself was also of tholeiitic affinity.

The earliest synvolcanic alteration (in mafic pillowed 
flow-units) consists of bleached zones which developed 
around pillow rims or flanking quartz-epidote-carbonate 
filled veinlets, fractures, cylindrical 'pipes', and other ir 
regular permeable structures that are interpreted to have 
been the conduits through which a hydrothermal fluid 
moved (Harrigan and Maclean 1976; MacGeehan 1978). 
The basalt has been intensely bleached in zones up to 
one or more metres wide bordering these structures. The

bleached zones grade outward from light grey to grey- 
green domains into dark green unaltered or less altered 
basalt. This alteration clearly predated deformation and 
cleavage development; geochemical studies of individ 
ual flow-units indicate the enrichment in Na ± Si and the 
leaching of massive quantities of Fe and Mg from within 
the bleached zones, as shown by plotting these elements 
against the normative quartz plus alkali feldspar content 
(i.e. Differentiation Index; Figure 8-8). There is no evi 
dence for the later reprecipitation of these leached ele 
ments within basalt. The close association of this early al 
teration in the volcanic rocks with the deposition of 
exhalative sedimentary rocks suggests that the two are 
geneticaly related. Both appear to have resulted from 
subseafloor geothermal activity contemporaneous with 
volcanism which leached and transported Fe, Mg, ± Si 
from the volcanic rocks and then precipitated them at the 
seafloor to form the exhalites. The hydrothermal alteration 
and brecciation of the interbedded exhalative sedimen 
tary rocks is consistent with this hypothesis.

The geochemical history of Au during this alteration 
is particularly important. Using the example of one flow- 
unit (Figure 8-5b, PLB,), the Au content of unaltered or 
least altered samples ranges from 4 to 14 ppb (Figure 8- 
9), whereas that of the majority of hydrothermally altered 
samples is less than 1 ppb, indicating that Au was 1) mo-

Seds.

Seds.

PUB

PIB
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r5km
3mL

b) Eastern Volcanic Belt

Figure 8-7 AFM plot of the mean composition of unaltered or least-altered samples of each flow-unit in the EVB (Table 
1). The tholeiitic-calc-alkaline dividing line is after Irvine and Baragar(1971).
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TABLE 8-1

Rock Unit:

Normalized Major Element Composition 

Altered Samples of Each EVB flow-unit

VZB

NO. Samples: 2

Si02 

Ti02

Fe203

FeO

MnO

MgO

CaO

Na20

P 0 
25

45.87 

.74 

12.68

2.29

13.71

.40

11.49

11.03

1.56 . 

.18

.06

AB1

4

50.08 

.92 

14.56

1.51

9.87

.42

6.48

14.27

1.54 

.28

.08

PLB1

4

49.93 

1.03 

16.07

2.11

10.66

.21

7.34

11.11

1.22 

.07

.10

of Unaltered and Least 

(Fig. 5b).

LPL

6

50.76 

.85 

16.75

2.35*

8.71

.21

5.37

11.87

2.83 

.23

.07

LPX

3

50.76 

.86 

17.21

.18

10.64

.20

4.60

10.86

2.72 

.14

.08

GB

4

50.96 

.95 

15.36

1.75

9.86

.32

3.75

14.64

2.10 

.15

.09

FeO* 15.71 11.23 12.56 10.82 10.80 11.43 

Note 1: Analyses were completed by X-Ray Assay Laboratories, Don Mills, Ontario by

XRF on fused pellets, and checked using Seimens type VRS Vacuum Spectrograph 

at Queen's University. Fe203* is calculated as Ti02+1.5%, after the method 

of Irvine and Baragar, 1971. FeO** is total iron as ferrous oxide. 

converted plus FeO)    -
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Figure 8-8 FeO' (total iron as FeO), MgO and Fe^O3 against D. L (Differentiation Index; Thomton and Tuttle 1960) plot of 
samples from the PLBt basalt (Figure 8-5b).

