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Introductory Remarks
The Ontario Geoscience Research Grants Program was initiated in early 1978 as a means 
of supporting mission-oriented research at Ontario Universities to complement the work of 
the Ontario Geological Survey in response to the various issues within its mandate.

"To stimulate exploration for and facilitate sound planning in all matters related to min 
eral and other earth resources by providing an inventory and analysis of the geology 
and mineral deposits of Ontario."
The Grants Program is administered by a committee reporting to the Director of the 

Ontario Geological Survey and is made up of three representatives of the minerals indus 
try, three representatives of the university community, four representatives of the Survey, 
and a chairman. Appointments of industry and Ontario university representatives are up to 
three years, renewable once. The members of the present committee are:

Dr. D.W. Strangway, Chairman....................................... University of Toronto
R.B. Barlow ..................................................... .Ontario Geological Survey
Dr. J.F. Davies........................................................ .Laurentian University
Dr. R.N. Farvolden ................................................... University of Waterloo
Dr. J. Hansuld .................................................. Amax Minerals Exploration
Dr. W.S. Fyfe................................................. .University of Western Ontario
Dr. G. Mannard............................................................... Texasgulf Inc.
Dr. V.G. Milne................................................... .Ontario Geological Survey
Dr. N. Paterson ............................................. Paterson, Grant b Watson Ltd.
J.A. Robertson ................................................. .Ontario Geological Survey
Dr. O.L. White .................................................. .Ontario Geological Survey
The role of the committee is to receive, review, and rank proposals from research 

workers at Ontario universities with respect to scientific merit and relevance to the objec 
tives and activities of the Ontario Geological Survey, and to recommend funding or rejec 
tion. A feature of the appraisal process is that each submission is referred by the commit 
tee to at least two geoscientists in industry, the university community, and/or government 
outside the Ontario Geological Survey, and one member of the Survey for critica review 
and comment to ensure the most thorough and objective appraisal possible. Proposals for 
projects up to three years duration are acceptable. Original and renewal applications must 
be submitted by November 15 preceding the fiscal year (April 1 - March 31) for which 
grants are awarded. Successful applicants are expected to submit a brief report for publi 
cation in an annual Summary of Research and to participate in an annual seminar to pres 
ent the results of his/her research, to the community at large. Publication in scientific jour 
nals is encouraged, and a final report is required by the Ontario Geological Survey within 
six months of the termination of funding.

Five Final Reports on research projects partially or wholly funded under the Ontario 
Geoscience Research Grant Program in 1978/79 have been placed on the Ontario Geolog 
ical Survey Open File Report 5302,1980. These reports are as follows:
Grant 3: Genesis of the Cavendish and Crystal Lake Uranium Deposits; S.J. Haynes, Brock 

University.
Grant 21: Sulphide Ironstones as a Guide to Massive Sulphide Ores; S.D. Scott, University 

of Toronto.
Grant 23: Chemical and Magnetic-Mineral Characterization of the Elliot Lake Group; M.M. 

Kimberley, University of Toronto.
Grant 25: Reclamation of Mined-Aggregate Lands for Agriculture Production; E.E. Mackin 

tosh, University of Guelph.
Grant 39: Source, Correlation and Thermal Maturation History of Hydrocarbon Mineral De 

posits of Southern Ontario; P. Fritz, University of Waterloo.
During the second year of the program 48 proposals were received from Ontario uni 

versities. Of these, 27 were accepted for funding, in six categories: economic geology, en 
gineering geology, applied stratigraphy, geophysics, geochemistry, and geochronology. 
Grants totalled S475,567 and were awarded to 9 universities as follows:



UNIVERSITY

Brock
Carleton
Guelph
Lakehead
Laurentian
McMaster
Ottawa
Queen's
Toronto
Waterloo
Western
Windsor

TOTALS

APPROVED

 
344,583
 
-

339,672
3 18,272
326,100
341,296

; 149,935
3 34,000
380,035
341,674

(0 projects)
(3 projects)
(0 projects)
(0 projects)
(2 projects)

(1 project)
(2 projects)
(2 projects)
(8 projects)
(2 projects)
(5 projects)
(2 projects)

3475,567 (27 projects)

REJECTED

3 32,670
3 41 ,000

3 5,000
S 24,000
37,900

339,052
 

3 10,775
3136,102
389,170
3 12,440

-

3398,709

(2 projects)
(1 project)
(1 project)
(1 project)
(1 project)

(2 projects)
(0 projects)

(1 project)
(7 projects)
(4 projects)

(1 project)
(0 projects)

(21 projects)

This publication is the second annual Summary of Research, and presents brief de 
scriptions of the projects funded for the fiscal year ending March 31, 1980. Of the 27 pro 
posals approved for funding in 1979/80, 19 were renewal projects. New projects, initiated 
in fiscal 1979/80 are as follows:
Grant 49: Carbon and Oxygen Isotope Geochemistry of Replacement Carbonates from the 

Timmins-Porcupine Gold Camp; J.H. Crocket, principal applicant, McMaster 
University.

Grant 54: Alteration in Mineralized and Unmineralized Archean Greenstones; A.E. Be 
swick, principal applicant, Laurentian University.

Grant 55: Evolution of an Archean Felsic Volcanic-Plutonic Complex; R.W. Hodder, princi 
pal applicant, University of Western Ontario.

Grant 56 Geochemistry and Field Relations of Lode Gold Deposits in Felsic Igneous In 
trusions; W.S. Fyfe, principal applicant, University of Western Ontario.

Grant 57: A Micro-Earthquake Survey of the Woodstock-Kitchener Area; R.F. Mereu, princi 
pal applicant, University of Western Ontario.

Grant 62: The Direct Dating of Ore Minerals; Derek York, principal applicant, University of 
Toronto.

Grant 68: A Centrifuged Model Study of the Tectonic Development of Archean Greenstone 
Belts; J.M. Dixon, principal applicant, Queen's University.

Grant 70: A Preliminary Metasomatic Assessment of Laminated Siltstones at the Silverfi- 
elds Mine, Cobalt, Ontario; E.G. Appleyard, principal applicant, University of 
Waterloo.

The undersigned would like to thank the chairman and the members of the committee 
for their hard work and participation in the Program during the past year, and to the large 
number of dedicated scientists who gave freely of their time and expertise to review the 
proposals and provide objective appraisals to serve as a basis for selecting the projects 
reported on in this Paper. The work of the individual researches also is gratefully acknowl 
edged, for it is only through their endeavours, and commitment to scientific excellence, 
that the objectives of the Program can be achieved. Finally, special thanks are due to Ms. 
S. Smith, who served as Grants Administrator and Secretary.

E.G. Pye 
Director 
Ontario Geological Survey
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E.G. APPLEYARD

Grant 70 A Preliminary Metasomatic Assessment of 
Laminated Siltstones at the Silverfields Mine, Cobalt, 
Ontario

E.G. Appleyard
Department of Earth Sciences, University of Waterloo

Abstract
Laminated siltstones belonging to the Coleman Member 
of the Cobalt Group (Lower Proterozoic) exposed in the 
400-level of the Silverfields Mine near Cobalt, Ontario, ex 
hibit a prominent alteration spotting comprising 1-8 mm 
chloritic spots and patches surrounded by bleached 
zones. Spotted facies show appreciable bulk chemical 
variation with respect to the intensity of spotting. The ele 
ments principally involved in this variation are also those 
enriched in the Co-Ni-Ag arsenide ore veins. Volume 
change factors relating to the spotting alteration have 
been estimated using Gresens general metasomatic 
equation and range from 20 percent reduction to 22.5 
percent increase. Elements such as Ga, K, As, Ag, and 
Sb have been leached from siltstones which have experi 
enced volume reduction and deposited in rocks whose 
volumes have increased as well as in the ore veins. The 
study suggests that the siltstones are one source and 
possibly a major source for the elements in the ore veins, 
and indicates that chemical criteria may be developed to 
aid in the discrimination of host rocks with a poor poten 
tial for veins from those with a high potential. The study is 
in a preliminary stage and is continuing.

Introduction
The general setting of the silver ores of the Cobalt area, 
Ontario, is simple and has been well understood for most 
of the history of the camp. Only three major stratigraphic- 
lithological units are present: the Archean basement 
rocks, the overlying Huronian sedimentary rocks of the 
Cobalt Group, and intrusive sheets of tholeiitic Nipissing 
Diabase. Ore veins are found in all three hosts but are al 
ways restricted to within about 220 m of diabase contacts 
(Jambor 1971 a). The silver mineralization is principally lo 
cated in dilated, steep- to vertical-dipping fractures 
grouped as networks controlled: by the brittle compe 
tence of the host rocks; by the presence of a broad pat 
tern of basins and domes along the diabase contact de 
veloped contemporaneously with its intrusion (Symons 
1970); and by the presence of thick sequences of Cobalt 
sedimentary rocks deposited in pre-Huronian erosional 
valleys (Halls and Stumpfl 1969).

Despite this apparently uncomplicated picture many 
questions remain concerning the detailed localization of 
veins, effective methods of exploring for veins both re 
gionally and on properties of limited size, and on the fun 
damental issue of the source of metallic components in 
the veins and the processes responsible for mineraliza 
tion.

The objectives of this study are twofold: 1) to exam 
ine the geochemistry of one facies of the Huronian sedi 
mentary rocks which host the ore veins in an attempt to 
identify single or multi-element indicators of ore, and 2) to 
test the application of R.L. Gresens' (1967) general meta 
somatic equation in clarifying the patterns of chemical 
variation in this situation.

Geological Background
The study is located at Teck Corporation's Silverfields 
Mine in Coleman Township, 2.9 km south-southeast of the 
town of Cobalt.

General Features
Diabase forms the outcrop on the Silverfields property. Its 
lower contact with Huronian sedimentary rocks has a 
gentle, southward dip associated with the east-north 
east-trending Kerr Lake Arch (Halls and Stumpfl 1969). 
Beneath the diabase sheet a shallow elongated trough or 
valley filled with Huronian sedimentary rocks trends north 
to northwest, delimited on either side by Archean base 
ment rocks. This structure has a width of 75 to 150 m and 
a maximum thickness beneath the diabase of about 50 m 
within the mine property. It has a sinuous strike-length of 
about 675 m on the Silverfields claims and extends both 
to the south and to the northwest. The silver veins are lo 
cated chiefly within this volume of rock.

Characteristics of the Sedimentary Rocks.
The sedimentary rocks filling this trough consist of regol- 
ithic breccias on the Archean surface, succeeded by di-



GRANT 70
amictic conglomerates and laminated siltstones and fine 
greywackes of a variety of types. A periglacial origin is 
widely accepted for these units. They are regarded as 
part of the Coleman Member of the Cobalt (Lower Proter 
ozoic) Group.

The unit examined in this study comprises laminated 
siltstones exposed on the 400-level of the mine. Gently 
dipping, fine-grained sedimentary rocks lie directly on 
the residual weathering mantle of Archean rocks, which 
consist principally of metavolcanics with minor intercala 
tions of slaty metasediments. Stubby tongues and lenses 
of unsorted, massive diamictic conglomerate up to 20 m 
in thickness extend from the valley walls into the succes 
sion of siltstones. A representative cross section is pro 
vided by C. Halls and E.F. Stumpfl (1969, Figure 8).

Apart from some pebbly units close to and probably 
gradational into or derived from the regolithic breccias, 
the laminated siltstones are uniformly devoid of coarse 
detritus. Some variation of granularity and lithology oc 
curs allowing the distinction of siltstone, very fine quart 
zite and arkosic sandstone, and greywacke as mappable 
units, although all these rock types can occur intimately 
.intercalated as thin-bedded units.

Beds tend to be 0.1 to 1.0 cm in thickness but some 
may be as much as 10 cm. The thicker units may be mas 
sive but more commonly possess fine-scale internal lami 
nations. Areas where beds show a remarkable persist 
ence along strike with respect to their thickness tend to 
be interspersed with areas marked by lensoid bedding 
units that are not persistent, many showing irregular 
pinch-and-swell characteristics. Graded units are very 
common but tend to be interlaminated with finely or irreg 
ularly laminated beds. Load casts have been reported 
(Jambor 1971 a). Ripple-drift cross-laminations and very 
low-angle crossbedding are commonly observed.

Deposition of the trough-filling sediments occurred 
by two processes of very different energy characteristics. 
The finely laminated silts must have formed in a generally 
quiescent empondment subject to some current motion 
and periodic minor density flows. The massive unsorted 
conglomerates imply a turbulent and high energy proc 
ess. In view of the evidence collected by P.E. Schenk 
(1965) and D.A. Lindsey (1969) for a periglacial environ 
ment of deposition, Halls and Stumpfl's (1969) sugges 
tion of an emponded valley subject to periodic formation 
and collapse of drainage barriers is a reasonable hypoth 
esis.

Post-Depositional Modifications of 
Sediments

A textural phenomenon which appears to have relevance 
to the environment of mineralization is the occurrence of 
alteration spots with 1 to 8 mm chlorite cores and 
bleached haloes in the Huronian sedimentary rocks and 
rocks of the Archean basement. These visually prominent 
features have been described by numerous authors 
(Scott 1964; Barker 1966; Moore 1967; Halls and Stumpfl 
1969; Jambor 1971 b) and have been considered favour 

able indicators of mineralization (Thomson 1965). Never 
theless, their relationship to mineralization has not been 
demonstrated.

Specks of metallic minerals are prevalent in the 
spots in some areas of the level. Chalcopyrite and minor 
sphalerite were observed extensively at the south end of 
the exposures where the siltstones lie directly on Archean 
interflow metasediments with minor disseminated base 
metal mineralization. At the northern end of the level there 
are areas where spots carry reflective grains of arsen 
ides.

The spots tend to be spheroidal in massive homoge 
nous beds; ellipsoidal with major and intermediate axes 
parallel to layering in laminated hosts; and amoeboid or 
irregular where the host fabric is heterogenous. When 
closely spaced, spots commonly coalesce to form irregu 
lar blotches. Nucleation has developed preferentially at 
the margins of, or in the interior of, coarser grained lami 
nae and where this type is intensively developed the layer 
becomes the core of a continuous pinch-and-swell altera 
tion vein.

All the rocks within the 400-level display spotting to 
some degree but the intensity varies considerably from 
samples with no spots on a 100 cm2 surface area to those 
in which such an area consists entirely of coalescing 
spots. Beds displaying 60 to 100 percent spotting com 
monly alternate with beds with a minimal development of 
spots; the controlling factor in the laminated siltstones ap 
pears to be the porosity of the units. Trains of spots com 
monly follow primary sedimentation features and rarely 
crosscut these features; but spots were observed along 
some minor faulted vertical fractures. Other authors, as 
mentioned above, have noted that spotting is restricted to 
within about 100 m of the diabase.

Another textural phenomenon noted at several loca 
tions in the mine and elsewhere in the Cobalt area is the 
occurrence of crystal molds decorating bedding sur 
faces. This phenomenon was discussed and illustrated 
by J.L. Jambor (1971 b, Figure 200). The molds have a 
rhombohedral to squarish or less-regular shape and 
commonly possess a zonal pattern. Jambor (1971 b) re 
ported that the mineral on the surface is chlorite but he 
was unable to identify the causative factor and so he pre 
sumed the features formed in a manner analogous to the 
spots. Several specimens collected for this study were 
found in which the patterns mark the outlines of flat, euhe 
dral to subhedral dolomite rhombs on the bedding sur 
face. The absence of the primary carbonate on most sur 
faces is presumably due to resolution.

Sampling

Sixty-one samples were collected in the course of exam 
ining all accessible areas of the laminated siltstone in the 
400-level. Specimens, including layers with different in 
tensities of spot development, were split so that samples 
with relatively homogenous alteration were analyzed. 
Samples adjacent to ore veins, or possessing visible zon-



ing of alteration parallel to veins, were sawn into slabs 
normal to the predominant alteration gradient.

Eighty samples, including two hidden duplicates, 
were analyzed by X-Ray Assay Laboratories Limited for 
40 components including L.O.I, FeO, and 2FeO. The ma 
jor components were determined by x-ray fluorescence 
techniques; C02 , F, FeO, and Hg by wet methods; S, CI, 
Gr, Sr, Zr, Ba, Ta, and Y by an x-ray fluorescence method 
suited for trace quantities; V, As, Se, Sb, Cs, La, and Ce 
were determined by neutron activation; Co, Ni, Cu, Zn, 
Ag, Pb, and Li by atomic absorption and Bi by flameless 
atomic absorption; Sn was determined by emission spec 
troscopy but was always below the detection limit of 3 
ppm. Specific gravities of specimens were measured on 
the crushed sample using a Beckman Air Comparison 
Pycnometer.

Data Handling Procedures
One of the principal objectives of the study is to test the 
application of metasomatic calculations to lithogeochem 
ical data to detect features relevant to locating the ore 
veins and understanding their origin. Geochemical ex 
ploration depends on the identification of "pathfinder" el 
ements whose absolute abundances change with prox 
imity to ore. The central aspect of this procedure is the 
comparison of the levels of these elements with the 
amount regarded as normal or "background" in the par 
ticular host.

Arithmetic comparisons between analyses can only 
be quantitatively correct, however, if the analyses are 
normalized to the same initial mass of rock. For example, 
the weight fraction of an element (as expressed in the 
rock analysis) which was neither added nor subtracted 
during an alteration event will nevertheless change if the 
specific gravity of the rock changed during the process. 
Similarly, it would be incorrect to compare the amounts of 
an element in two analyses, both expressed as g/100 g 
(or 106g) if 100 g of the original rock had in fact, been 
converted to 75 g or 150 g of the altered rock; the differ 
ence between the two analyses does not express the dif 
ference in the amount of the element before and after al 
teration.