15 

ppb Au .
i

10

10 30 50 D.I,

Figure 8-9 Au in ppb against D.I. plot for samples from the PLB1 basalt (Figure 8-5b). Au concentration was determined 
using Neutron Activation analysis by X-Ray Assay Laboratories, Don Mills, Ontario.
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Figure 8-10 Contoured Peraluminosity Index (Mole percent 
samples (filled circles) in Balmer Township. "

5,000 feet 
(Spitz 1973) plot of analyzed
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bile, 2) leached from the volcanic rocks, and 3) probably 
enriched within contemporaneous exhalite horizons dur 
ing subseafloor geothermal activity.

Other alteration types, some formed before and 
others certainly synchronous with and continuing after 
deformation, are superposed on this early hydrothermal 
alteration event. Carbonate forms a ubiquitous phase in 
most alteration assemblages, and whereas this consists 
for the most part of calcite/aragonite on a regional scale 
(for example in seafloor alteration), local zones of abun 
dant iron-magnesium-rich carbonate alteration (ankerite- 
ferrodolomite-dolomite) occur as fine disseminations and 
as variably transposed veinlets within the schist zones at 
the mines, and in other linear belts of schistose volcanic 
rocks in the EVB. It is not clear, at this stage in our stud 
ies, if this syn-deformational carbonatization represents a 
metasomatic influx or a localized re-distribution of earlier 
synvolcanic or predeformational cabonate, as described 
by W.O. Karvinen (this volume) in the Porcupine mining 
camp. Similarly, other mineralization-alteration types, in 
cluding larger scale but gold-barren iron-magnesium ca 
bonate veins within the mines, and local zones of intense 
carbonate-talc-chlorite alteration within and bordering 
the mafic and ultramafic sills and the large mafic-ultra- 
mafic intrusion north of the mine (see Figure 8-2), cannot 
at this time be unambiguously assigned to either a 'syn 
volcanic' or 'metamorphic-deformationaT event.

Most significant, from the point of view of exploration, 
is a wide aureole of intense alkali depletion which enclos 
es, but has a much wider latera! extent than the ore-bear 
ing schist-zones at the Campbell and Dickenson mines 
(Figure 8-10). That this alteration postdates at least some 
of the early synvolcanic alteration is demonstrated by the 
detailed preservation of quartz-epidote-carbonate struc 
tures and flanking bleached zones (of the type that are al 
kali-enriched elsewhere) within the zone of alkali deple 
tion. Other alterations which appear to be syn- or post- 
deformational in age include the development of 1) nar 
row silicified replacement zones localized along the bor 
ders of pre-existing quartz-carbonate veinlets and later 
faults and fractures in the volcanic rocks, and 2) 
bleached zones of carbonate-rich alteration that transect 
the chert-banded iron formation in the CB.

The existence of such widely distributed syn- to post- 
deformation alteration types within the region as a whole 
appears to be particularly significant to the genesis of the 
gold mineralization, which, from evidence in the mines 
(Rigg and Helmstaedt 1980), also formed over the same 
time-period.

Mine Geology
At the Campbell and Dickenson mines, over 15 
bearing mineralized zones occur within a sequence, of 
massive to pillowed mafic flows, andesite, rhyolite, and 
interflow iron formation and volcanogenic sedimentary 
rocks that are transected by an ultramafic sill and by two 
fractionated gabbroic bodies (Campbell and Dickenson 
diorites) that may possibly have been massive flows. The

geology of 14 Level (Campbell) and a restored strati 
graphic section through the volcanic rocks are shown in 
Figures 8-11 and 8-12 respectively.

The lithological environment of the ore zones differs 
in several important respects from that of the area as a 
whole. Most conspicuous is the high degree of deforma 
tion, most rocks being highly foliated compared to litho- 
logically similar rocks away from the mines, although the 
amount of strain (as indicated by the deformation of pre 
existing structures, including veins), and the degree of 
fissility, depends in part on lithology. Least foliated and 
deformed are the concordant gabbroic and ultramafic in 
trusions. The pillowed basalt and andesite are more 
strongly foliated and schistose, whereas the interflow 
sedimentary rocks are commonly intensely deformed and 
internally folded. In the Campbell mine, a thick sequence 
of interflow sedimentary rocks including iron formation 
and hydrothermally altered wacke (now 'altered rock' in 
part) forms an intensely folded 'mobile zone' between two 
more stable blocks of volcanic rocks (Rgure 8-11). There 
is no evidence of large-scale folding outside the 'mobile 
zone' at Campbell, but a folded exhalite that is reported 
to trend across the foliation at the east end of the Dicken 
son mine (Rigg and Helmstaedt 1980) suggests that the 
apparent absence of folding may be due, in part, to the 
difficulty in identifying stratiform contacts. However, 
mafic to intermediate pillowed flow-units, the dominant li 
thotype in the mines (Rgure 8-12), face consistently 
south throughout the Campbell and Dickenson mines (R. 
Church, M. Chowaniec respectively, personal communi 
cation, 1979), indicating that no major fold closures are 
present in the area.

The rock sequence in the mine is also lithologically 
more complex than that in the area as a whole. The stra 
tigraphy is inflated by a number of synvolcanic intrusions 
(Figure 8-12), and by a large dome-shaped body of rhyol 
ite at the west end of the Campbell mine (Figure 8-11) 
that thins and grades rapidly eastwards into a rhyolite tuff 
that is intercalated with exhalative sedimentary rocks in 
the CSB. In addition, metamorphosed mafic to felsic (por 
phyry) dikes which postdate most of the deformation are 
more widespreac in the mines than in the area as a 
whole.

The primary lithological complexity of the mine area 
is further enhanced by a variety of widespread alteration 
effects as noted above. The most pervasive is an alkali 
depletion which has affected ail of the older (synvolcanic) 
rocks within the zone of intense deformation, and also ex 
tends beyond it into less deformed units to the south and 
north (Figure 8-10). Veins and pods of quartz or carbo 
nate with variable amounts of chlorite, sericite, and sul 
phide minerals are also pervasively developed through 
out the fissile zone which hosts the orebodies. More 
restricted in distribution is an intense talc-chlorite-carbo- 
nate (dominantly ankerite) zone of alteration concen 
trated in the ultramafic parts of the sills, but overlapping 
and masking the- identity of. the adjacent volcanic and 
sedimentary rocks. Both are collectively termed 'altered 
rock' at Campbell and 'chicken feed' at Dickenson.

All these alterations postdate the irregular leached 
(Fe-Mg-Au depleted) zones which developed during
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subseafloor geothermal activity, and they precede for the 
most part, the hydrothermal alteration closely associated 
with gold deposition (discussed below), which clearly 
formed synchronously with and closely following the de 
formation of the rocks.

Mineralized Zones and 
Mineralization Types
The gold-bearing zones are of three basic types: 1) 
foliation-parallel ve/ns-elongate structures oriented ap 
proximately parallel to the dominant foliation in essentially 
homogeneous, generally basaltic host rock (e.g. A, F1, 
F2, South C; Figure 8-11); 2) foliation-oblique ve/ns-wider, 
north- to north-northeast-trending elongate structures 
with less strike extent, controlled by faults (and in particu 
lar faults which juxtapose different lithotypes) that trans 
gress the fabric (e.g. G, L, North L, etc., Figure 8-11); and 
3) pod or pipe-like commonly high-grade zones, of lim 
ited size, controlled either by lithologicai contacts or by

the intersection of faults and lithologicai contacts (e.g. 
2151-W Zone). Types 1 and 2 which constitute the major 
part of the mined ore, show an impressive dip continuity. 
Most of the veins extend from the surface to the lowest 
levels of the mine.