These problems are widely recognized (Whitten 
1975) but were not expressed as a simple relationship 
until Gresens published his general metasomatic equa 
tion. The equation is as follows:

where
Axn = gain or loss (in grams) of element n in converting
rock a to rock (3
a ^ the initial quantity of rock considered, commonly
designated as 100 g so that Axn becomes a percentage
value
FV = the ratio between the final and initial volumes of the
rock, i.e. v^lva
x" ^ the weight fractions of component n in rocks a (the
parent rock) and p (the product rock) respectively
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pa 'P specific gravities of the parent and altered rocks, 
respectively.

Input to the equation consists of the components x" 
and XH, being the weight fractions of component n in the 
original analyses, plus p" and pP, the specific gravities of 
the rocks. The equation has the form of a linear equation 
with Axn (compositional change) and FV (volume change 
factor) as unknowns. A separate equation represents 
each chemical component in the analysis.

All possible conditions of mass exchange for any 
pair of rocks can be displayed by plotting the family of 
component equations on a composition-volume diagram 
relating Axn to FV. To achieve a unique solution to the 
problems, one of the unknowns must be determined or 
assumed. Several approaches are possible (Gresens 
1967).
1) Obtain an independent determination of volume 
change through measurements of textural or structural 
features.
2) Assume some component has remained immobile 
throughout the alteration. For that component Axn = O and 
the corresponding FVn (the volume factor dictated by no 
compositional change for the element n) can be calculat 
ed.
3) If a number of components have remained immobile 
during alteration this will be indicated on a composition- 
volume diagram by a number of component lines cross 
ing the zero mass exchange axis at approximately the 
same point. Clusters of FV0 values will also occur by coin 
cidence but these can generally be eliminated by their 
lack of persistence through a sequence of comparisons. 
Examples of this approach to the problem of identifying 
volume relations during metasomatism have been pub 
lished by E.G. Appleyard and A.R. Woolley (1979) and 
E.G. Appleyard (1980, in press).

If a volume factor for the alteration of a sample from 
its parent can be determined, the Gresens equations for 
each element can be solved for Ax n - These will be ex 
pressed initially as   g/100 g (or 106 g) but can be readily 
converted to moles, or the base quantity can be set at a 
fixed volume, e.g. 100 cc. An alternative format is to ex 
press the composition of each altered rock as its net 
composition, the composition derived by adding the 
mass exchanged ( Axn ) to the analysis of the base 
quantity of the parent rock. This represents the absolute 
amount of material in the altered rock taking into account 
the indicated changes in volume and specific gravity. Net 
compositions are not constrained to a constant total.

Geochemical Data
Spotting and Bulk Composition
Although intensity of chloritic spotting has been widely 
used in exploration in the area as a favourable sign for 
mineralization, mineralogical and chemical studies have 
not indicated a clear association between the spots and 
any relevant change in bulk composition. Jambor (1971 b,



for major components and logarithmic means for trace elements. Coefficients of variation (c s s.d./CJ) indicate 
the relative amount of variance in the primary data.
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p.319) concluded from his detailed study that "spotting is 
not directly related to ore deposition and is not a guide to 
individual ore veins". A.L. Barker (1966) had previously 
concluded that the spots predate the veins on the obser 
vation that spots are partly obliterated in zones of altera 
tion marginal to the veins. Chemical data relevant to de 
tecting any metasomatic effect associated with spotting 
are however meagre and generally contradictory.

On the other hand Halls and Stumpfl (1969) record 
that increased chloritic alteration close to ore veins can 
be seen in both the Silverfields and Hi Ho Mines. On col 
lecting the samples for this study two examples were 
found of subvertical fractures paralleling the vein system 
which are the sites of chloritic spots or diffuse zones and 
bleached aureoles. Both veins and spotting are spatially 
restricted to a narrow zone along the margin of and espe 
cially beneath the diabase sheet, and both are appar 
ently the product of migrating relatively low-temperature 
fluids.

As the question of a possible relationship between 
spots and bulk composition has not been answered, the 
present data were examined for such a relationship. 
Specimens were ranked for intensity of spot development 
according to the following scale: 
rank O - spotting occupies ^ percent of surface normal 
to bedding;
rank 1 - spotting occupies 5 to 10 percent; 
rank 2-10 to 20 percent; 
rank 3 - 20 to 40 percent; 
rank 4 - 40 to 70 percent; and 
rank 5 - ̂ 0 percent.
The mean composition of siltstones in each rank are 
listed in Table 1.

Systematic changes in the mean values for a number 
of elements can be observed and fall into the following 
patterns;
1) decrease with increase of spotting - SiO2 , Na2O;
2) no systematic change - AI203 , Ti02 , MnO, P205 , F, V, 
Cr.CI.Cu, Sr.Zr Y;
3) increase with increase of spotting - CaO, K2O, S, Ni, 
Co, La, Ce, Bi;
4) decrease to intermediate levels of spotting, then in 
crease to high levels of spotting - MgO, SFeO, FeO, 
L.O.I., C02 , Li, Zn, As, Ag, Sb, Hg, Pb.

It should be noted that the elements in groups (3) 
and (4) above are identical to those enriched in the ore 
veins (Table 1; Petruk etal. 1971) and that many of these 
elements, notably K20, CaO, As, Ag, and Co, increase in 
their coefficient of variation, as well as their mean, indicat 
ing that some samples in the highly spotted groups may 
be depleted whereas others are highly enriched.

These indications of compositional change are ad 
mittedly crudely derived and imprecise but they suggest 
several very important features.
1) Spotting is associated with significant changes in bulk 
composition.
2) Those elements in the ore veins are also those that 
show the most significant variations with respect to spot 
ting.
3) Halls and Stumpfl's (1969) and R. Thomson (1965) ap-
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pear to be correct in associating spotting and vein devel 
opment - a genetic association appears to be possible.
4) The variation patterns typified by As, Ag, Sb, Pb, and 
Bi suggest that leaching of these elements occurred in 
moderately spotted and some highly spotted rocks and 
deposition occurred in other highly spotted facies, as well 
as in the veins. This leads to the hypothesis which derives 
the ore veins by lateral secretion from within the Coleman 
Member and other contiguous rocks. Testing this hypoth 
esis should be an important aspect of this and subse 
quent studies.
5) It should be possible to devise chemical criteria to in 
dex the metasomatism that accompanied the spotting.
6) It may be possible to discriminate between areas of 
sedimentary rocks with good potential for veins from 
those with poor potential for veins.

Application of Gresens Equation

Since systematic compositional changes occur within the 
suite of samples it appears that the samples constitute a 
suitable test for the computational approach advocated 
previously. As can be seen from the Gresens equation, 
the net correction applied to the analytical data consists 
of two factors, a density ratio pP/p", and a volume factor 
vP/v  (FV). The net correction is the product of the two. If 
neither factor differs appreciably from a value of 1, the net 
correction will be insignificant. Similarly the product of the 
factors may be close to 1 and therefore insignificant even 
though the values of the factors may appear appreciable. 
Figure 1 indicates the magnitude of the factors affecting 
the Silverfields data. The effect due to variations in spec 
ific gravity is generally small, ranging from - 2 percent to 
4-5 percent (samples including ore veins may run con 
siderably higher, one example was + 15 percent; it has 
been excluded from the present discussion). Eighty per 
cent of the values fall between -0.5 percent and +1 per 
cent; values such as these are insignificant. However, the 
more extreme values may become significant if they are 
combined with higher FV values of the same sign.

The identification of volume factors requires an ex 
amination of FVp values for evidence of clustering. Histo 
grams of Iog 10 FV0 values for all altered samples were 
prepared following the method used in Appleyard (1980, 
in press). Six specimens were selected to represent the 
least altered parent rocks. These were selected accord 
ing to the following necessary criteria.
1) Fall in rank O or 1 according to the index of visible spot 
ting.
2) Have no more than 2 elements that fall outside the 
range J   1 s for the group.
3) Have low values for the ad hoc alteration index of 0.25 
(K2O x La x Ce7Na2O).

Six values for the FV0 will be present on each com 
plete histogram; this provides an indication of the effect 
of host rock primary variation on the computed net com 
positions. Examples of several of these histograms are 
presented in Table 2.
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Figure 1  Histograms illustrating variation of the three correction factors in the Gresens general metsomatic equation. A 
- Specific gravity variation factor (pP/p*). B - Volume change factor. (FV ^ v^/v0) assuming immobile Ti, Al, V, 
Cr, and Zr. C - Net correction applied to raw data (product of above two factors).
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First examination indicated that Ti, Al, V, Gr, and Zr 

consistently tend to have similar FV0 values, thus qualify 
ing as possible immobile elements. The volume factor for 
the rock was therefore taken as the mean FVp for n = Ti, 
Al, V, Gr, Zr and these values appear on Figure 1-B. The 
values range from 0.8 (20 percent reduction) to 1.225 
(22.5 percent increase).

The relatively large magnitude of many of these val 
ues is noteworthy. Their validity as indicators of true vol 
ume changes must be examined. It must be noted that 
the coefficients of variation of the mean FVn values are of 
ten larger than one would like, lying in the range 0.102 to 
0.233. This means that the position of the mean is known 
rather imprecisely. On examination, much of the problem 
lies with the inclusion of V which itself has a relatively high 
variance. Mn and P are additional elements whose inclu 
sion in the list could be considered. Further attempts to 
refine the volume change estimates will focus on these el 
ements.

Another potential source of error in these estimates is 
the use of an improper composition or compositional 
range for the parent rocks. It is possible that there are pri 
mary variations amongst the immobile elements in differ 
ent parts of the area sampled. Selection of unaltered par 
ent material from several subareas should be undertaken 
to test for this possibility.

On the other hand, confidence in the estimated vol 
ume factors is provided by the fact that all samples con 
taining dilatant veins, including hair-line carbonate-filled 
fractures and bedding surfaces, were recognized as hav 
ing increased in volume and the relative magnitude of the 
values reflects the apparent extensions. In many cases it 
is impossible to estimate the amount of volume change 
visually as the common segregation of spotting along 
bedding surfaces indicates that most of the volume 
change would occur normal to the bedding.

Although the present estimates of FV values lack 
precision and should be refined if possible, there ap 
pears to be no reason to doubt their general validity. Thus 
they have been used to compute a first estimation of the 
net compositions of the altered rocks. The net corrections 
are indicated in Figure 1-C.

Net Compositions of Altered Siltstones
Averaged net composition values for selected elements 
are listed in Table 3. The samples have been ranked in 
groups corresponding to increasing FV values. Samples 
reduced in volume have FV values less than 1, those in 
creased in value have values greater than 1. Some inter 
esting compositional trends are apparent.
1) Al increases gradually in amount. This may be real or it 
may reflect a small systematic error in the estimated FV 
value as discussed in the previous section. If Al were ide 
ally immobile, the values should remain constant.
2) Mg, Co, and Ce are relatively low in rocks which have 
experienced little or no volume change and increase in 
both the samples with reduced and increased volumes. 
These elements appear to have been deposited in all al 
tered facies.

3) Ga, K, As, Ag, and Sb are very low in rocks with re 
duced volumes, have intermediate values in rocks with lit 
tle or no volume change, and are enriched in rocks which 
have increased in volume. These trends have a much 
greater rate of change than Al and are regarded as being 
real.
4) Na has greatest values in rocks which have suffered no 
volume change and is diminished in amount in rocks 
which have suffered either a positive or negative volume 
change.

Leaching of rocks with reduced volumes saw the re 
moval of Ga, Na, K, As, Ag, and Sb and all of these ele 
ments except Na were deposited in rocks with volume in 
creases as well as in the ore veins. Mg, Co, and Ce 
appear to have been deposited in all rocks which were 
affected by appreciable alteration whereas Na has been 
ubiquitously leached.

These data provide semi-quantitative indications of 
considerable element mobility within the pile of siltstones 
at the time of spotting alteration. With this evidence it 
seems inconceivable that ore vein deposition was not the 
end result of the process. Although only the siltstones 
have been examined in detail, the Archean basement 
also was involved in the spotting alteration and must have 
contributed other elements to the migrating solutions. 
This may be the principal source of the Mg, Co, and Ce 
and probably also of Cu, Zn, and Pb.

Following numerous other authors it is assumed that 
the fluids were predominantly connate waters and altera 
tion was induced by heat from the diabase.

Conclusions
The above results must be regarded as preliminary in 
their quantitative aspects and the assessment of the data 
is still incomplete. However, certain general features of 
the bulk compositional variation are inescapable. Mean 
while the study is continuing.

The general conclusions of this report can be sum 
marized as follows.
1) Laminated siltstones of the Coleman Member at the Sil- 
verfields Mine have been deposited in an emponded val 
ley or trough subject to periodic current motion and den 
sity flows.
2) Spotting alteration is accompanied by significant com 
positional changes and those elements that are enriched 
in the ore veins include those that vary most significantly 
with respect to the spotting, viz. As, Co, Ag, Sb, Bi.
3) Volume change factors can be calculated for the al 
tered siltstones by determining that Ti, Al, V, Cr, and Zr 
have generally behaved as immobile elements. These 
factors range from 20 percent volume reduction to 22.5 
volume increase. These estimates are rather imprecise 
as indicated by coefficients of variation between 0.1 and 
0.23 but it is believed that they indicate relative volume 
changes in a general way.
4) Metasomatic calculations indicate that Ga, Na, K, As, 
Ag, and Sb have been removed from leached facies of

8



E.G. APPLEYARD

TABLE 3 Average net compositions for selected elements in siltstones arranged in order of increasing 
volume change factors. Mean values (cj) are arithmetic means for major components and 
logarithmic means for trace elements. Coefficients of variation (c) are also listed. Data are 
expressed in grams/100 grams of parent rock for major elements and grams/10" grams of 
parent rock for trace elements.

Volume n R o Q 
Factor

n

Al

Mg

Ca

Na

K

Co

As

Ag

Sb

Ce

6

w

7.45

2.22

0.50

4.01

0.14

15.4

3.35

0.49

0.41

31.4

c

(.03)

(.15)

(.38)

(.06)

(.31)

(.47)

(1.09)

(.36)

(.48)

(.91)

0.9-0.945

8

(0

7.53

2.12

0.63

4.09

0.29

17.6

14.3

0.89

1.34

20.5

0.945-0.99

8

c

(.06)

(.16)

(.48)

(.11)

(.50)

(.55)

(.91)

(.98)

(2.66)

(.68)

o)

7.75

2.10

0.75

4.26

0.24

9.69

5.2

1.23

0.81

29.7

c

(.03)

(.16)

(.52)

(.07)

(.57)

(.46)

(1.03)

(2.20)

(2.78)

(.55)

0.99-1.01

11

0)

7.72

2.06

0.72

4.26

0.23

8.76

13.6

4.57

2.21

16.4

c

(.05)

(.12)

(.42)

(.09)

(1.15)

(.81)

(1.21)

(1.23)

(1.60)

(0.72)

1.01-

12

w

7.92

2.23

1.20

4.24

0.29

39.9

85.8

3.89

1.96

29.7

1.06

c

(.05)

(.18)

(.85)

(.11)

(.66)

(1.40)

(2.38)

(1.35)

(2.16)

(0.59)

^.06

8

0)

8.12

2.81

2.18

4.05

0.47

62.5

300

10.4

6.67

37.8

c

(.05)

(.30)

(.94)

(.13)

(1.29)

(1.99)

(1.69)

(.90)

(2.26)

(.75)

the siltstone and deposited in facies that have increased 
in volume.
5) All altered rocks have had Mg, Co, and Ce added to 
them. The net composition distribution patterns suggest 
that the ore vein deposition was the end product of the 
spotting alteration process.
6) These data provide criteria for recognizing source (de 
pleted) rocks for the ore components and rocks in which 
deposition has occurred. It may be possible to discrimi 
nate areas of rock with high potential for veins from those 
with low potential.
7) The application of the Gresens general metasomatic 
equation yields important information on volume changes 
and net compositions that are essential in recognizing the 
full magnitude of the chemical changes involved in these 
rocks. It is an essential tool in discerning sources and 
sinks for the elements associated with vein formation and 
in assessing in a general way the potential of the host 
rocks for ore veins.
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Abstract
The Jogran disseminated Cu-Mo deposit is located 70 
km north of Sault Ste. Marie, Ontario. Mineralization is 
associated with a Proterozoic quartz monzonite stock 
which intrudes Archean mafic metavolcanics. The hy 
drothermal alteration and sulphide mineral assemblage 
are very similar to those found in porphyry copper depos 
its.

Potassic, quartz-sericite, and propylitic mineral as 
semblages show a crude zonation. The distribution of al 
teration zones, and the presence of nearby breccia pipes 
are characteristic of the upper part of porphyry copper 
deposits.

The main differences between Jogran and other por 
phyry copper deposits are the near absence of stock 
work mineralization, and the fact that Jogran occurs in a 
non-orogenic environment. Porphyry copper deposits are 
usually associated with intrusions of intermediate compo 
sition that are developed above subduction zones. How 
ever, similar magmas could have been generated during 
the late Proterozoic period of crustal rifting through partial 
melting of the lower continental crust at the east end of 
Lake Superior. This area should be considered as a po 
tential source for other porphyry copper deposits.

Introduction
The Jogran deposit is located in the northwestern part of 
Ryan Township, 70 km north of Sault Ste. Marie, Ontario.

The regional geological setting consists of a 10 km 
wide east-northeast-trending belt of mafic to felsic Ar 
chean metavolcanics flanked to the north and south by 
batholithic complexes. The west -end of the greenstone 
belt is truncated by a thick pile of Keweenawan tholeiitic 
basalts, conglomerates, and sandstones which are in 
truded by largely conformable felsite bodies. The Jogran 
deposit consists of disseminated Cu-Mo mineralization in 
an altered porphyritic stock which intruded the Archean 
metavolcanics.

Other types of mineralization in the area include five 
mineralized Co-Mo breccia pipes at and near the Tribag 
Mine, 9 km east-northeast of the Jogran deposit. Another 
slightly mineralized breccia pipe is located 5 km east of 
the Jog ran deposit.