There are two notable relationships between rock- 
type and mineralized zones within the mines:—
1) The mineralized zones occur almost exclusively in ba 
salt or andesite, and in general 'fray-out' and are uneco 
nomic where they strike into altered rock, rhyolite, or sedi 
mentary rocks (Figure 8-11). However, as noted above in 
type 3, there are some unusually high-grade zones of 
dominantly replacement-type mineralization within al 
tered rock and/or basalt near the contacts of the rocks 
and generally where the contacts are folded or faulted.
2) There is a broad spatial association of mineralized 
zones with bodies of altered rock. This pattern was no 
ticed some time ago by mine geologists, and led to the 
hypothesis that the gold was derived from the altered 
rock. However, structural studies by D.M. Rigg and H. 
Helmstaedt (1980) indicate that rather than showing a 
spatial association with 'source-beds', the distribution of

Figure 8-11 Geological compilation map of 14 level, Campbell Red Lake mine. The outline of the ore zones (black) and 
geology of the underground workings are from mapping by P. MacGeehan and D. Rigg. The strike continu 
ation of the units is taken from drill core logging and interpretation by members of the Campbell Red Lake 
Mine Geology Department (See Jarvis 1972).
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ore-grade fissure veins within the mines resulted from 
competency differences between the different lithotypes 
during progressive deformation. Indeed, the overall confi 
guration and dip continuity of the vein systems suggest 
they constituted major hydrothermal conduits of the 
egress of massive quantities of Au-bearing hydrothermal 
fluid, which was preferentially channeled within the linear 
deformed zone in which the mines are situated, and par 
ticularly within open-space fissures and other permeable 
zones which opened up during deformation.

Within the gold-bearing zones, two main contrasting 
types of mineralization occur: 1) layered carbonate-chert 
(very fine grained quartz) with lesser arsenopyrite, pyrite, 
and in some areas magnetite, which appears to be an 
open-space fissure vein-filling, and 2) silicified 
replacement zones and bodies, where both the host 
rocks and pre-existing veins have been replaced by fine- 
grained granulose quartz, arsenopyrite, and pyrite. Most 
mineralized zones consist of a mixture of these two miner 
alization types; the open-space fissure veins, commonly 
having formed in a series of mineralization episodes, sep 
arated by periods of intra-vein deformation and breccia 
tion. In most mineralized zones, there is a general tend 
ency for the early mineralization to consist of a sequence 
of fissure-filling veins that is overprinted by later replace 
ment-type mineralization (discussed betow).

The character of these different mineralization types 
is illustrated by examples of a dominantly fissure-filled 
vein (G-Zone, Figure 8-13) and silicified replacement- 
type bodies (2151-W, Figure 8-14) at the Campbell mine.

The G-Zone is a foliation-oblique fissure vein about 
120 m long and 4.5 m wide that occurs along the faulted 
contact between pillowed basalt and 'altered rock' (hy- 
drothermally altered 'Dickenson diorite') (Figure 8-13). 
The fissure vein is composed almost entirely of layered 
carbonate-chert, and smaller veins with similar character 
and orientation also occur within the adjacent 'altered 
rock'. The western side of the vein (and similar subsidiary 
veins in the area) contains a zone of wall-rock breccia 
fragments set in a banded carbonate-chert matrix, the 
banding defining semispherical st.'jjtures oriented con 
vex outwards from the fragment boundaries. East of the 
breccia zone, finely layered (2 to 25 mm) carbonate-chert 
with conformable blade-shaped layers of arsenopyrite 
grades upward into finely layered 'chert' with minor car 
bonate but with some thicker (1-2 mm) arsenopyrite lay 
ers. Some concentrically zoned spherical structures up to 
2 m in diameter (similar to those in the matrix of the brec 
cia) occur on the west side of the zone, but most of the 
layering is broadly conformable with the G-Zone bounda 
ry, although unconformities, slump-like structures, and 
breccia zones occur locally (Figure 8-13). The layering is 
tentatively interpreted to have formed by the recrystalliza 
tion of a carbonate-silica gel within the open-space. VBJQ 
structure (cf. Wright 1969). the crystallizing minerals hav 
ing either nucleated along the vein wall, on the surface of 
the breccia fragments, at discrete nucleation points 
within the vein, or (predominanty) along planes that ap 
pear to be relict after depositional surfaces formed as the 
vein was infilled. This complicated internal structure is 
only characteristically developed where the G-Zone is a

wide, open fissure. Traced down-plunge, the vein nar 
rows to 1 to 2.5 m, and has a simpler internal structure 
more typical of the other fissure veins (A, F, L, North L, 
etc., Figure 8-11); the layering or banding are generally 
bilaterally symmetrical about the vein-axis, and were 
formed by inward recrystallization of carbonate-silica gel 
from nucleation points along the vein walls.

However, on 14 level (Figure 8-13), the wide fissure 
vein is transected by a strike-slip fault-breccia zone with 
associated weak sulphide mineralization, and then by a 
series of lateral faults with only minor displacement. A sili 
cified mineralized zone from 0.5 to 2.5 m wide, which 
formed by replacement of both wall-rock and vein materi 
al, lies along the eastern side of the central part of the 
vein, and similar narrow silicified zones oriented approxi 
mately perpendicular to the vein walls transect the adja 
cent 'altered rock' wall-rock on/yon the east side (Figure 
8-13). This silicified replacement-type mineralization 
healed fault-planes within the vein and adjacent wall- 
rock, indicating that this mineralization was a much later 
event, that formed a/terinfilling, recrystallizaton, and two 
periods of faulting within the fissure vein. The juxtaposi 
tion of these narrow silicified zones which are oriented 
perpendicular to the vein walls in the 'altered rock', with a 
zone of massive silicification bordering on/ythe east side 
of the vein (Figure 8-13), indicates that the vein itself may 
have formed an impermeable barrier to the movement of 
later silicifying fluids, causing a pod of ore-grade mineral 
ization to form on the eastern border of the fissure vein.

The 2151-W mineralized zone is a similar high- 
grade, pipe-like silicified body localized along the inter 
section between a fault-bounded foliation-oblique 
banded carbonate-chert vein, and the lithological contact 
of basalt and 'altered rock' (ultramafic sill) (Figure 8-14). 
The 'altered rock', basalt, the banded carbonate-chert 
vein, and other intensely boudinaged, transposed and 
crenulated veinlets within the basalt are silicified and min 
eralized with pyrite, auriferous arsenopyrite, and native 
gold. Silicification of the vein-form carbonate-chert re 
sulted in the partial to complete leaching of carbonate 
from within the vein, and tho recrystall'zation of the inter- 
layered chert to coarse granoblastic quartz. The preser 
vation of partly replaced boudinaged and crenulated ve 
inlets within the silicified zone, allied to the obliteration of 
the cleavage normally associated with such deformation 
indicates that the silicification postdated the main (1000 to 
1303) mine cleavage. However, a cleavage striking be 
tween 130" and 150" occurs in rocks within and bordering 
the silicified zone (Figure 8-15), and two superposed 
cleavages can be observed in several areas. This new 
cleavage with different orientation may represent the 
overprint of a later deformational event, or it may reflect 
the localized recrystallization of wall-rock in the presence 
of a silicifying fluid under the stress regime that existed, 
when the orebody formed.

The geometrical relationships described above indi 
cate that the deformation and mineralization history in this 
general area consisted of the following sequence of de 
velopments.
1) A nearby (1000 to 1200) cleavage in the 'altered rock' 
and adjacent basalt;
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2) cleavage-parallel sheeted quartz, quartz-carbonate, 
and carbonate-chlorite vein-sets in the 'altered rock' (as 
mapped, Figure 8-14);
3) initiation of faults and displacement in excess of 30 m 
along major fault(s) at a high angle to the cleavage;
4) opening, infilling, and later recrystallization of major 
veins along these faults (some of which are mineralized), 
the layering in the veins making a high angle with the first 
cleavage;
5) subsequent faulting and brecciation of major veins 
(viz. the mineralized vein lying west of the 2151-W stope, 
Figure 8-14), and boudinage and crenulation of other, 
smaller veinlets in basalt;
6) and lastly, the influx of the Au-bearing silicifying fluids 
that formed the orebody. All this indicates a considerable 
period of time, marked by successive deformational 
events (including, possibly, the development of a new 
cleavage with different orientation. Figure 8-15), which 
separated open-space-filled, fissure-vein type minerali 
zation from silicified replacement-type mineralization in 
this general area (cf. Rigg and Helmstaedt 1980). This