Several people who have worked in this region have 
noted the similarities between these deposits and those 
found in porphyry copper districts (Giblin 1966; Armbrust 
1969; Blecha 1974). In an attempt to evaluate the por 
phyry copper potential of this area, a detailed study of the 
Jogran deposit was started in May 1978.

Over 1500 m of drill core were relogged; 350 sam 
ples were collected; and 192 samples were analysed for 
19 major and minor elements using standard X-ray 
fluorescence techniques on fused pellets. C02 was cal 
culated from Ca concentrations that were obtained by 
atomic absorption analysis of HCI-soluble Ca. The rela 
tive abundance of primary minerals and their alteration 
products was determined using peak intensities from X- 
ray diffraction charts. Nearly 100 polished thin sections 
also were studied.

Geology of the Jogran Deposit
The true shape of the Jogran intrusion is not known, as 
only seven drill holes cut the contact with the enclosing 
metabasalts, and only one small outcrop is available for 
study. The drilling indicates that the intrusion is oval in 
plan, plunges steeply to the south, and has surface di 
mensions of about 200 by 120 m (Figure 1). Its composi 
tion ranges from quartz monzonite to granodiorite. It has 
a fine- to medium-grained groundmass and contains 
phenocrysts of plagioclase and, less commonly, quartz.

The metavolcanics are fine- to medium-grained Ar 
chean tholeiitic basalts which have been metamorp 
hosed under middle greenschist facies conditions. 
Aphanitic felsitic rocks cut the metabasalts, but their age 
relationship to the Jogran stock is not known.

Three types of hydrothermal alteration occur in the 
Jogran stock: 1) potassic alteration, 2) quartz-sericite or 
phyllic alteration, and 3) propylitic alteration.

Potassic alteration in the Jogran stock consists of 
quartz and K-feldspar in and adjacent to hair-line frac-. 
tures. It was observed in only two samples.

Quartz-sericite alteration is the most common type of 
alteration in the Jogran stock. Plagioclase has been con 
verted to albite with abundant sericite and calcite in the 
core of phenocrysts. Primary biotite has been altered to 
sericite and minor chlorite. K-feldspar is completely re 
placed by quartz, sericite, and calcite. An unusual fea-
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QUARTZ MONZONITE 

METABASALT

DIAMOND DRILL HOLE

METRES 300

Figure 1—Location map and geology of the Jogran de 
posit. A-B shows the location of the cross sec 
tion in Figure 2.

Propylitic zone 
Quartz-sericite zone

porphyritic 
phase of 
the quartz 
monzonite

PROPYLITIC ALTERATION 

QUARTZ-SERICITE ALTERATION 

POTASSIC ALTERATION

Figure 2—Hydrothermal alteration along 3 diamond drill 
holes in the Jogran quartz monzonite stock. 
Location of section shown on Figure 1.

ture of this alteration assemblage is the large amount of 
calcite (4 to 5 weight percent).

In propylitized samples, plagioclase is slightly al 
tered to epidote, calcite, and minor sericite and hematite. 
Calcite constitutes 1 to 2 weight percent of these rocks. 
Biotite is partially replaced by chlorite and rutile. K-feld 
spar remains fresh.

The alteration study in the mafic metavolcanics has 
not been completed, but preliminary results show that po 
tassic alteration is more common in the metabasalt than 
in the quartz monzonite. Veinlets of quartz and K-feldspar 
up to 1 cm wide are present, and abundant K-feldspar 
occurs in haloes adjacent to the veinlets.

Quartz-sericite alteration is not extensive in the meta 
basalt, but fine-grained hydrothermal biotite and quartz 
are common. Hydrothermal biotite is particularly abun 
dant near quartz-biotite veinlets. This alteration is proba 
bly equivalent to the quartz-sericite assemblage in the 
quartz monzonite stock, but reflects the greater availabil 
ity of Fe and Mg in the mafic rock. Hydrothermal actinolite 
has also been identified in the metabasalt.

There is a crude zonation of alteration types, with 
propylitic alteration most abundant within 50 m of the sur 
face and extending down to greater depth in the eastern 
half of the stock (Figure 2). Pervasive quartz-sericite alter 

ation occurs below the propylitic zone, and is especially 
abundant at depth. Some quartz-sericite alteration oc 
curs in the propylitic zone, but it is usually confined to 
narrow haloes near fractures. The two samples which 
showed potassic alteration came from the west margin of 
the intrusion.

A massive, impermeable, very porphyritic phase of 
the intrusion, which has been propylitized, occurs within 
the quartz-sericite zone (see Figure 2). This phase was 
found in only one drill hole, and its relationship to the 
stock is not known, though it is mineralogically and chem 
ically very similar to the rest of the stock.

A colour zonation also exists and is independent of 
alteration type. The hematite line, shown in Figure 2, sep 
arates an upper zone of pink rocks containing very fine 
grained hematite, from the hematite-free rocks below 
which are various shades of grey, green, and yellow.

Mineralization in the quartz monzonite stock is tenta 
tively divided into three types:
Type 1) Disseminated chalcopyrite, pyrite, bornite with 
minor chalcocite-digenite and molybdenite. 
Type 2) Veinlets of quartz, biotite, chalcopyrite, bornite, 
molybdenite, chalcocite-digenite with minor pyrite and 
covellite. Biotite is partially altered to chlorite. These vein 
lets do not have alteration haloes except for minor fine-
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grained biotite adjacent to some veinlets. 
Type 3) Veinlets of quartz, calcite, chalcopyrite, bornite, 
chalcocite-digenite with minor galena, sphalerite, hema 
tite, and native copper. These veinlets have quartz-seri- 
cite alteration haloes.

Mineralization in the metabasalts consists of: 
Type 1) Minor disseminated chalcopyrite, pyrite, bornite, 
and magnetite which is partially replaced by hematite. 
Some of the magnetite is magmatic, i.e., a primary min 
eral in the basalt, though high concentrations of dissemi 
nated magnetite near veinlets are clearly secondary. 
Type 2) Veinlets of quartz, magnetite partially replaced 
by hematite, chalcopyrite, epidote, and chlorite. 
Type 3) Veinlets of quartz, calcite, laumontite, chalcopy 
rite with minor sphalerite and hematite. Type 3 veinlets 
cut Type 2.
Most of the mineralization in the metabasalt occurs as 
Type 2 and Type 3 veinlets.

Copper and to a lesser extent MoS2 grades are fairly 
uniform in the quartz monzonite, though grades are 
higher in the western half of the stock. Average grades for 
drill core from the quartz monzonite are 0.19 percent Cu 
and 0.05 percent MoS2 (Giblin 1966). Most of the copper 
exists as Type 1 disseminations; molybdenite is found 
mainly in veinlets. Neither copper nor molybdenite is re 
lated to the type or intensity of alteration, though the high 
est copper grades (0.42 percent) are from the two sam 
ples showing potassic alteration.

Geochemistry of the Jogran 
Deposit
Preliminary results of chemical and X-ray diffraction anal 
yses are listed in Table 1. Due to analytical problems reli 
able Cu values have not yet been obtained, and therefore 
are not included. The values listed for each mineral refer 
to heights of various X-ray diffraction peaks. The numbers 
do not represent absolute amounts, but are useful to 
show mineralogical changes that occur during hydrother 
mal alteration.

The order of the columns in Table 1, from left to right, 
approximates an east-west cross section through the de 
posit. Note that the area of most intense alteration is in the 
western part of the stock and in the adjacent metaba 
salts. Table 1 does not include data for the two samples 
of quartz monzonite which contain secondary K-feldspar. 
These samples have been affected by a later overprint of 
quartz-sericite alteration, and geochemically resemble 
this younger alteration type.

Most of the mineralogical changes that occurred 
during hydrothermal alteration resulted in only minor mi 
gration of Si, Al, Fe, Mg, and Na, with Ti, P, and Zr being 
particularly immobile. The most mobile elements were 
Ca, K, Ba, Rb, and Sr. In the most intensely altered part of 
the stock, Ca increases and K, Rb, and Ba decrease, 
whereas the reverse is true for the adjacent altered meta 
basalts. The elements which appear to have had a
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source outside the alteration zone are S, CO2 , Zn, and 
Cu.

Discussion
The sequence of igneous and hydrothermal events which 
best fits the data currently available is as follows. The in 
trusion of a quartz monzonite porphyry stock was accom 
panied by minor potassic alteration of the metabasalt 
right at the contact. Deposition of disseminated copper 
sulphides and pyrite also took place at this time. This was 
followed by development of pervasive quartz-sericite and 
propylitic alteration which was possibly due to the reac 
tion of rocks with a convective system of meteoric water. 
Hematitic alteration in the upper, near surface part of the 
convective system formed at this time. The next event 
was the formation of minor stockwork mineralization con 
sisting of quartz, biotite, molybdenite and copper sul 
phides, followed by later veins containing calcite, quartz, 
and copper, lead, and zinc sulphides.

There are several striking similarities between the Jo 
gran occurrence and porphyry copper deposits. These 
include the following.
1) The composition and texture of the rocks of the Jogran 
stock.
2) Similar sulphide mineralogy.
3) Zoned distribution of hydrothermal alteration effects 
with an outer propylitic assemblage around a core of per 
vasive quartz-sericite alteration. This is characteristic of 
the upper or outer zones associated with other porphyry 
copper deposits, and indicates that the erosion surface 
at the Jogran deposit is near the top of a porphyry sys 
tem. The presence of nearby breccia pipes also sug 
gests a shallow depth of erosion.

The major differences between Jogran and other 
porphyry copper deposits are as follows. 
1) Relatively small size and low grade of the mineralized 
zone. The volume of the stock to the explored depth of 
150 m is about 10 million tons.
2) The near absence of stockwork mineralization. (There 
is only an average of 2 cm of veinlet material per 8 m of 
core.)
3) The occurrence at the deposit in a non-orogenic envi 
ronment, a feature which is unusual for porphyry copper 
deposits.

What was the tectonic setting at the time when the 
Jogran deposit formed? K-Ar (Roscoe 1965) and Pb-Pb 
model ages (unpublished data, Geol. Survey of Canada) 
for the Tribag and Jogran deposits respectively indicate 
that both deposits are Middle Keweenawan in age. This 
was a time of rifting and extrusion of tholeiitic basalts in 
the Lake Superior basin. Felsic magmatism occurred at 
intervals forming flows, plugs, and sills in the basalts. 
These felsic magmas are interpreted by R.N. Annells 
(1973) as being due to melting of pre-existing sialic crust. 
It is possible that the Jogran stock was formed in a similar 
way.
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Table 1: Results of chemical and X-ray diffraction a

*

Si02

A1 2 0 3

Fe 2 0 3

MgO

CaO

Na 20

K20

Ti02

P 205

MnO

S

LOIb

co 2

ppm

Ba

Cr

Zr

Sr

Rb

Zn

Ni

Quartz

Plagio 
clase

K-feld 
spar

Sericite

Chlorite

Calcite

Actino 
lite

METABASALT

Unaltered

(4) a

49.96

14.83

12.99

Biotitic

Alteration

(13)

50.51

14.24

13.23

6.80 6.77

10.33 9.00

3.04 2.66

0.45 0.99

1.44 1.20

0.11

0.21

0.05

0.58

0.26

116

144

67

155

24

10

69

0 C

23

0

0

0

0

39

0.11

0.22

0.11

1.17

0.19

152

121

55

151

134

20

79

1

15

0

3

3

1

34

K-feldspar

Alteration

(2)

49.78

13.01

17.94

5.49

4.75

3.92

1.63

1.40

0.12

0.14

0.14

ND

ND

599

79

61

232

154

37

52

3

25

4

0

4

0

nalysis .

QUARTZ MONZONITE

Qtz-sericite

Alteration

(97)

70.69

14.05

2.05

0.68

2.62

3.53

2.53

0.24

0.06

0.03

0.20

3.07

1.86

607

2

108

79

221

27

10

24

Propylitic

Alteration

(62)

71.08

14.19

2.03

0.74

1.77

3.80

3.76

0.24

0.60

0.02

0.13

2.21

1.14

993

1

116

129

244

11

12

25

51 52

0 18

24

9

11

23 0

8

12

9

0

a: ( ) i number of samples.

b: LOI ^ loss on ignition to 1000OC

c: values for each mineral refer to heights of XRD peaks, and

do not represent absolute amounts. 

ND: not determined
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Most porphyry copper deposits are found in oro 

genic belts that are related to subduction zones, for ex 
ample, in South America, British Columbia, and southeast 
Asia. The question is whether subduction zones are re 
quired in order to form porphyry copper deposits? Proba 
bly not. It is very difficult to relate many porphyry copper 
deposits in southwest United States to 'hot spots' above 
mantle plumes. The required ingredient appears to be a 
water-rich magma having an intermediate composition. 
These are most commonly produced where subduction 
of oceanic crust is occurring, but can also be produced 
in other tectonic settings.

The geologic processes which led to the formation of 
the Jogran deposit appear to be very similar to those 
which produce economic porphyry copper deposits. The 
widespread but thin glacial overburden in this region 
could well conceal larger or higher grade deposits, and 
therefore further exploration is warranted.
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Abstract
A number of the alkalic complexes found within the Supe 
rior Province of northern Ontario have now been studied 
by the whole-rock Rb-Sr method. Of those from which iso 
chrons have been obtained, virtually all have ages in the 
range 1,000-1,150 m.y.; only the Spanish River complex 
gave a much older age, 1,838±95 m.y.

We have used previously published K-Ar ages to es 
timate the initial 87Sr-86Sr ratios for some of the complexes 
for which we were not able to obtain isochrons. On the 
basis of these, and the initial ratios from the isochrons, it 
appears that we can divide the complexes in the 1,000- 
1,150 m.y. range into two groups. Complexes with abun 
dant carbonatite have initial ratios of about 0.7025, 
whereas those of miaskitic affinities, but lacking carbona 
tite, have initial ratios of about 0.7036. If the complexes 
were derived solely from the upper mantle, it may then be 
possible to conclude that the mantle under the Superior 
Province was heterogeneous roughly 1,100 m.y. ago.

We have been unable to find any relationship be 
tween the age and type of complex, the nature and extent 
of mineralization, and the initial 87Sr-86Sr ratios.

Introduction
The alkalic complexes of Ontario form one of the oldest 
and largest areas of alkalic magmatism yet documented. 
The carbonatites alone cover an area of some 1.3 million 
km2 (Erdosh 1978). In spite of the importance of this pe 
trographic province, there has been only one compre 
hensive dating study, that of J. Gittins et al. (1967). Stud 
ies on individual complexes include those of H.W. 
Fairbairn et al. (1959), J.A. Lowdon (1960), J.A. Lowdon 
etal. (1963), R.H. Wanless et al. (1967), S. Chaudhuri et 
al. (1971), K.L. Currie (1976), R.H. Mitchell (1976), and 
L.B. Owen and G. Faure (1977). On the basis of K-Ar min 
eral ages Gittins et al. (1967) found that the alkalic com 
plexes fell into fairly distinct groups, the most significant 
at about 1,700 m.y. and 1,075 m.y., with another possible 
group at 1,560 m.y. The late Proterozoic event at 1,075 
m.y. seems to be widely spread. The susceptibility of the 
K-Ar system to resetting and to argon leakage means that 
the K-Ar ages represent only minimum ages for these 
complexes. With this in mind a whole-rock Rb-Sr isochron

study was undertaken to pinpoint the emplacement ages 
of the complexes, and to evaluate their petrogenesis in 
the light of their initial 87Sr-86Sr ratios. In particular, it was 
hoped that those complexes associated with mineraliza 
tion (e.g. Coldwell - Cu, Ni, Pt, and Nb; Prairie Lake - Nb, 
P, D) would be characterized either by a distinct isotopic 
signature or by a particular age, features which would 
help in evaluating the economic potential of these com 
plexes.

Almost fifty alkalic complexes, mostly Precambrian in 
age, have been documented from Ontario. In outcrop 
pattern most are circular, and in average size range from 
4 to 12 km in diameter. Several contain a centrally located 
carbonatite plug; some are surrounded by concentric 
rings and marginal screens of silicate material; and 
others show the development of marginal fenite zones. 
Other bodies take the form of steeply dipping, dike-like 
masses. Exposures are generally poor for most of the 
complexes, and for the most part only material from drill 
cores is available. The complexes are characterized by 
distinctive 'thumbprints' or magnetic anomalies on the 
aeromagnetic map of Ontario, so that their distribution is 
known in some detail. The Proterozoic intrusions, al 
though petrochemically complex when viewed in detail, 
can be most simply divided, for purposes of discussion, 
into:
1) miaskitic (K + Na^1) syenite complexes,
2) miaskitic syenites with some carbonatite, and
3) carbonatites with little or no syenitic material.

Analytical Details
Over one hundred samples were analyzed for Rb and Sr. 
Most samples were donated by R.P. Sage of the Ontario 
Geological Survey. Rb and Sr abundances were deter 
mined in duplicate by X-ray fluorescence using the 
method of K. Norrish and B.W. Chappell (1967) in which 
the mass absorption coefficients are measured directly. 
The Rb-Sr ratios are accurate to ± 1 percent of the 
quoted values, the abundances to ±2 percent for sam 
ples with greater than 20 ppm. All uncertainties are given 
at the 95 percent level. The Sr isotopic analyses were car 
ried out on two 15 cm, 90 degree sector solid-source 
mass spectrometers in the Department of Physics, Carle 
ton University. Precision of the 87Sr-86Sr ratios is 5 parts in 
7,000 for one machine, and 7 parts in 70,000 for the other
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(95 percent level). All of the 87Sr-86Sr ratios were adjusted 
to an Eimer and Amend value of 0.70800. Slope and inter 
cepts for the isochrons were calculated using the method 
of D. York (1969). All ages quoted in this report are calcu 
lated on the basis of the internationally agreed decay 
constant for 87 Rb of 1.42x10~ 11 yr ~ 1 (Steiger and Jager 
1977). Together with the isochron data we also quote the 
MSWD (mean square of weighted deviates) which is an 
indication of the 'goodness-of-fit' of the data points to a 
straight line (Brooks et al. 1972). Ideally, the MSWD ap 
proaches a value of 1 if the points fit the line within experi 
mental uncertainty. The level of significance of the MSWD 
is also a function of the number of samples that are used 
to compute the isochron. For the data presented any 
MSWD less than about 3 is an indication that the isochron 
age is probably a valid interpretation of the data.

Results
The isotopic data are given in Table 1 and the Rb-Sr rat 
ios and isochron data are summarized in Tables 2 and 3. 
Because of the limited spread in Rb-Sr ratios several 
complexes, particularly those with abundant carbonatite, 
could not be dated by the whole-rock isochron method. 
These include the Cargill complex (Rb-Sr, 0-0.06) and the 
Firesand complex (Rb-Sr, 0-0.02). Two points of interest 
emerge from the data given in Table 3. Firstly, most of the 
complexes appear to have been emplaced in the period 
1,050±50 m.y., i.e. during the late Proterozoic. Secondly, 
there is an earlier period of magmatic activity marked by 
the isochron age of 1,838±95 m.y. from the Spanish 
River (Township 107) complex, and we can confirm the 
conclusion of Gittins et al. (1967) that the carbonatitic ac 
tivity extended over a considerable period of time. We 
suggest that Ontario was the site of intermittent continen 
tal alkalic magmatism for a period of at least 700 m.y.

Our age from the Spanish River complex (1,838 m.y.) 
is considerably older than the value of 1,565 m.y. quoted 
by Gittins et al., and cautions against the use of single 
mineral K-Ar ages, even in areas which appear to have 
remained unaffected by later disturbances. Our finding 
also removes the evidence for a period of alkalic magma 
tism at about 1,565 m.y. Our other isochron ages, how 
ever, agree reasonably well with the K-Ar ages deter 
mined by Gittins etal.

Previous Rb-Sr whole-rock and single mineral ages 
from the Lackner Lake complex yielded an age of 
1,058±22 m.y. (Owen and Faure 1977, recalculated to 
the new decay constant), a figure which is slightly lower 
than the reported K-Ar age of 1,100 m.y. for a biotite from 
the same complex. A three point isochron by us gave an 
age (1,138±29 m.y.) significantly older than the one 
quoted by Owen and Faure, but which just overlaps with 
the K-Ar age of 1,100 m.y. assuming an uncertainty for 
the latter of about 3 percent. A combination of our whole- 
rock samples with only the whole-rock data of Owen and 
Faure yields an intermediate age, but the MSWD, using 
the uncertainties quoted by Owen and Faure, is fairly high
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(5.4), and indicates that-the isochron model may not be a 
valid interpretation in this instance.

The data from the Heckla-Kilmer complex do not 
define an isochron but show a distribution with a consid 
erable scatter. These samples, obtained from drill core, 
show extensive alteration of nepheline, pyroxene, and 
amphibole, as well as the presence of small, mica vein- 
lets. If, however, a least-squares-fit line is placed through 
the data points an 'age' of about 450 m.y. is indicated. 
Ages for complexes in the range 400-600 m.y. have been 
recorded from Manitou Islands (Gittins et al. 1967) and 
from the St. Lawrence Graben System (Doig and Barton 
1968). An event at about 450 m.y. thus may be real. But in 
view of the scatter of the points, this conclusion is still pre 
mature.

The structural control shown for many of the com 
plexes, in particular the clustering of several bodies 
about the Kapuskasing structure, may be related to peri 
odic movements along many large-scale faults. An aver 
age age for the late Proterozoic complexes of 1,050 m.y. 
is surprisingly close to the K-Ar mineral and whole-rock 
Rb-Sr isochron ages from much of the material within the 
nearby Grenville Province (Davidson et al. 1979). 
Whether this is significant or merely coincidental is out 
side the bounds of this present study.

The initial 87Sr-86Sr ratio of a magma reflects, in part, 
the Rb-Sr ratio of the source region, and the residence 
time of the Sr within such an environment. Uncontami- 
nated magmas derived from the mantle tend to be char 
acterized by present-day ratios of between 0.702 and 
0.706, whereas magmas produced by partial melting of 
ancient continental crust have initial ratios in excess of 
0.710. Contamination or assimilation processes will tend 
to produce ratios intermediate between these two ex 
tremes.

The initial ^Sr-^Sr ratios listed in Table 3 are com 
paratively low, and range between 0.7019 and 0.7038. 
From these data it seems unlikely that any of the silicate 
rocks are derived solely by partial melting of old, conti 
nental crust. Additional initial 87Sr-86Sr ratios were ob 
tained by analyzing samples from other complexes which 
are enriched in total Sr. High precision analyses (see Ta 
ble 1) were made of carbonatitic or syenitic material from 
the Big Beaverhouse (-12,000 ppm Sr), Firesand 
(-10,000 ppm Sr), Poobah (-5540 ppm Sr), and Sea- 
brook (—1200 ppm Sr) complexes. The sample from the 
Poobah complex, an Archean syenite intruded into the 
Couchiching metasediments of the Quetico Gneiss Belt, 
has a Rb-Sr ratio of about 0.03, so that an age correction 
had to be made to the measured 87Sr-86Sr ratio to com 
pensate for radiogenic Sr accumulated over a period of 
2,690 m.y. (recalculated using the new decay constants). 
The latter figure is not a single mineral age but represents 
a value obtained from an eight point 40K- 40 Ar isochron 
(Mitchell 1976). The initial 87Sr-86Sr ratios from the Big 
Beaverhouse, Firesand, and Seabrook complexes are 
comparatively low and are similar to those from other 
bodies of similar age.

One of the primary objectives of this work, to attempt 
an isotopic fingerprinting of the mineralized complexes,

17



GRANT 42

Table 1; Isotopic Data

Rb
(ppm)

87 86,Rb7 Bb Sr 

(atomic)

87 86,Sr7 Hb Sr 

(atomic)

Big Beaverhouse

77 BK 2-13

Cargill

CCM6 140.0-140.4
CCM6 442.5-442.9
CCM29 79.1-79.55
CCM29 136.85-137.2
CCM46 223.3-223.7
CCM46 225.75-226.3

Clay-Howells

C 6-1
C 20-25
C 24-17
C 25-7
CH 29-8458

Coldwell

PC 3-1
PC5-8
PC23-2
PC49-25
PC75-8

Firesand

F-148
FS1-166.1

Heckla-Kilmer

HK2 330-355A
HK2 330-355B
HK2 B
HK3 430-455A
HK5 217-242
HK5 267-292B
HK6 480-5050

0

88
1
6

18
5
1

218
68
70
65

127

241
11

144
84

259

0
0

154
155
166
126
51
51
32

11000

1530
2770
200

1180
126
95

8.99*
129
47

256
8500

640
312
87
41
49

11500
7490

681
1200
867
875

2020
2180
805

0.168
0.001
0.087
0.044
0.108
0.030

78.2
1.54
4.39
0.738
0.043

1.09
0.10
4.83
5.95

15.6

0
0

0.654
0.373
0.555
0.416
0.073
0.067
0.116

t{

0.70235

0.70400
0.70200
0.70301
0.70254
0.70307
0.70254

1.9000
0.7259
0.7705
0.7143
0.7029
0.70336

0.7195
0.70536
0.7777
0.7949
0.9422

0.70249
, rO.70240
0.70259

0.70796
0.70598
0.70794
0.70644
0.70452
0.70464
0.70425

18



Table 1: Isotopic Data

KEITH BELL to J. BLENKINSOP

11.

Killala

KR 23-158 
KR 23-181

KR 23-260 
KR 33-9 
KR 33-17

Rb 
(ppm)

95
89

136
188
189

Sr
(ppm)

660
1050

373
314
250

87Rb7 86 Sr 

(atomic)

0.417
0.246

1.06
1.74
2.20

87 Sr7 86 Sr x 

(atomic)

t{

0.7094
0.7073
0.70764
0.7200
0.7305
0.7358

Lackner Lake

L2 271.6-272.0 638
L5 46.5-46.9 190
L12 476.7-477.1 67

992
2000
1420

1.86
0.275
0.136

0.73292
0.70727
0.70479

Nemegosenda

NL 015 
NL 020 
NL 024 
NL 031 
NL 032 
NL 040 
NL 041 
NR 32-6A 
NR 32-8 
NR 22-5

Poobah 

PWA-6B

Prairie Lake

PL-128
PL 399
PL 505
PL-P4-07
169-X1
204-
5935

328
284
62

205
321
150
240
212
322
143

1065
1631

12000
1470
1220
1270
1550
5110
2120
1790

0.892
0.506
0.015
0.405
0.760
0.330
0.440
0.121
0.440
0.231

58

204
61
53
40

163
120
85

5540

743
2710
4200
1300
1350
6210
2170

0.029

0.796
0.067
0.035
0.090
0.348
0.019
0.114

0.7172
0.7109
0.70344
0.7097
0.7139
0.7093
0.7107
0.70526
0.70993
0.70791

0.70232

0.7146
0.70377
0.7026
0.70395
0.7069
0.70349
0.7045
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Table l: Isotopic Data

ill.

Rb Sr
(ppm) (ppm)

87 86,Rb7 ab Sr 

(atomic)

87 Sr7 bb Sr x

(atomic)

Seabrook 

SB 7-3

SB 7-13 
SB 7-17 
SB 7-29

107

98
102
64

1210

1330
984

1080

0.256

0.213
0.301
0.172

t{
0.70564
0.70569
0.70593
0.70720
0.70493

Shenango

SHR 38-4 
SHR 51-54 
SHR 52-11A 
SHR 63-2A 
SHW 64-4

X4-8

300
193
381
181
149

42

48
318
49

565
643

18.6
1.76

22.9
0.926
0.671

1100 0.110

0.9794
0.7298
1.0514
0.7169

, rO.7137
1 0.7137
rO.7048

trO.7052
1 0.70549

Spanish River

1292
1350
1430
1462
1542

10
177
215
21
O

820
744
478
536

5550

0.038 
0.689 
0.130 
0.110 
O

0.7026
0.7200
0.7058
0.70496
0.7017

x

isotope dilution analysis

duplicate analyses
88,normalised to Bb Sr7 BB Sr = 0.1194; 

adjusted to Eimer and Amend 
87 Sr7 86 Sr = 0.70800
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Table 2: Summary of Rb/Sr Ratios

Name of Complex No. of Samples Range of Rb/Sr Weight 
ratios

Cargill

Clay-Howells

Coldwell

Firesand

Heckla-Kilmer

Killala

Lackner Lake

Nemegosenda

Prairie Lake

Seabrook

Shenango

Spanish River

11

17

11

6

8

8

7

11

7

18

11

8

0.0

0.02 -

0.0

0.0

0.02 -

0.09 -

0.03 -

0.0

0.01 -

0.0

0.04 -

0.0

0.06

24

5.3

0.02

0.23

0.76

0.64

0.26

0.39

0.10

6.3

0.24

met with little success. No relationship seems to exist be 
tween the type of complex (i.e. carbonatitic, miaskitic 
etc.), the nature and degree of the mineralization, and the 
initial 87Sr-86Sr ratios. Some features do emerge, how 
ever, that have some interesting implications regarding 
the evolution and chemical composition of the mantle.

Isotopic data from many magmatic bodies from 
widely separated parts of the earth have initial ^Sr-^Sr 
ratios that, plotted as a function of age, fall close to a de 
velopment line similar to that for Sr in achondritic meteor 
ites. This is characterized by a Rb-Sr ratio of about 0.02 
(Moorbath 1976). As a first approximation, the isotopic 
characteristics of the upper mantle seem to be similar to 
achondritic meteorites, at least as far as Sr is concerned.

Recent comparisons of Rb-Sr and Nd-Sm data on 
oceanic rocks have indicated that a Rb-Sr ratio for the 
'bulk earth' (essentially the mantle or perhaps only the up 
per mantle) of nearly 0.03 may be more appropriate (De- 
Paolo and Wasserburg 1976; O'Nions et al. 1977; Hamil 

ton etal. 1979), but we feel that at present this suggestion 
should be regarded only as tentative.

Most of the initial 87Sr-86Sr ratios for the Ontario al 
kalic complexes lie fairly close to a development line 
characterized by a Rb-Sr ratio of about 0.02. This is true 
for the calculated initial 87Sr-86Sr ratios from the Poobah 
complex and for most of the initial ratios obtained from 
the isochrons from the late Proterozoic complexes. In 
other words, a fairly 'primitive' part of the mantle was be 
ing tapped intermittently over a period of about 1,600 
m.y. Although most of the complexes fall close to this de 
velopment line, some (Coldwell, Killala, Nemegosenda, 
and Shenango) fall significantly above it. These initial rat 
ios are substantially higher than those from the Big Bea 
verhouse, Clay-Howells, Firesand, Lackner, Prairie Lake, 
and Seabrook complexes, all with some carbonatite, by 
about 1 part in 700. Those complexes with abundant car 
bonatite (Clay-Howells, Firesand, and Big Beaverhouse) 
are in the group with the lower 87Sr-86Sr ratios, whereas all
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Table 3: Summary of Isochron Data

Complex
(Myr)

Initial 87 Sr7 85 Sr 
ratio

x MSWD

Clay-Howells

Coldwell

Killala

Lackner Lake

Nemegosenda 

Prairie Lake 

Shenango 

Spanish River

1072 ± 16

1070 ± 15

1050 ± 35 
(1098 ± 48)*

1138 ± 29 
(1092 ± 21)t

1015 ± 63

1023 ± 74

1047 ± 15

1838 ± 95

0.7027 ± 0.0005

0.7035 ± 0.0006

0.7036 ± 0.0006 
(0.7032 ± 0.0006)

0.7027 ± 0.0002 
(0.7028 ± 0.0003)

0.7038 ± 0.0004

0.7026 ± 0.0003

0.7035 ± 0.0004

0.7019 ± 0.0004

0.6

1.4

3.1 
(0.8)

1.1 
5.4

2.6

2.3

1.4

1.0

Errors given at the 2a level.

Sr7 86 Sr ratios adjusted to a 
value of 0.70800 for the Eimer and 
Amend Sr standard.

Excluding one sample.

Including whole-rock data from 
Owen and Faure (1977).

of the miaskitic syenites without carbonatite (Coldwell, 
Killala, and Shenango) are in the grouping characterized 
by a higher value.

There are at least two explanations for the different 
initial ratios. These are that the variations are due to con 
tamination of the original magma by continental crust, or 
derivation of the magmas from different parts of an iso- 
topically inhomogeneous source, presumably the upper 
mantle. We have endeavoured to estimate how much 
continental crust would have to be assimilated in order to 
affect the Sr isotopic composition of the magma, but it 
seems that the amounts required are too large to be real 
istic. It is, however, difficult to assess the role that deep- 
seated fluids may play in this process, and consequently 
to exclude completely the possibility of metasomatism in 
volving radiogenic Sr. An alternative model, however,

suggests that at 1,050±50 m.y. ago parts of the mantle 
(at least those parts underlying the Superior Province) 
were chemically inhomogeneous. Much of the alkalic ma 
terial was being derived from a fairly primitive source re 
gion with a Rb-Sr ratio slightly less than 0.02, whereas 
other magmas, less enriched in Sr, were being derived 
from a mantle with a higher 87Sr-86Sr ratio.

Conclusions
The following conclusions can be drawn from the isotopic 
data:
1) During Proterozoic time alkaline magmatism was un 
derway by about 1,850 m.y. and continued through until 
at least 1,050±50 m.y. ago.
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2) Most of the magmatic activity was concentrated during 
the period 1,050±50 m.y.
3) The mineralized complexes are not restricted to any 
particular time, nor are they characterized by unique ini 
tial Sr isotopic compositions.
4) At least seven complexes have initial 87Sr-86Sr ratios 
that fit a linear development line with a Rb-Sr ratio of 
about 0.02, similar to that postulated for the mantle.
5) All of the miaskitic syenites lacking carbonatite have 
higher initial ratios and lie above the development line.
6) It would appear that the simplest interpretation of the 
Sr isotopic data is to assume that the magmas were de 
rived from an inhomogeneous mantle.
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Abstract
Measurement of 222 Rn decay product activity, from 218Po, 
214Pb, 214Bi and 214Po spontaneously deposited onto 
plates, has application in uranium exploration. For plates 
of similar sizes, laboratory studies show that similar 
amounts of decay products are deposited on plates 
made from a variety of materials. Activity can be in 
creased severalfold by applying a negative potential to 
the plate for about three hours prior to counting. Prelimi 
nary tests using thoron (220Rn) indicate that thoron decay 
products are also collected, and that the decay curve 
tends to be dominated by the 10.64-hour half-life of 212Pb.

Field tests and soil analyses at the South March test 
site are now almost complete. A favourable comparison 
is shown between the collector method and other con 
ventional methods (soil-gas suction, alphameter, 
fluorimetry, radium measurement, and delayed neutron 
analysis).

A radon anomaly was readily delineated by the in 
situ collector method at a uraniferous pegmatite in Blith 
field Township. When soil samples were used the collec 
tor method (for radium) failed to outline the anomaly, and 
it appears that the in situ anomaly is related to radon mi 
grating from below the soil.

The collector method has now successfully deli 
neated two uranium occurrences from widely contrasting 
geological environments.

Introduction
A new uranium-exploration technique that involves the 
spontaneous deposition of the short lived 222Rn decay 
products (218Po, 214Pb, 214Bi, and 214Po, herein referred to 
as RDP) onto "collectors" successfully delineated a ra 
don anomaly at South March, Ontario (Card 1978). Sub 
sequent research, supported by the Ontario Geoscience 
Research Grant Program (Grant 38), at the South March 
site confirmed the original work and resulted in improve 
ments to the collectors and associated alphacounting 
techniques (Bell and Card 1979). Tests also showed that 
the sensitivity of the method could be enhanced by nega 
tively charging the collectors.