general pattern is repeated in the G-Zone orebody (see 
above), and in many other fissure-veins, irrespective of 
whether the open-space, fissure-filled vein itself is miner 
alized with gold. We interpret this to indicate that the 
fissure veins, once formed, represented a major barrier to 
the movement of later auriferous silicifying fluids. These 
irregular but commonly spectacularly high-grade sili 
cified replacement orebodies, more often than not, are 
localized at the borders of pre-existing fissure veins, or 
more competent and impermeable (?) lithotypes (i.e. 'al 
tered rock'). We thus envisage a significant change in 
both the composition of the ore-bearing fluid and in the 
nature of rock-water interaction during the genesis of 
these rich auriferous lodes.

Summary and Conclusion
The rich gold deposits at the Campbell and Dickenson 
mines and similar type mineralization in other prospective 
areas in the Red Lake camp represent exploration targets
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Figure 8-12 Generalized stratigraphic section, 14 level. Campbell Red Lake mine. The basalts, undifferentiated on this 
section, have been divided into individual flow:units in some areas based on the percentage ofamygdules, 
varioles, other visible characteristics, and on the occurrence of interflow sedimentary rocks, but as yet 
these contacts have not been traced throughout the level. The Dickenson diorite is enveloped by a zone of 
talc-chlorite alteration and is mostly termed 'altered rock' on this level (see Figure 8-7), a name also applied 
to part of the overlying hydrothermally altered volcaniclastic sedimentary rocks.
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of some considerable economic significance. Although 
the gold mineralization is associated with fine-grained 
disseminated arsenopyrite, pyrite, and pyrrhotite, the ore- 
bodies have essentially no geophysical expression (C. 
Mark, personal communication, 1979). Thus exploration 
must be based both on broad genetic hypotheses, and 
on specific empirical associations (geological, structural, 
and geochemical) between ore-grade mineralization and 
its geological environment.

In terms of regional geological setting, these depos 
its occur:
1) at the margin of a thick sequence of volcanic rocks 
flanking a major (dominantly exhalative) sedimentary se 
quence,
2) within a paleo-subseafloor geothermal system where 
Fe, Mg, and Au had been leached from the volcanic 
rocks and enriched in contemporaneous exhalites,
3) within a linear belt of anomalously fissile deformed 
rocks which transects both the volcanic anc/the adjacent 
sedimentary rock sequences. This belt may have formed:
4) a focused zone of hydrothermal fluid discharge for a 
considerable period of time during deformation and re 
gional metamorphism (the oreoodies, in effect, being em- 
placed in major hydrothermal conduits along which meta 
morphic fluids escaped from the system). This 
prospective area is outlined geochernically by:
5) a wide zone of Fe-Mg carbonate alteration and veining 
within the deformed belt, and
6) by a wider aureole of intense alkali depletion that also 
encompasses the adjacent, less deformed volcanic 
rocks.

On a more local scale within this broadly prospective 
zone, the orebodies are epigenetic deposits whose loca 
tion is controlled by both structure and lithology. 
Foliation-parallel fissure veins occur in basalt; 
foliation-oblique veins occur along faulted contacts of 
rock units, especially along faults which juxtapose differ 
ent rock types; and silicified replacement bodies are 
mostly localized along and bordering planar impermea 
ble zones (pre-existing fissure veins, or 'altered rock* 
contacts) where these are intersected by other struc 
tures.