During the period 1979-1980, laboratory studies 
have delineated further parameters for the optimum ap 

plication of the RDP collector method. In addition new 
field studies have been undertaken at South March and a 
second test site has been established in Blithfield Town 
ship.

Laboratory Studies
Tests were undertaken to determine the optimum param 
eters for the construction and use of the collectors. Partic 
ularly important questions involved: 1) the best material 
for collector construction; 2) the size and shape of collec 
tors; 3) the voltages used for charged collector studies;
4) the length of time the potential should be applied; and
5) the best method for cleaning the collectors. In addition, 
some information was needed on the optimum sample 
size and container volume required for the soil-sample 
method. The results are reported below. 
1) Collector material Plates (4.5 x 3.8 cm) of various mate 
rials were exposed with 10 g aliquots of CANMET Stan 
dard BL-3 (1.02 percent U) for seven days. The results, 
shown in Table 1, indicate that the amount of activity 
measured is independent of the material used. Quite dif 
ferent materials (for example copper and cardboard) in 
dicated virtually identical amounts of activity. NE-102, a 
plastic scintillant sensitive to both beta and gamma radia 
tion, was considered as a combined collector and phos 
phor. A comparison of the NE-102 measurements with 
those from a copper plate of the same dimensions (4.5 x 
3.8 cm) exposed under identical conditions is given be 
low:

NE-102 
Copper

Gross 
Count 
(cpm)

326
86

Instrument 
Background

(using a
"blank" plate)

(cpm)

88
1

Net 
Count 
(cpm)

238
85

Signal:
Background

Ratio

2.7
85
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TABLE 1. Different collector materials exposed and counted under identical 
conditions (4.5 cm x 3.8 cm collecting plates exposed for 7 days in 
227-ml containers, using 10.0-g aliquots of CANMET Standard BL-3 as 
a source).

Collecting 
Material

Copper

Trial

Activity 
On

Collector
(counts

per 
minute)

Mean
(counts

per 
minute)

Standard
Deviation
(counts
per 

minute)

Plastic

Cardboard

Fat-coated copper

Aluminum foil

Waxed paper

1
2
3
4
5

1
2
3
4
5

1
2
3
4
5

1
2
3
4
5

1
2
3
4
5

1
2
3
4
5

86.3
80.5
90.9
83.9
82.9

85.2
83.2
92.6
79.8
93.6

81.0
73.8
84.6
75.4
84.2

78.4
71.5
77.4
68.0
75.4

85.1
96.1
93.7
91.9
91.8

97.9
92.7
97.3
94.3

108.1

84.9

86.9

79.8

74.1

91.7

98.1

3.9

6.0

5.0

4.3

4.1

6.0
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Although a greater number of counts was recorded using 
NE-102, a blank (unexposed, NE-102 plate resulted in a 
very high background count, and an unacceptable sig- 
nal:background ratio. It is suspected that the latter is due 
to beta and gamma radiation originating from external 
sources.
2) Size and shape Greater amounts of RDP are collected 
on larger plates than smaller ones. This relationship is il 
lustrated in Figure 1 where plots are shown of activity vs 
surface area. Three quite different materials, copper, 
plastic, and cardboard, give almost identical activities for 
collectors of the same surface area. The two graphs, 1 (a) 
and 1(b), compare the results from two different shaped 
collector geometries, one with, and one without a con 
stant length:width ratio. The similar appearance of both 
graphs shown in Figure 1 suggests that although surface 
area is important, shape is not particularly significant.
3) Voltage for charged collectors Tests have shown that 
the amount of RDP on a plate reaches a plateau at about 
60 V, using 227 ml containers and 4.5 x 3.8 cm copper 
collecting plates (see Figure 2). The amount of activity 
using a potential of 60 V is about three times the amount 
observed in the uncharged case. It is interesting to note 
that increasing the voltage by a factor of about seven 
does not significantly increase the number of RDP col 
lected. Even if a 10 V potential is applied the amount of 
activity still substantially increases.
4) Duration of charging interval Earlier work has shown 
that the amount of RDP spontaneously deposited on a 
collector approaches a maximum steady-state value after 
an exposure of three hours (Card 1978), a relationship 
that is consistent with the theoretical growth curves (Ruth 
erford 1913). To find out how long a collector should be 
charged, suites of identical copper plates were exposed 
for seven days, and then charged for varying intervals. It 
is clear (Figure 3) that if charged collectors are used, a 
steady-state amount of activity occurs after a charging in 
terval of three hours, a relationship that is also consistent 
with the growth curves derived from Rutherford's equa 
tions. For the charged collector studies a power supply 
with a range of O to 400 V was used. To enable tests to be 
made in situ in the field, a portable battery-operated 
power supply (0-2000 V) has been designed.
5) Method of cleaning collectors Test results (Table 2) 
clearly show that the collection of the RDP is independent 
of the way in which the collectors are cleaned. In fact, the 
data seems to indicate that the collectors need not be 
cleaned at all; tarnished or heavily scratched plates are 
just as effective as those which have been carefully 
cleaned.

In most of the work completed to date a zinc-sul 
phide-coated scintillation chamber has been used to 
measure the alpha-activity from the RDP. We have 
shown, however, that the RDP activity can also be 
counted by using either a Geiger-Mueller tube or an al 
pha-scintillation probe; collectors can be simply placed 
in front of these detectors.

A number of tests carried out in the laboratory evalu 
ated the use of collectors under different simulated field 
conditions. The effect of variable soil moisture on the

amount of RDP collected was measured by adding differ 
ent amounts of water to aliquots of a bulk soil sample from 
South March. Some results are plotted in Figure 4, and 
these show that the amount of activity, and hence collec 
tion, is not affected when the soil is wet. For example, the 
activities measured when the soil has been moistened 
with between 20 ml and 60 ml of water are, within count 
ing statistics, the same. Even when the sample was com 
pletely immersed in water, the activity was similar to that 
observed when a dry sample was used. Of course, it is 
important that the collector itself is not covered with 
water. Lesser amounts of activity were observed under 
conditions of partial immersion, and negligible activity 
was observed when the collector was totally immersed.

The mode and nature of attachment of the RDP to the 
collectors have still to be investigated, but whatever the 
mechanism it appears as though they are firmly attached. 
Uncharged plastic and copper plates, and also charged 
copper plates, were wiped with tissue paper after expo 
sure and the activity then counted in the normal way. The 
results show that the RDP cannot be readily removed by 
physical abrasion. In addition, plates immersed in water 
for five seconds after the exposure, then wiped dry, 
showed the same activity as that measured from a plate 
which had not been immersed or wiped. Although more 
work will be required to establish the way in which the 
RDP are fixed to the plates, our studies so far have shown 
that the attachment is quite firm.

Although the RDP have been collected from various 
sources, it was difficult to evaluate the overall sensitivity 
of the method. Soil samples with low concentrations of ra 
dium (about 1 pCi/g) were collected from two different 
sites: 1) a sandpit near Hazeldean, Ontario; and 2) a gar 
den plot near Manotick, Ontario. Soil aliquots of various 
sizes from both sites were weighed into containers of four 
different volumes (227 ml, 426 ml, 909 ml, and 1818 ml). 
When uncharged copper plates were exposed, the RDP 
activity was found to be relatively insignificant. However, 
when a charge of 400 V was placed on the collectors, ac 
tivity was recorded, significantly above instrument back 
ground, from all masses of soil greater than 500 g.

A number of tests were undertaken to investigate the 
collection of the decay products of 220Rn (thoron), here 
after referred to as TOP. Although numerous tests had 
been carried out using radon-bearing atmospheres, none 
had been undertaken involving thoron. Some knowledge 
of the collection of TOP may be useful for those surveys 
carried out in thorium-bearing terrains.

The source for the TDP tests was 2 g of thorium car 
bonate. A vial containing the Th(C03)2 was placed in a 
426 ml container, into which collectors were suspended 
during the exposure interval. The important findings were 
as follows.
1) Steady-state exposure^ 4.5 x 3.8 cm copper collector 
was exposed for nine days and subsequently removed. 
The activity of the TDP was counted for a succession of 
consecutive five-minute counting intervals over a period 
of about five hours. The resulting decay curve (Figure 5) 
is consistent with that expected from the equations for 
successive transformations (Rutherford 1913).
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2) Growth curves Collectors were also exposed for 
shorter intervals, ranging from ten to ninety minutes. The 
results obtained from successive five-minute counting in 
tervals after the removal of each collector show an initial 
increase in TOP activity (Figure 6). It would seem that at 
the end of the short exposures most of the attached Anu- 
clides are 212Pb, a beta-particle emitter that remains un 
detected by our counters. The decay of 212Pb after expo 
sure initially increases the amounts of both 212Bi and 
212Po. Because both are alpha-particle emitters there is a 
corresponding increase in alpha activity.
3) Material Plates of copper, plastic, and cardboard, 4.5 
cm long x 3.8 cm wide, were exposed for thirty minutes 
with the thoron source and subsequently counted for 
thirty minutes. The results are summarized below:

Material

Copper
Plastic
Cardboard

Number
of 

Exposures

5
5
5

Activity on Collector

Standard
Deviation

(cpm)
Mean 
(cpm)

66
69
58

The data clearly show that there are no significant differ 
ences in the abilities of the different materials to collect 
TOP, thus confirming our previous results based on radon 
decay products.
4) Surface area Tests with collectors that vary from 2.25 
cm2 to 34.2 cm2 have confirmed our previous observa 
tions (using a radon source) that activity and surface area 
are positively related.
5) Charged collectors Various negative potentials were 
applied to copper collectors exposed in a 426 ml con 
tainer (Figure 7). Activity was higher in these cases than 
in those where no charge was applied. A plateau was 
also achieved at a potential of about 60 V. These results 
are consistent with our findings using 222Rn.

The tests have confirmed that TOP can be collected 
on plates; in general, it appears that the factors 
influencing the collection of TOP are similar or analagous 
to those observed for the RDP.

Field Studies
South March
The original evaluation of the applied collector technique 
included a comparison of collector results from a base 
line at the South March uranium-copper occurrence with
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TABLE 2. The effect of using different methods of cleaning copper 
collecting plates. (All trials involved 4.5 cm x 3.8 cm collecting 
plates exposed for 7 days in 227-ml containers.)

Method
Of 

Cleaning

Source:
Soil From

South
March

*Activity
On

Collector 
(counts
per 

minute)

Source: 
CANMET Standard BL-3

Plates 
Uncharged 
^Activity

On
Collector 
(counts
per 

minute)

Plates
Charged
*Activity

On
Collector 
(counts
per 

minute)

Plates not 
cleaned 
(tarnished)

Plates cleaned 
with brass 
polish

Plates cleaned 
with brass 
polish, 
acetone, and 
107o nitric 
acid

31.8 - 5.1

29.9 - 5.0

74.7 - 4.2

80.6 - 6.4

290.1 - 20.4

293.6 - 27.6

29.1 - 4.0 83.3 - 4.1 290.1 - 20.0

Plates cleaned 
with brass 
polish, 
acetone, and 
20% nitric 
acid

Plates cleaned 
with emery 
cloth
(physically 
scratched)

28.6 - 3.6

31.0 - 6.4

75.7 - 5.5

82.7 - 3.7

285.9 - 16.1

275.4 - 27.4

*Note: Uncertainty is expressed as one standard deviation from the 
mean of five independent trials
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Figures—Decay curve for thoron decay products. (4.5 cm x 3.8 cm copper plate exposed for 9 days with 2 g of 
Th(C03)2).

uranium concentrations from soil samples from the same 
sites determined by fluorimetry (Card 1978). The collec 
tor results not only compared favourably with the 
fluorimetric data but also were consistent with a map of 
radiometrically determined uranium (Ford 1975). Subse 
quently the study area was expanded to a grid of 101 sta 
tions, and surveys using both copper and plastic collec 
tors were successfully completed (Bell and Card 1979).

Additional work during the period 1979-1980 in 
volved a soil-gas suction radon technique similar to that 
described by W. Dyck (1969a; 1969b), S.H.U. Bowie et 
al. (1971), and R.H. Morse (1976). Most of this work was 
carried out using a commercially available radon detec 
tor. An initial test survey along part of the base line 
showed that the anomaly is readily delineated by the soil- 
gas suction method (Card and Bell 1979). A subsequent, 
more comprehensive survey, covering all grid stations, 
has now also been completed (Christie 1980). A compari 
son (Figure 8a and 8b) of a soil-gas suction profile and a 
collector profile confirms that both methods are effective 
in delineating the anomaly. In this way, it is clear that the 
collector method of radon measurement compares fa 
vourably with the conventional soil-gas suction method.

The soil-gas suction survey included measurements 
of thoron (220Rn). This was the first time thoron had been 
directed at the South March site. Analysis of soil samples 
for 232Th, using the neutron activation analysis technique

(see Figure 8c), has revealed that the 232Th values are 
quite low and that they bear no obvious relationship to the 
thoron values.

A further survey (Gratton 1980) involved the mea 
surement of radon using alphameters (Gaucher 1976; 
Warren 1977). This commercially available instrument de 
tects alpha particles by use of a diffused junction semi 
conductor. Alphameter measurements were made for 
both 24-hour and 72-hour counting intervals at each grid 
station. The contour maps for both surveys were almost 
identical in pattern. The base line profile of the 72-hour re 
sults, shown in Figure 8d, is quite similar to that obtained 
from the collector survey.

Although both radon and thoron have been detected 
from the South March site it was not clear whether the gas 
was generated from radium in the underlying bedrock or 
whether radium was concentrated in the overlying soils. 
Systematic studies of the soils led to some interesting ob 
servations.

Samples were analyzed for radium using propor 
tional counting and alpha-particle spectrometry of 
Ba(Ra)SO4 following total sample digestion (Wilson 
1979). A comparison between collector results (Figure 
9a) and the radium results (Figure 9b) shows favourable 
agreement. Another measure of radium was also ob 
tained, by the soil-immersion technique (Morse 1969, 
1971; Sutton and Soonawala 1975). This technique in-
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Figure 6—Thoron decay product curves for short exposures (4.5 cm x 3.8 cm copper plates exposed with 2 g of Th 
(C03)2).

volves immersion of the soil sample in water for several 
days, followed by analysis of the degassed radon by al 
pha-counting. A contour map, based on these results 
(Bradley 1979), is virtually identical to the one obtained 
by the collector method. A comparison of the immersion 
method profile with the other surveys is presented in Fig 
ure 9c. The three radium profiles, based on quite different 
techniques, are in good mutual agreement and substanti 
ate the earlier collector results.

Samples from all grid stations were also analyzed for 
uranium by neutron activation. A profile (Figure 9d) 
shows that there is remarkably good agreement between 
the uranium concentrations and the results obtained by 
the collector method.

The occurrence in the soils of anomalous amounts of 
both radium and uranium suggests that some component 
of the radon, and perhaps thoron, measured in situ may 
have been generated in the soil.

Blithfield Township
Until 1979 the collector method had been applied to only 
one geological environment, the buried uranium-copper 
occurrence at South March. Although this particular ra 
don anomaly has been investigated in some detail by var 
ious methods, the lack of surface outcrop limits the geo 
logical control. A uraniferous pegmatite in Blithfield 
Township (McCrank 1978) was chosen as a second test 
site (Figure 10a). The pegmatite, exposed in a road-cut 
on Highway 508, occurs in Grenville gneisses and mar 
bles, and collector surveys were conducted along a base 
line which intersects the pegmatite at about 60C . The soil 
overlying the pegmatite is about 1 m thick. Both the in situ 
method and the soil sample method were applied (Figure 
10b). The in situ readings were significantly above instru 
ment background at all stations; the highest activity was 
recorded at the site directly above the estimated position
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of the pegmatite along strike. Soil samples were collected 
along the base line as well as from 95 additional sites on 
cross lines with stations 10 m apart. Unlike the South 
March survey, the soil samples failed to delineate any 
anomalous zones, even along the base line.

The geochemical dispersion patterns were evalu 
ated in more detail by additional soil-sample analysis. 
Samples from all base line stations were analyzed for 
238 U (by delayed neutron counting) and 232Th (by neutron 
activation analysis). Selected samples were analyzed for 
226Ra. This involved alpha-particle counting after total 
sample digestion and co-precipitation of 226Ra as 
Ba(Ra)SO4 . The profiles for 238 U and 232Th (Figure 10c) 
and the 226Ra data (not shown) indicate that the results 
obtained from the soil-sample analyses do not reflect the 
underlying uranium-bearing pegmatite. Such methods 
would not locate the mineralized zone.

The absence of 238U and 226Ra soil anomalies above 
or adjacent to the underlying pegmatite suggests that the 
patterns of geochemical dispersion at the Blithfield oc 
currence are greatly different from those at South March.

The simplest interpretation of the observed disper 
sion patterns at the Blithfield pegmatite occurrence in 
volves radon migration from a source underlying the soil 
cover.
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Conclusions
Laboratory tests have now shown that (1) collectors can 
be constructed from a variety of materials, and (2) activity 
on collectors can be increased by increasing the surface 
area or by placing a charge on the plate.

We have now accumulated a substantial amount of 
field data from the two test sites. The collector method 
appears to be as effective as most other uranium explora 
tion techniques, and has the added advantage that it is 
simple, sensitive, and inexpensive.

Results obtained in the field from two sites in widely 
contrasting geological environments confirm the capabil 
ity of the collector method as an effective exploration 
technique.
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Abstract
Two computer programs have been developed which es 
timate major oxide gains and losses in altered volcanic 
rocks, using procedures described by A.E. Beswick and 
G. Soucie (1978).

Both programs are based on comparisons of oxide 
molecular proportion ratio plots for unaltered, post-Meso- 
zoic volcanic rocks with similar plots for greenstone data.

On such plots, unaltered volcanic suites display well- 
defined trends, whereas data for samples from the Abiti 
bi, Uchi, and Wabigoon greenstone belts show consider 
able scatter. The well-defined trends for unaltered rocks 
fall on curves which can be defined by exponential or 
second order polynomial equations.

Using these programs, alteration parameters have 
been determined for the Kakagi Lake (859 samples) and 
the Uchi-Confederation Lakes (1,341 samples) areas. 
Comparison of results for these two areas indicate that 
CaO additions and Na20 depletions are more intense in 
the Uchi-Confederation Lake area (mineralized) than at 
Kakagi Lake (unmineralized).

Furthermore, within the Uchi-Confederation area 
(500 km2) the intensity of CaO additions and Na2O deple 
tions increases as the area of examination is focussed 
more narrowly on the South Bay Mine at Confederation 
Lake (3 km2) suggesting that alteration intensities are re 
lated to massive sulphide mineralization.

Introduction
Recent studies of rock-seawater interaction effects in 
young volcanic sequences, such as ocean floor basalts, 
clearly indicate considerable alteration and redistribution 
of major oxides and trace metals during the formation of 
secondary minerals such as smectite, chlorite, zeolites, 
prehnite, epidote, albite, and actinolite (Ozima et al. 
1977; Humphries and Thompson 1978a, b). Numerous 
authors have suggested that the element mobility indi 
cated by these alteration effects may be of importance in 
the formation of metallic mineral deposits (Spooner and 
Fyfe 1973) and several authors have attempted to indi 
cate that particular types of mineral deposit result from

the leaching of volcanic country rocks by circulating 
fluids (Jolly 1974; MacGeehan 1978). Certainly many de 
posits exhibit chemical and mineralogical alteration ha 
loes of intense hydration, carbonatization, chloritization, 
or silicification.

While there is little doubt that mobilization of compo 
nents accompanies the burial and recrystallization of vol 
canic piles, largely due to the convective circulation of 
hydrothermal fluids, there is considerable debate as to 
the relative mobilities of the different metals and major ox 
ides during such processes. Neither is it clear as to how 
extensive and pervasive are these alteration effects.

One of the major difficulties in studying alteration ef 
fects is that the primary compositional characteristics are 
obliterated by the alteration. Without knowledge of the 
primary composition the gains and losses of the various 
components, accompanying the alteration, cannot easily 
be determined.

Most investigators, working with altered volcanic 
rocks, attempt to identify "least altered" or "unaltered" 
material as a basis for comparison with "more altered" 
rocks from the same area. Furthermore such compari 
sons are typically done on a weight percentage basis. 
This type of approach has inherent difficulties since any 
increases in major oxide weight percent values due to 
metasomatic additions must of necessity be comple 
mented by decreases in the weight percent values of 
other oxide components. Thus from a weight percent 
comparison the effect of additions of some components 
gives the same result as would the removal of the other 
components and the two different processes are indistin 
guishable. This may be one major reason for conflicting 
claims as to what elements are mobilized (enriched or 
depleted) in the alteration of volcanic rocks (Jolly and 
Smith 1972; Pearce and Cann 1973; Condie et al. 1977; 
Winchester and Floyd 1977; Humphries and Thompson 
1978a, b).

Beswick and Soucie (1978) described a graphical 
procedure to recognize altered volcanic rocks and semi- 
quantitatively estimate the enrichment or depletion of var 
ious major oxides, which obviates the difficulties arising 
from weight percent comparisons. The reader is referred 
to their paper and to Soucie (1979) for further details.

The objectives of this project, which commenced in 
April 1979, are first to develop a computer program, 
based on the procedures of Beswick and Soucie (1978),
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to estimate major oxide gains and losses in altered vol 
canic rocks; secondly, to test the potential for using such 
a procedure as an exploration tool on a regional basis — 
more specifically to examine whether the procedure can 
distinguish significant differences in the nature of the 
chemical alteration in mineralized versus non-mineralized 
segments of greenstone belts within the Superior Prov 
ince; finally, to examine one or more mineralized areas in 
detail in order to correlate as far as possible chemical al 
terations with secondary mineralogy, primary volcanic 
characteristics, stratigraphy, and structure, the aim being 
to examine such correlations as might exist in terms of 
their application as ore indicators on a local, mine scale, 
e.g., in exploratory drilling programs.

Progress toward these objectives, during the first 
year of the project, is described in the following pages.

The Data Base
Analytical data for some 7,000 volcanic rock samples 
from various areas within the Abitibi, Birch-Uchi, and Wa 
bigoon greenstone belts comprise the data base for the 
project. The samples were collected and analyzed as 
part of several graduate thesis projects under the super 
vision of the second author. For each sample data are 
available for nine major and minor oxides and for S, Cu, 
Zn, Pb, Ni, Co, Ag, and Mn. For many samples coded 
field information and location coordinates are recorded 
with the analytical data. Other samples were assigned 
coordinates by digitizing sample locality maps. All these 
raw data were consistently formatted and transferred to 
magnetic diskettes for processing using PDP11 minicom 
puters. In the transfer process the data were subdivided 
into eleven Regional and eight Local scale data sets (Ta 
bles 1 and 2). Each Regional set is comprised of surface 
samples covering an area of several tens to a few hun 
dred square kilometres. Local sets are comprised of un 
derground samples collected from mines and drill core. 
Background information is given by O.P. Lavin (1976), 
J.W. Mcconnell (1976), and V.J.Sopuck (1977).

A data base of similar size, for post-Mesozoic vol 
canic rocks from island arc, continental margin, ocean is 
land, ocean floor, and continental interior settings has 
been compiled from the literature for comparative pur 
poses.

Outline of Computer Programs
Based on the procedures described by Beswick and 
Soucie (1978) two FORTRAN IV computer programs have 
been developed which estimate major oxide depletions 
and enrichments in altered volcanic rocks.

Both programs are essentially based on compari 
sons of logarithmic, oxide molecular proportion ratio plots 
for unaltered post-Mesozoic volcanic suites with similar 
plots for greenstone belt data (see Figures 1 and 2).

1.9-

10-

1.0 2.0 30

log

Figure 1—Logarithmic molecular proportion ratio plot of 
CaOfK2O-A2O3K2O for several hundred 
unaltered post-Mesozoic volcanic rocks (after 
Beswick and Soucie 1978).

30

M
K

2.0-

— 1.0-

1.0 2.0

log AI203 7K20

30

Figure 2—Same plot as Figure 1 but for Archean green
stones from the Temagami belt. Parallel curves 
enclose the majority of unaltered rocks shown 
in Figure 1 (after Beswick and Soucie 1978).
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The well-defined, curved trends on which unaltered 
volcanic rocks fall can be defined by exponential or sec 
ond order polynomial equations are: 
log(CaO7K20) = log(AI2037K20) + 0.65 + 0.8 
exp( - 2AI 2O37K20) ± 0.05 
log(CaO;K20) - -0.21(log(AI2037K2O))2 + 1.907 
log(AI2037K20) -0.86 ± 0.07

In both programs such correlation equations are 
used as the references against which alteration in green 
stone samples is estimated, i.e., samples which plot out 
side the tolerances of these curves are regarded as al 
tered. The type and amount of alteration in a given 
sample is estimated by way of a sequence of iterative ad 
justments to each oxide value such that the sample falls 
within the tolerances of all equations simultaneously.

Both programs are based on the assumption that 
alumina has been immobile but differ in the sequencing 
of the iterative adjustments. The first program (version 1) 
commences the iterative procedure by adjusting the Si02 
and then the K20 mole proportions until they fit within the 
tolerance of the equation relating log(Si027K2O) to 
log(AI2O37K20). The second program (version 2) com 
mences the iterative procedure by adjusting CaO then 
K2O to fit the equation relating log(CaCVK20) to 
log(AI2037K20).

Both programs determine the gain or loss for each 
oxide as a percentage change with respect to the amount 
of the oxide originally present. For example, a -(-25 per 
cent change in CaO for a sample containing 5.0 weight 
percent CaO implies an original CaO content of 4.0 per 
cent whereas a -i-100 percent change for such a sample 
would imply an original CaO content of 2.5 percent.

Preliminary Results
Prior to evaluating the usefulness of the programs for the 
study of alteration in mineralized and unmineralized seg 
ments of greenstone belts two types of testing were car 
ried out.

First of all it was necessary to ensure that, for any 
given set of data, both programs would give comparable 
results in terms of the alteration parameters calculated for 
each oxide. This type of testing essentially checks the in 
ternal consistency of the logic behind the iterative adjust 
ment procedures of both programs; if the logic is correct 
and there are no programming errors then the programs 
should give very similar results.

Figures 3 and 4 respectively show the distribution of 
CaO and Na20 additions and depletions, as calculated 
by both versions of the program, for some 750 samples 
from the Uchi Lake Regional data set. In both diagrams 
the range of oxide gains and losses has been arbitrarily 
subdivided in intervals of 25 percent for < 75 percent 
(depletions of greater than 75 percent of the original 
amount) to > -i-100 percent (additions of greater than 
100 percent of the original amount, i.e., more than double 
the original amount). The number of samples within each 
of these intervals is expressed as a percentage of the to-
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tal number of samples in the data set. These two exam 
ples illustrate the good agreement between the results 
calculated by each program. Furthermore they indicate 
that lime has been added to and soda removed from the 
majority of samples in the Uchi Lake Region.

A second type of testing was carried out in order to 
check that the tolerances, on the correlation equations, 
reasonably well enclose the spread for "modern" (post- 
Mesozoic) data about the best fit curves expressed by 
the reference equations used in the programs. If this is 
the case then for any set of unaltered samples, oxide 
gains and losses calculated by the programs should not 
be appreciable when compared with those calculated for 
greenstone samples which are truly altered.

This testing was carried out using data for 500 post- 
Mesozoic volcanic rocks from various tectonic settings 
with compositions ranging from basaltic to rhyolitic. For 
comparative purposes the Uchi Lake (757 samples) and 
Kakagi Lake (859 samples) data sets were used.

Figures 5 and 6 respectively show the CaO and 
Na2O gains and losses calculated for the above data sets 
using version 1 of the program. In both diagrams it can 
be seen that the vast majority of "modern" samples fall 
within the -(-25 percent to -25 percent alteration inter 
vals and that the calculated gains and losses approxi 
mate a normal distribution about the O percent alteration 
point. In contrast both Archean data sets show a skewed 
distribution in their alteration parameters; CaO alterations 
being strongly skewed toward the addition side of the O 
percent alteration while Na2O alterations are skewed to 
ward the side of depletions. Furthermore, these examples 
indicate that the Uchi data are more strongly skewed than 
the Kakagi data, with the CaO additions and Na2O deple 
tions being more extreme in the former.

Since both data sets are comparable in terms of 
number of samples and area of coverage (757 samples 
over 480 km2 for Uchi and 859 samples over 330 km2 for 
Kakagi) it is of interest to consider the significance of the 
differences in their alterations.

One obvious difference between the two sample 
areas is that the Kakagi region contains no known eco 
nomic, metallic mineral deposits whereas the Uchi region 
includes Selco's South Bay Mine. It is thus possible that 
observed differences are related to alteration associated 
with the mineralization at South Bay.

In order to test this possibility, alteration parameters 
were calculated for the Confederation Lake region. This 
separate data set contains 592 samples over a 20 km2 
area around South Bay Mine and falls within the 490 km2 
area covered by the Uchi Lake data.

Figure 7 shows a comparison of CaO alterations, cal 
culated using version 1 of the program, for the Kakagi 
Lake, Uchi Lake, and Confederation Lake data sets and 
for a windowed subset of 191 samples over a 3 km2 area 
within the area covered by the Confederation Lake data.

It is clear from this diagram that the majority of sam 
ples in each data set show CaO additions. More impor 
tantly it is evident that within Uchi-Confederation Lakes 
area the intensity of the CaO additions increases as the 
area of coverage is focussed more narrowly on the South 
Bay Mine property. At the same time MgO additions and
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Figure 3—Histogram of CaO alteration for 757 samples from the Uchi Lake region as calculated by version 1 (diagonal 
shading) and version 2 (solid shading) of the alteration program. The vertical axis indicates the number of sam 
ples in each alteration interval as a percentage of the total number of samples (see text for details).
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Figure 4—Histogram of Na2O alteration for 757 samples from the Uchi Lake region. Axes and shading same as in Figure 
3.
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Figure 5—Histogram of CaO alteration calculated using version 1 for 500 post-Mesozoic volcanics (solid shading), 859 

samples from the Kakagi Lake region (diagonal shading) and 757 samples from the Uchi Lake region (unshad 
ed). Axes are the same as Figure 3.
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Figure 6— Histogram of Na2O alteration calculated using version 1 for 500 post-Mesozoic volcanic rocks (solid shading), 
859 samples from Kakagi Lake (diagonal shading), and 757 samples from Uchi Lake (unshaded). Axes are the 
same as Figure 3.
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Figure 7—Plot of percent CaO alteration (version 1) versus number of samples (frequency percent) for Kakagi Lake (859 
samples - solid circles), Uchi Lake (757 samples - open circles), Confederation Lake (484 samples - diamond 
symbols), and a subset of Confederation Lake (191 samples - square symbols). Axes are the same as in Figure 
3 (see text for details).

Na20 depletions appear to become more intense but 
these trends are less pronounced than that for the in 
creased intensity of CaO additions. Comparisons of 
gains and losses for other oxides in the data sets shown 
in Figure 7 are inconclusive.

The above preliminary results, particularly those for 
CaO alteration, strongly suggest that the alteration inten 
sities in the Uchi-Confederation Lakes area are related, 
directly or indirectly, to the presence of massive sulphide 
mineralization. A considerable amount of further work will 
be required to sustain this tentative conclusion.

References
Beswick, A.E., and Soucie, G.
1978: A Correlation Procedure for Metasomatism in an Archean 

Greenstone Belt; Precamb. Res., Vol. 6, p.235-248.
Condie, K.C., Viljoen, M.J., and Kable, E.J.D.
1977: Effects of Alteration on Element Distributions in Archean 

Tholeiites from the Barberton Greenstone Belt, South Afri 
ca; Contr. Mineral. Petrol. Vol., 64, p.75-89.

Humphries, S.E., and Thompson, G.
1978a: Hydrothermal Alteration of Oceanic Basalts by Seawater; 

Geochim. Cosmochim. Acta, Vol. 42, p. 107-125.
1978b: Trace Element Mobility during Hydrothermal Alteration of 

Oceanic Basalts; Geochim. Cosmochim. Acta, Vol. 42, 
p.127-136.

Jolly, W.T.
1974: Behaviour of Cu, Zn and Ni during Prehnite-Pumpellyite 

Rank Metamorphism of Keweenawan Basalts, Northern 
Michigan; Econ. Geol., Vol. 69, p.1118-1125.

Jolly, W.T., and Smith, R.E.
1972: Degradation and Metamorphic Differentiation of the Kew 

eenawan Tholeiitic Lavas of Northern Michigan, U.S.A.; J. 
Petrol., Vol. 13, p.273-309.

Lavin, O.P.
1976: Lithogeochemical Discrimination between Mineralized 

and Unmineralized Cycles of Volcanism in the Sturgeon 
Lake and Ben Nevis Areas of the Canadian Shield; unpub 
lished M.Se. thesis, 249p.

MacGeehan, P.J.
1978: The Geochemistry of Altered Volcanic Rocks at Matagami, 

Quebec: a Geothermal Model for Massive Sulphide Gene 
sis; Canadian J. Earth Sci., Vol. 15, p.551-570.

Mcconnell, J.W.
1976: Geochemical Dispersion in Wallrocks of Archean Massive 

Sulphide Deposits; unpublished M.Se. thesis, 230p.
Ozima, M., Saito, K., and Honda, M.
1977: Sea Water Weathering Effect on K-Ar Age of Submarine 

Basalts; Geochim. Cosmochim. Acta, Vol. 41, p.453-461.
Pearce, J.A. and Cann, J.R.
1973: Tectonic Setting of Basic Volcanic Rocks Determined 

Using Trace Element Analyses; Earth Planet. Sci. Lett., Vol.- 
19, p.290-300.

Sopuck, V.J.
1977: A Lithogeochemical Approach in the Search for Areas of 

Felsic Volcanic Rocks Associated with Mineralization in the 
Canadian Shield; unpublished Ph.D. thesis, 295p.

46



A. E. BESWICK fr I. NICHOL
Soucie, G. Contr. Mineral. Petrol., Vol. 42, p.287-304.
1979: A Lithogeochemical Study of Metasomatism in the Tema- Winchester, J.A., and Floyd, P.A.

garni Greenstone Belt, N.E. Ontario; unpublished M.Se. 1977: Geochemical Discrimination of Different Magma Series 
Thesis, Laurentian University, Sudbury. and their Differentiation Products Using Immobile Ele-

Spooner, E.T.C., and Fyfe, W.S. ments; Chemical Geology, Vol. 20, p.325-343.
1973: Sub Sea-Floor Metamorphism, Heat and Mass Transfer;

47



GRANT 28

Grant 28 Immobilization of U-Th-Ra in Mine Wastes

J.R. Brown, W.S. Fyfe, F. Murray, and B.I. Kronberg
Department of Geology, University of Western Ontario

Abstract
The general scenario of the present uranium mine waste 
situation at Elliot Lake is reviewed. It is considered that 
the long-term geochemical stability of these wastes is not 
satisfactory. Considerable geological evidence indicates 
that phosphate mineralization, apatite precipitation, in the 
wastes may better immobilize U-Th-Ra.

Present experiments have shown that apatite can re 
place carbonates and some sulphate species. It has also 
been shown that surface adsorption of U-Th-Ba on apa 
tite surfaces is rapid and can reduce all these species to 
low levels. It has also been shown that phosphate 
glasses are excellent in the long-term fixation of U, Th, Ra 
in small volume mill products with very high concentra 
tions of these species.