The foliation-parallelvelns present targets up to sev 
eral hundreds or even thousands of feet in length, that 
would be intersected by systematic diamond drill explor 
ation programs. However, the thicker, generally higher 
grade and larger tonnage, foliation-oblique veins with 
more limited strike extent, and the irregular, commonly 
spectacularly high-grade, silicified replacement bodies 
are difficult to find and to assess economically by surface 
diamond drilling. Indeed, these two latter ore deposit 
types were only discovered after the mines had been in 
production for some considerable period of time.
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Figure 8-15 Lower hemisphere equal area pole plot of 
cleavage in basalt adjacent to the 2151-W 
stope. Filled circles ** cleavage orientation 
in the general area; open circles ** cleav 
age in basalt bordering the silicified zone.
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The control of Archean gold deposits by "late" 
(post-volcanic) structures at the mine scale has been 
recognized since the early days of mining in this coun 
try, and is well documented in the older literature, in 
particular in the many descriptions of gold mines in the 
CIM Special Volume, "Structural Geology of Canadian 
Ore Deposits". RecenJy, numerous geologists here, and 
In Australia and South Africa, have noted that there is 
also a strong element of stratigraphic control on gold 
deposits, and in fact in some mines a good case can be 
made that at least some of the ore was a primary or syn- 
volcanic (or syn-sedimentary) product. These apparently 
conflicting observations have been rationalized in the 
"lateral secretion" hypothesis for gold ore formation. 
According to one version of this hypothesis, gold was 
originally concentrated in exhalite layers formed in the 
vicinity of major structures which formed the boun 
daries between volcanic arcs and adjacent sedimentary 
basins. Water expelled during the compaction of the 
sediments, and also geothermal cells set up by the heat 
of intrusions emplaced along the structures, leached gold 
from the sediments and carried it upwards where it was 
precipitated on the sea floor. During later metamor 
phism and deformation, the same structural zones which 
controlled initial sedimentation and exhalative activity 
were reactivated and became a locus of further magma 
tic activity and also were the channelways for the egress 
of connate water driven out of the sedimentary pile dur 
ing low-grade metamorphism. These later fluids, being 
salt rich, immobilized the gold and carried it into the 
structures where it was precipitated during a cyclic pro 
cess of hydraulic fracturing in various "structural" traps. 
Albite-rich igneous rocks in the gold-bearing areas, and 
albite-rich alterations, are the result of solid rocks and 
magmas reacting with NaCI-rich brines, and becoming 
Na-enriched in the process.

However, despite widespread acceptance of this hypo 
thesis, or some modification of it, .the idea remains vague 
and general, and so far has little specific predictive 
power. One of the reasons for this situation is that the 
hypothesis has not been tested at the detailed level in

the field. The older structural work, though some of it 
of excellent quality, has in general not considered the 
possible effects of processes such as hydro-fracturing 
and seismic pumping, and the interrelationship of defor- 
mational and metasomatic effects which might be ex 
pected in a s r?ssed fluid conduit system.

Field work on the Red Lake project commenced in 
July 1978. To date the vein systems of the 14th level in 
the Campbell Red Lake Mine have been mapped in de 
tail. Mapping of the alteration pattern is in progress. 
Presently the structural data are being interpreted and 
thin section as well as analytical work have been initi 
ated.

The vein and fracture systems of the 14th level were 
mapped in detail and the various vein sets were sampled. 
At present the structural data are being plotted; num 
erous thin sections are prepared; and the mineralogy of 
veins and petrography of host rocks are being studied.

It is too early to state any definite results, but it 
appears that the data will allow us to obtain a picture of 
the variations in geometry of vein systems, the nature 
of the vein fillings, the sequence of vein and fracture 
development, and the correlation of vein patterns with 
the competency of the country rocks during deforma 
tion. The present work on alteration patterns by P. 
MacGeehan should lead to a distinction between alter 
ation caused by possible early hydrothermal systems 
and changes due to hydrothermal activity during defor 
mation as well as local pressure solution during defor 
mation.

Analytical work is presently starting and results are 
not yet available.

To evaluate the role of rock types and the different 
types of alteration in the gold concentrating process we 
are planning to extend the work from the 14th level to 
the 21st level and to the surface. In addition to surface 
mapping around the Campbell and Dickenson Mines it 
will also be necessary to do some comparative under 
ground studies at the Dickenson Mines. During the 
next summer D. Rigg will map fracture and vein sys 
tems of the 21st level. H. Helmstaedt will conduct sur-
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face geological mapping around the Campbell and 
Dickenson Mines, P. MacGeehan will take part in the 
surface mapping and continue, together with C.j. 
Hodgson, to study alteration underground.
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