Introduction
The nuclear age is with us and in 1978 the International 
Atomic Energy Authority noted that 6 percent of global 
electricity was produced from over 200 fission reactors. 
In the period 1977-1978 capacity increased by 50 per 
cent and while there have been delays the rate is again 
picking up. As a result of a referendum, Swedish capacity 
will double in the next five years.

More nuclear reactors mean increased mining of 
uranium. The nuclear fuel cycle involves two principal 
sources of environmental pollution. Much attention (and 
dollars) has been devoted to the problem of disposal of 
the "small volumes" of high-level reactor wastes but it is 
increasingly apparent that mine wastes involving pollu 
tion from U-Th-Ra present a difficult "large volume" prob 
lem of perhaps equal or greater environmental concern.

At the present time most mine waste containment 
problems have centred on immobilizing U and Th via re 
duced alkaline conditions. Radium is coprecipitated in 
BaSO4 by barium chloride addition. In all such cases the 
ultimate problem involves the long-term stability of a sur 
face tailings volume. To set the stage we would like first to 
consider a typical Ontario scenario. But here let us note 
that life forms may be extremely sensitive to long-term en 
vironmental fluctuations on even a small scale. There is 
little real data based on multi-generation studies of the 
acceptable level of a toxic species. The only safe con 
cept is one where waste treatment reduces the level of a 
toxic species to the range where we know that complex

life has survived for thousands of years. We should aim to 
stay within common background levels.

Setting
The Elliot Lake uranium deposits of Proterozoic age, lie at 
the base of the Huronian Supergroup (2.2-2.5 b.y.) (Rob 
ertson 1969), representing one of the world's great en 
ergy resources. The mineralogy of this ore is highly com 
plex. The major uranium minerals, uraninite, brannerite, 
and monazite, are held in a matrix of fine-grained quartz, 
sericite, and feldspar, the so-called quartz-pebble con 
glomerate beds (Stanton 1972). The ore grade is ^0.1 — 
D.3% UaOe; appreciable (5 to 10 percent) sulphide miner 
als (mainly pyrite and pyrrhotite) are also sited in this ore 
creating special milling and tailings disposal problems. 
The average chemical analysis of Elliot Lake ore is shown 
in Table 1 (Skeaff 1979). The mineralogy of the ore dic 
tates to a large degree the final composition of the tail 
ings, the behaviour of radioactive constituents, and the 
mill extraction reagents employed. For pyrite-rich ores, 
sulphuric acid is used in the leaching circuit. A tonne of 
ore yields 1 to 3 kg of U 3O8 ; the remainder of the ore 
(-998 kg) and milling reagents (-100 kg) are disposed 
as tailings. The major reagents used in milling and the re 
sulting composition of tailings are shown in Tables 2 and 
3 (Murray and Moffett 1977; Moffett 1979; Raicevic 1979). 
Mining and milling of these deposits alter their inherent 
stability, generating low-grade uranium orebodies at sur 
face (Figure 1) (Lush et al. 1978; Lush and Brown 1979). 
The original ore is deeply emplaced and hence effec 
tively isolated from the physiochemical processes of sur 
face weathering. The finely pulverized rock, ^0 percent 
is ^5 microns (Moffett 1976; Moffett and Tellier 1978), is 
highly reactive due to its increased surface area and ex 
posure to oxidizing conditions. Although the mass is basi 
cally unchanged, the milled ore has a volume —50 per 
cent larger than an equivalent volume of original ore. Acid 
leaching in the mill solubilizes 90 to 95 percent of this 
available uranium, ion exchange recovers —98 percent of 
this pregnant solution (Moffett 1976). The solid tailings 
(i.e. the resistates) therefore contain 100-300 ppm urani 
um. Another 20 to 50 ppm uranium enters the pile as sol 
uble complexes (U02(S04)2~etc.), the fraction unrecov- 
ered from the pregnant solution. Other nuclides are 
solubilized as well; ^0 percent of the ore thorium dis 
solves in the mill (Moffett 1979); much of the radium
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Table l

Typical Analysis of Elliot Lake Uranium Ore 

Element________\ Element

Si
Al
Fe
S
K

Na
Ga
Mg
C

Ba

39.3
3.55
3.07
3.10
1.45
0.05
0.09
0.07
0.05
0.06

u
Th

(R.E.+Y)
P 2 0 5

Ti0 2

Pb

0.107
0.044
0.19
-.05
-.50
-.04

Ra-226 355 pCi/g

Table 2 

Major Reagents Used in Milling Process

Reagent Reagent Usage
kg/tonne ore milled

H 2 S04 38
CaO 13
CaC0 3 21

2.7 
NFU 0.41
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Table 3

Chemical Analysis of Tailings

Old Tailings

Total S 
Sulphate S 
Sulphide S 
Total Fe 
U O
o o

Th
Rare Earths
Ti
Cu
P
Au
Ra-226

2.37 
1.52 

0.85 
2.15 
0.003 
0.007 

0.05 

0.15 

0.01 
0.02

0.006 oz/tonne 
290 pCi/g

New Tailings

S 
U
Th 
Ra

2.5-3.5 
0.0065 
0.025 

225 pCi/g

is also solubilized (Yagnik 1978); Itzkovitch and Ritcey 
1979). Thorium precipitates as the hydroxide at the mill 
exit during the acid neutralizing stage (lime or limestone 
addition). Radium more likely is reprecipitated or sorbed 
immediately upon dissolution in the leachate due to the 
excess sulphate ions and huge available surface area of 
mineral particles (pyrite, etc.). The resulting tailings con 
tain —85 percent of the parent ore radioactivity (Moffett 
1976); only the uranium is extracted and at only 90 per 
cent efficiency. Accompanying the resistates to the dump 
are appreciable chemical precipitates (sulphates, hy 
droxides, oxyhydroxides, etc.) and free metal cations at 
thermodynamic equilibria with these solids (transition

metals, Ra, Th, U, rare earths, etc.). Flushing of these ele 
ments to the open environment at levels far exceeding 
minimum health standards (radiotoxic or chemotoxic) oc 
curs during the initial dewatering of the tailings. Seep 
ages of these elements over the long- term by weathering 
may be the greater hazard (Figure 2) ((Lush et al. 1978).

Presently, between 50 to 700 gallons of water are re 
quired per ton of ore milled (Moffett 1977). This water 
mixed with the tailings is discharged to the settling pond. 
The flow of water (mine, mill, natural precipitation) from 
the Quirke mill tailings averages —4000 gallons/minute 
(Moffett 1979). Chemical analysis of this decant is shown 
in Table 4 (Moffett 1977). Post-treatment (barium chlo-
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TAILINGS GENERATION

Mechanism 
of Transport

product

Mechanism 
of Deposition Ore 

Deposits

Host Ore

pno'sl
U extraction process liming

Th,Ro,U 
heavy metals

solid 
phase

mechanical separation

Figure 1—Tailings generation.

TAILING REMOBLIZATION (CANADIAN)

Source

Modified 
Mineralization 80 7o

Original Mineralization20 %

Mechanism 
of Transport

solution and 
minimal detrital

Mechanism of Deposition

slow flux to
long term biologicallong term * .'

immobiization and geochemical
and management CVCI6S

lost to openenvironment —————* fost f ' ux ,to lon? 
term biological
and geochemical 
cycles

detrital and 
minimal solution

good 
management
bod
management

lost to open 
environment"

slow f lux to 
biological and 
geochemical cycles

Figure 2—Jailing remobilization (Canadian)
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Table 4

Typical Water Analysis of Final Discharge 
Into Watercourse

PH
suspended solids
total dissolved solids
SO^ 2
NO"

NH-
c.**
Na*
CI"

Fe
Cu
Pb
Zn
Ni
Co
Ra (after BaCl 2 treatment)

Acid Leach Mill 
(yg ml except pH and Ra)

7.0 
5

2250 
1350 
275 
18 

580 
.10 
10 
0.5 
0.05 
0.05 
0.01 
0.03 
0.03 

1-5 pCi/1 l

Ra 800 pCi/1 before BaCl 2 treatment

ride) of this decant reduces the total 226Ra levels from 
s800 pCi/1 to *s10 pCi/1 before final discharge to the 
Serpent River watershed (Moffett 1978).

Since the mid 1950s, the Elliot Lake camp has pro 
duced nearly 100,000 tonnes of U 308 resulting in nearly 
100 million tonnes of tailings stored in 10 distinct areas 
and covering over 1,000 acres. The combined radioactiv 
ity of these piles exceeds 0.5 million curies (Moffett 
1977). Currently there are two types of tailings in the Elliot

Lake area: (a) old tailings in eight areas with about 80 mil 
lion tons containing about 5.0 million tons of pyrite, and 
(b) two current tailings increasing at a rate of about 
15,000 tons per day (Raicevic 1979). Tailings prior to 
about 1970 were discharged totally untreated. The highly 
acidic slurries rich in soluble Th, Ra, heavy metals, total 
dissolved solids (TDS) etc. were not neutralized by liming 
nor were the tailings decant discharges treated prior to 
mixing into the Serpent River. The huge pyrite content
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has been largely responsible for the severe continuous 
leaching of toxic elements from these untreated sites. The 
dissolution of one mole of pyrite leads to the release of 
four moles of ionized hydrogen — two moles from the oxi 
dation of S22 ~ and two from the oxidation of ferrous iron 
(Fe2 "^) (Stumm and Morgan 1970); sulphur-oxidizing bac 
teria populating the tailings catalyze the slow step in this 
oxidation (Raicevic 1979). The pH of the abandoned 
Nordic tailings seepage waters is currently less than 2 
(Vivyurka 1975; Moffett 1976). Analysis of this effluent in 
dicates high levels of anionic complexes (SOlrNOiretc.), 
high heavy-metal levels (Fe, Cu, Zn, etc.), and of course 
excessive levels of radionuclides (238U, 230Th, 226Ra, 
210Pb, etc.).

An examination of the Serpent River basin serves as 
an excellent example of the detrimental situation that ar 
ises when uranium mill tailings and aqueous mill or mine 
effluent bleed rates are essentially uncontrolled (OWRC 
1971). Such wastes under inadequate management 
practices in the 1950s and 1960s resulted in a rapid de 
cline in water quality and aqueous biota. The increase in 
sulphate, nitrate, total dissolved solids, hardness, and pH 
made the water unsuitable for industrial use and the high 
226Ra, 238U, 230Th levels limited its use as drinking water 
(OWRC). Levels of 226Ra exceeded then recommended 
Canadian "safe level" standards by 50 to 200 times. At 
the entrance to Lake Huron, 50 miles downstream, 226Ra 
levels exceeded 10 times background. Rare earth ele 
ments, thorium, and heavy metals were also detected at 
concentrations highly toxic to aquatic life.

This situation resulted in active treatment practices 
being initiated which have since improved the water qual 
ity considerably. Since the late 1960s, lime or limestone 
addition at the mill exit has produced highly alkaline (pH 
10-11) tailings (Moffett 1976). Decant waters are treated 
to remove 226Ra. The metals of concern, precipitated or 
locked in tailings resistates, however, are mobile under a 
typical long-term tailings evolution cycle (Figure 3) (Lush 
etal. 1978).

The interaction of pyrite, oxygen, and bacteria re 
generate acidic conditions eventually exhausting the 
added alkaline buffering capacity. To eliminate this po 
tential, experiments have recently been done to isolate 
the sulphide minerals (i.e. pre-concentrate in the mill) 
from the tailings (Raicevic 1979; Raicevic etal. 1980).

The scenario shown in Figure 3 indicates the mobility 
of U, Th, and Ra in a typical Elliot Lake tailings pile (limed) 
based on the geochemistry of the species present (Lush 
etal. 1978).

The behaviour of the various species in Figure 3 may 
be summarized as follows:
Eh: Oxidizing conditions exist at and above the water-ta 
ble; reducing conditions (negative potential) exist below 
the water-table. The dashed lines indicate possible 
fluctuations in the water-table.
pH: The surface is buffered by lime or limestone, vegeta 
tion, and fertilizers. Strongly acidic conditions exist at and 
above the water-table due to the presence of oxygen and 
sulphides. Strongly alkaline conditions exist below the
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water-table due to anaerobic conditions and the initially 
high pH (~10) of the tailings slurry. 
SO2.:' Sulphate is mobile under acidic conditions in the 
strongly oxidizing zone, producing the upper large "sol 
uble" sulphate band. At the acidic zone front, soluble sul 
phate would precipitate as MS04 complexes, producing 
the narrow lower "total" sulphate band. (M = Ga, Fe, 
etc.).
Th: Thorium is solubilized in the zone of "soluble" sul 
phate and precipitated at the leading edge of the "total" 
sulphate zone.
Ra: Radium is solubilized in the oxidized zone of low pH 
and low sulphate. Radium is precipitated at the trailing 
edge of the "soluble" sulphate zone where large quanti 
ties of sulphate exist.
U: Behaviour of uranium is not known for certain. Much is 
probably flushed from the tailings during initial dewater- 
ing. Some may be precipitated as pitchblende and/or ad 
sorbed on tailings especially in the strongly reducing 
zone. The uranyl ion (UOif complexes are very mobile 
and readily leached from the strongly acidic oxidizing 
zone.

If this scenario is feasible (some experimental work 
supports it [Bryant et al. 1977; Schmidtke etal., 1978]), 
then the internal evolution of the tailings may be assumed 
to act as a natural chromatography column, concentrat 
ing elements into distinct bands which must slowly move 
downwards eventually eluting in the order uranium, thori 
um, and radium. It is postulated that much of the pres 
ently monitored contamination from the limed sites is orig 
inating from the outermost parts of the pile and these 
concentrating bands have yet to appear. Because of the 
increased rate of pyrite oxidation in the older unlimed tail 
ings, the inevitable leaching processes take place in a 
much shorter time frame than in the recently neutralized 
piles. The decant waters of both types of tailings are 
highly contaminated with radium-226. Post-treatment sta 
tions remove this radium reasonably efficiently. Currently 
over 100 tonnes of sludge, (Ra,Ba)SO4 , is generated 
yearly at one post-tailings settling pond, originally a natu 
ral lake. The quasi-stable colloidal nature of this high- 
level radioactive sludge (226Ra ~ 104 pCi/gm) is cause for 
concern (Brown 1978; Brown 1980). It is sited at the sedi 
ment-water interface and not effectively isolated from bio 
geochemical cycles. To prevent catastrophic bleed 
rates, this waste must be carefully immobilized in a man 
ner envisioned for nuclear fuel wastes. The question of 
greatest concern is the long-term stability of the growing 
volume of tailings! The recently introduced controlled 
"bleed rate" philosophy has reduced pollution for the im 
mediate future.

The Phosphate Concept
As it is unlikely that U mine wastes can be stored at 
depth, it is necessary to find mineral phases which are of
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HYPOTHETICAL TAILINGS PILE LEACHING
SCENARIO
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Figure 3—Hypothetical tailings pile leaching scenario.

maximum stability in the environment of weathering and 
leaching by meteoric waters. All erosional processes 
must be considered, including those caused by micro-or 
ganisms. There is little doubt that, if conditions are reduc 
ing and pH conditions are neutral to alkaline, U and Th 
are very immobile. The most difficult species to immobi 
lize in the waste is radium.

The Ra2 ^ ion is similar in size to Ca2 "^ and Ba2 * and 
normally is "camouflaged" in calcium-barium minerals. It 
is thus necessary to consider which Ca-Ba mineral

phases are likely to have the greatest longevity in a sur 
face environment. Radium forms no separate natural min 
eral phases to our knowledge; it is trapped in mineral 
structures by processes of: (a) adsorption and (b) trap 
ping by overgrowth of the host phase. Its release is thus a 
function of the host stability. Obviously, when sulphate is 
used, as well as the finite solubility of host BaSO4 , there is 
the more serious possibility of sulphate reduction to sul 
phide by bacteria which will be most likely to occur in en 
vironments when U-Th mobility is minimal. Thus there are
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obvious chemical trade-offs.

We were attracted to phosphates for a number of 
reasons.
1) It is well known that all natural rock phosphates are 
highly enriched in U and Th (Rogers and Adams 1969a, 
b)
2) Russian studies (Gavshin et al. 1973) have shown that 
in sediments, phosphates containing U and Th are ex 
tremely good at containing all the daughter products of 
radioactive decay. They conclude that U-Th-Ra are in es 
sential equilibrium in apatite minerals.
3) In Brazil apatite-rich carbonatites are used as a source 
of phosphate. Conditions of tropical weathering break 
down the carbonatite matrix and fine-grained apatite is 
concentrated and mined from the laterite debris; it is one 
of the last minerals to be degraded.
4) In the large Ceara uranium deposits of Brazil, even un 
der tropical weathering, secondary apatite concentrates 
UandTh.
5) The phosphate ion, whereas it may be cycled through 
organisms, does not change its chemical (oxidation) 
state during biochemical processes. And it is well known, 
that even at the very low concentrations of Ra in seawater 
( 10- 7 ppb) (Ku 1972) organisms trap radium. We sus 
pect that phosphate species is the reactant species.
6) At pollutant concentrations it is a medical fact that ra 
dium is fixed in the teeth and bones of animals. The lack 
of basic data for pure radium compounds is profound; for 
example, data do not exist for radium phosphates in spite 
of their medical significance. The fixation is long-term for 
if it were not, it would not promote carcinogenic activity

In general such observations suggest that apatite 
species have much more stability than sulphate species. 
Our entire concept then hinges on growing apatite in the 
tailings and then to rely on the proven slow weathering of 
apatite to delay and prevent the emission of large pulses 
of uranium, thorium, or radium.

Experimental Verification
Our studies are designed to verify the above concept and 
to proceed to develop treatment technology. As indi 
cated above, much of the Ra in tailings may be present in 
the complex sulphate assemblages of tailings. These 
may also contain CaC03 used to reduce acidity.

First, we have shown experimentally that, by using 
0.1 molar Na and K phosphates, common carbonates 
and calcium sulphate (CaS04 ) can be replaced by apa 
tite in a matter of days or months. These reactions were 
observed as long as the [Ga-1- + HPO- - -] ion product ex-
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ceeded 10-20 jhe fastest apatite growth and replace 
ment rates were found when

Spectacular apatite growth on calcite was illustrated in 
our previous report (Fyfe 1979). We have also shown 
apatite growth at significant rates of 10~5 g/day/cm2 on 
apatite single crystal plates. Up to the present time we 
have not produced apatite growth on BaSO4 , but we have 
observed 50 percent replacement of CaCO3 and 10 per 
cent replacement of gypsum in less than one month.

A series of experiments was conducted in which U- 
Th-Ba solutions with initial concentrations at the 1 ppm 
level were added to fine-grained Florida collophanitic 
apatite (supplied by Wards) for a period of two weeks. 
Analyses of the solutions were conducted by Barringer 
Research Limited who reported final values of 1 ppb U 
(comparable to U in seawater, 0.6 ppb [cf. Block 1980, 
0.6 ppb]; Th below detection (1 ppb); and Ba (cf. Ra) re 
duced to 5 ppb). It is clear that rapid adsorption of all 
species occurs on apatite surfaces. We would stress that 
the above values must represent maximal final values be 
cause it is extremely difficult to eliminate all fine particu- 
late matter before analysis.

A further series of studies of surface trapping was 
made using ESCA surface techniques (Bancroft et al. 
1979). In these studies, U and Ba (cf. Ra) solutions were 
equilibrated with polished single crystal apatite plates 
(Figures 4 and 5). After multiple washing, the surface 
layer of the crystals was analyzed (thickness 10-50 A). 
Again strong adsorption coverage of U was observed 
from 1 ppm solutions in a period of 70 hours (see Figure 
4).

Finally, Beak Consultants of Mississauga supplied us 
with extremely radioactive "raffinates" from the extinction 
plants. These small volume wastes are rich in nitrates and 
sulphates and certain very high concentrations of U, Th, 
and Ra and are normally treated quite separately. With 
this material, we first reduced nitrates by the ancient De- 
varda's alloy (Al-Cu-Zn) technique, dried the material, 
added sodium borate and apatite, and fired the material 
to a glass. Beak Consultants have conducted leaching 
experiments on the glass and found background values 
for U-Ra release. Again phosphate species in the glass 
must be responsible for the essentially zero release val 
ues detected.

Having completed these preliminary studies we are 
at present working with actual mine wastes kindly sup 
plied by Rio Algom Limited. These further studies should 
lead us to a definitive comparison of sulphate versus 
phosphate treatment.
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Abstract
The authors are involved in a research project which is 
aimed at increasing understanding of the tectonic evolu 
tion and structure of Archean greenstone belts using the 
technique of centrifuged model experiments. Experi 
ments completed during the first stage of this work and 
included in this report have been designed to investigate 
deformation patterns produced by vertical gravity tecton 
ics - one possible model for the structural evolution of Ar 
chean greenstone belts. The experiments involve simple 
two layer models with an unstable inverse density stratifi 
cation - a thin, relatively dense surface layer (represent 
ing a greenstone supracrustal sequence) and a lighter, 
buoyant substrate (representing the source layer for dia 
piric gneiss domes). Gravitational subsidence of the sim 
ulated greenstones occurs within narrow troughs, resem 
bling inverted diapirs, that are separated by broader 
basement domes. Passive grids have been used to moni 
tor the development of incremental and finite strains 
within the models. Analysis of the experimental deforma 
tion patterns shows a number of features which are con 
sistent with structural data obtained from Archean green 
stone-gneiss terrains.

Introduction
A large part of northern Ontario is underlain by the Ar 
chean Superior Province, a province characterized by lin 
ear, branching greenstone belts, surrounded by granitoid 
gneisses and intruded by granitic plutons. The abundant 
mineral resources associated with the volcanic and sedi 
mentary rocks making up the greenstones are of great 
economic importance to the Province of Ontario. The ob 
jective of the research reported in this paper is to in 
crease understanding of the origin, evolution, and inter 
nal structure of the greenstone belts by using the 
particular technique of experimental centrifuge modell 
ing.

A wide range of hypotheses have been proposed in 
the literature for the crustal framework in which Archean 
greenstone belts initially accumulated and were subse 
quently deformed. Recent reviews of these conceptual 
models have been given by B.F. Windley (1977) and A.Y. 
Glikson (1972). Many of these models differ fundamen 

tally in their assumptions concerning the configuration of 
the crust during greenstone belt evolution and the tec 
tonic processes which were responsible for the deforma 
tion of the belts. Deformation has been attributed, for ex 
ample, both to vertical gravity driven tectonics (e.g.; 
Glikson 1971,1972; Anhaeusser 1973; Schwerdtner etal. 
1979; Mareschal and West 1980) and to predominantly 
horizontal tectonics associated with Archean plate tec 
tonics (e.g.; Burke eta( 1976; Windley 1977).

The first phase of experimental modelling carried out 
by the authors has been concentrated on a study of verti 
cal gravity tectonics as a mechanism for greenstone belt 
deformation. The basic theme of published hypotheses 
which involve vertical tectonics is that deformation in 
volved the subsidence of supracrustal greenstone se 
quences, due to their relatively high average density, and 
the synchronous diapiric rise of adjacent granitoid ba- 
tholiths or domes to produce the current pattern of ovoid 
tonalitic gneiss domes and intervening pinched-in syn- 
clines of greenstone. There are many variants among 
those models which have been proposed involving verti 
cal gravity tectonics. Fundamental problems concern the 
nature and location of the source layer for the tonalitic 
gneiss domes and the mechanism of emplacement of the 
domes. Glikson (1972) has argued that the ultramafic- 
mafic rocks at the base of the greenstones represent a 
'primitive 1 or 'once extensive' simatic crust. In this model, 
the tonalitic gneiss domes are assumed to result from 
partial melting at the base of this crust and subsequent 
intrusion of the melt as batholiths into the overlying green 
stones. In complete contrast, B.E. Gorman etal. (1978) 
and J-C. Mareschal and G.F. West (1980) among others 
have proposed that the greenstone sequences accumu 
lated on a widespread sialic crust which was later reacti 
vated, possibly by elevation of crustal temperature, into 
diapiric domes.

W.M. Schwerdtner et al. (1979) have pointed out an 
apparent paradox concerning the contact relationship 
between basal greenstones and tonalitic gneisses in the 
Superior Province. In their view this contact is intrusive, 
implying the intrusion of tonalitic magma. However, tec 
tonic fabrics produced within the tonalites during the 
main phase of diapirism indicate that diapirism occurred 
when the tonalites were in the solid state and that there 
was a 'negligible' ductility contrast between tonalite and 
adjacent greenstone during this event. Schwerdtner etal. 
attempts to resolve this paradox by assuming a two- 
stage process involving the initial intrusion and consoli-
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Figure 1—Initial geometry of models containing cylindrical trough initiators. No contrast in ductility between layers a and 
b. Density contrast a:b^ 1.07. Layer c is constructed from 'plasticene' and acts as an effectively rigid base to 
the models.

dation of extensive tabular batholiths of tonalite beneath a 
pre-existing greenstone cover and the subsequent reac 
tivation and solid state diapirism of the tonalite.

The initial approach adopted by the authors and rep 
resented by the model experiments described in this re 
port has been to keep the design of models as simple as 
possible in order to establish basic patterns of deforma 
tion which would result from gravity tectonics imposed on 
a two-layer system with an unstable, inverse density stra 
tification. The models are made up from a relatively thin, 
relatively dense upper layer representing a uniform, ex 
tensive greenstone blanket and a thicker, lighter sub 
strate which acts as a source layer for buoyant domes. 
This substrate plays the role either of a sialic basement to 
the greenstones or of the sub-greenstone tonalitic bathol 
iths that have been proposed in the model of 
Schwerdtner. The configuration of these models is shown 
schematically in Figure 1. Much of the work in this part of 
the study has been aimed at quantifying the deformation 
patterns within the simulated greenstone troughs and ad 
jacent basement domes in order to compare this with 
structural data obtained from natural Archean green 
stone-gneiss terrains. On the basis of this comparison it is 
hoped to refine the models in future experiments.

The Experiments
The theory of scale models, particularly as applied to 
centrifuged models of large-scale tectonic processes, 
has been described in detail by H. Ramberg (1967). A

centrifuge is essential to the similation of most types of 
large-scale tectonic processes in order that controlled 
experiments constructed from relatively "stiff" model ma 
terials can be run. The experimental tectonics laboratory 
at Queen's University is equipped with a large centrifuge 
which is capable of subjecting models measuring 12.5 x 
7.5 x 5 cm. to accelerations as high as 20,000 g.

The principal modelling material chosen for green 
stone belt study is silicone putty. Silicone putty is a vis- 
co-elastic material which has an approximately linear re 
lationship between stress and strain rate during steady 
state creep. The material is available in three grades, 
SP1, SP2, and SP3, with approximate viscosities of 8 x 
105 poise (SP1), 2 x 106 poise (SP2), and 4 x 106 poise 
(SP3).

Two types of experiment have been carried out in 
volving simple two layer models.
1) The upper, dense layer is locally thickened to form two 
parallel, cylindrical troughs as illustrated in Figure 1. 
These troughs are designed to act as controlled initiators 
for the subsidence of the simulated greenstones and to 
ensure that deformation is approximately plane strain in 
the xy profile plane of Figure i.
2) No attempt is made to localize doming or subsidence 
and structures evolve naturally from an initially planer in : 
terface.

Following Schwerdtner's observations on natural 
structures, no ductility contrast between the simulated 
greenstone and basement is built into the models. In all 
experiments both upper layer and substrate are con 
structed from the same grade of silicone putty and a geo 
logically realistic contrast in density of 1.07:1 is achieved
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by the addition of finely powdered barium sulphate to the 
surface layer. The thickness ratio between surface layer 
and substrate is approximately 1:5.

Progressive strain development on the upper, free 
surface of the models is monitored by the use of a 1 mm 
orthogonal grid printed on this surface by a technique re 
cently developed by the authors. The use of this grid al 
lows fine resolution of strain detail. Strain within the struc 
tural profile plane of models incorporating trough 
initiators (xy plane, Figure 1) is analyzed using a techni 
que developed by J.M. Dixon (1974; 1975). This method 
involves the construction of a model in two halves: one 
half contains horizontal colour banding; the opposite half 
is constructed with vertical colour banding. After defor 
mation the model is sectioned along the plane of contact 
between the two halves and the opposing patterns of de 
formed laminations superimposed to yield a deformed, 
initially orthogonal grid of known initial dimensions.

Deformation Patterns Within 
Models Containing Cylindrical 
Trough Initiators
Surface Deformation
Four stages in the progressive evolution of surface defor 
mation of a model seeded with trough initiators are shown 
in Figure 2. The deformation of the surface grid clearly il 
lustrates the control of the two, parallel initiators on the 
subsidence of the dense upper layer. In order to avoid 
disturbing the deformation no attempt was made to sec 
tion the model between individual stages in the course of 
this experiment. However, by compiling information 
gained from other, identical models a series of profile 
sections, normal to the axis of the belt labelled 1 in Figure 
2C, have been constructed to illustrate the approximate 
evolution of this belt in profile (Figure 3).

The simulated greenstone belts evolve progressively 
into an inverted "mushroom" shape in profile and can be 
likened to inverted diapirs. Deformation of the passive 
surface grid shows that large horizontal displacements 
occur within the dense surface layer as material migrates 
towards the subsiding troughs from regions overlying the 
adjacent broad basement domes. Computer analysis of 
digitized information from surface grids has been used to 
obtain a large amount of data detailing surface strain evo 
lution Of this and other models. Figure 4 has been in 
cluded to show one method of representing this data. 
This figure is a contoured plot of the variation in vertical 
strain, normal to the model surface, at the stage of trough 
subsidence illustrated in Figure 2C. Surface deformation 
can be divided into two belts of vertical extension (1 + ev 
> 1), lying over the subsiding troughs, and intervening 
regions of vertical contraction (1 + ev < 1) indicating 
areas where the simulated greenstone sheet has thinned 
above the basement domes.

Displacement of surface material occurs principally 
in a direction normal to the trough axes and results in the 
accumulation of significant horizontal shortening within 
the surface core of the subsiding troughs. At the stage of 
deformation represented in Figure 2C, for example, hori 
zontal shortening in excess of 95 percent is developed 
along the trough axis. The development of equivalent dis 
placements in the upper levels of a natural greenstone 
sequence could lead to low-angle thrusting and repeti 
tion of these units or the development of large-scale over- 
folds, in areas overlying zones of subsidence. During the 
latest stages of the model deformation (Figure 2D) it is no 
longer possible to monitor strain within the core of the 
troughs because surface material is actually removed, 
being drawn down into the body of the subsiding trough.

Analysis of surface deformation also reveals locally 
complex histories of progressive strain affecting material 
elements which initially undergo horizontal extension 
above basement domes and are subsequently affected 
by a horizontal contraction as the elements migrate into 
regions overlying the subsiding troughs. This effect is il 
lustrated graphically in Figure 5 for two 1 mm elements 
which were initially located just outside the limits of the 
seeded trough. The progressive development of finite 
strain within these elements is shown by plotting the 
change in horizontal strain magnitude, measured normal 
to the trough axis. Deformation involves an early horizon 
tal extension associated with the location of these surface 
elements above the shoulders of a growing basement 
dome. Subsequently, there is a complete reversal in the 
direction of the incremental strain axes and what was a 
direction of finite extension becomes one of incremental 
contraction. As a result, the initial extensive strain is re 
moved and the elements are then affected by a finite con 
traction normal to the trough axes. This progressive de 
formation history could lead to the type of fabric 
overprinting illustrated schematically in the inset 
sketches included in Figure 5 with the initial development 
of a horizontal tectonic foliation and the subsequently 
folding of this foliation about vertical axial planes.

Development of Strain in Profile Section.
Figure 6 shows the variation in strain magnitude and or 
ientation within the profile section of a model (A18) at an 
early stage of trough subsidence. This strain field was de 
termined using the method of superposition of deformed 
laminations developed by Dixon. Local strain is shown by 
plotting the axes of the profile strain ellipse and, for dia 
grammatic clarity, only a representative proportion of ap 
proximately 3,500 strain determinations that were calcu 
lated for this section have been included in Figure 6. The 
variation in strain intensity is shown by contouring the 
magnitude of the maximum principal extension.

Strain within the central region of the simulated 
greenstone troughs involves a vertical extension through 
the whole thickness of the trough. Vertical extension is 
maximum at the surface, decreases with depth, and 
gives way to horizontal extension in the basement at or
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Figure 2—Four representative stages showing the development of surface deformation in model A5. This model was sub 
jected to ten successive centrifuge cycles giving a total run time of 5 minutes at 2000g. The initial configuration 
of this model was as shown in Figure 1. Figure 2A shows undeformed model and surface grid.
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Figures—Approximate evolution in profile geometry of 
the trough numbered 1 in Figure 2C. These 
stages correspond to the sequence of surface 
deformation shown in Figure 2.

just below the base of the subsiding surface layer.
Profile strain variation at a more advanced stage of 

deformation is illustrated in Figure 7 A taken from a sec 
ond model (A17) with an initial geometry and physical 
properties that were identical to those of model A18, dis 
cussed above. A significant feature of this mature defor 
mation pattern is the concentration of very high magni 
tudes of vertical extension in a narrow, deep wedge 
straddling the axial plane of the trough. Strain concentra 
tion in the core of the structure is brought out in a series of 
sketches which show the detailed lateral variation in 
strain magnitude and orientation across three horizontal 
traces drawn at a high (AA'), intermediate (BB 1 ), and low 
level (GC 1 ).

The pattern of deformation seen in Figure 7A clearly 
does not represent a simple, uniform vertical extension 
imposed upon a body of material drawn down to depth. 
More accurately, the dense surface layer has behaved al 
most like an extendable conveyor belt, rolling into the 
subsiding trough from the flanking basement domes and 
producing strong vertical extension within a narrow band 
of material trapped within the pinched core of the result 
ing downfold.

A number of features of the profile strain pattern of 
Figure 7A are consistent with general observations from 
natural greenstone belts. Maximum principal extension

along the interface between the simulated greenstone 
cover and the underlying basement is parallel with or ori 
ented at a low angle to the profile trace of this interface. 
This is consistent with the tendency for the tectonic folia 
tion within natural belts to follow or 'wrap around' the con 
tact between supracrustals and adjacent gneiss domes.

Foliation within natural belts is frequently described 
as being parallel with or at a low angle to lithological con 
tacts or sedimentary bedding. In addition, both bedding 
and foliation tend to dip steeply to vertically in natural 
belts and extensional strain indicators, such as mineral li- 
neations and the long axes of deformed pillows or peb 
bles, plunge at a high angle within the foliation. This gen 
eral pattern conforms closely to the deformation 
developed within the mainbody of the model belt as rep 
resented by strain variation across the intermediate level 
trace BB'.

Deformation Patterns Within 
Models with No Initiators
Model A7 (Figure 8) provides an interesting example of a 
deformation pattern developed within a simple, two-layer 
model in which no attempt was made to control subsi 
dence or doming. Apart from the critical absence of 
trough initiators, the intial geometry and physical proper 
ties of this model were essentially the same as those of 
models A5, A17, and A18, described previously.

Figure 8 shows the final state of deformation of 
model A7 as expressed by the passive surface grid. Sub 
sidence of the dense, uniform upper layer occurred ini 
tially within a broadly canoe-shaped trough aligned along 
the centre of the model. At a later stage in the experiment, 
however, two sites of preferential subsidence developed 
at either end of this trough. These can be recognized in a 
series of parallel, vertical sections cut normal to the 
trough axis (Figure 9). The depth of the trough has a dis 
tinct maximum towards the right end (section 5) with a 
secondary maximum towards the left (section 12). These 
maxima can be considered as inverse equivalents to the 
culminations on diapiric ridges, produced experimentally 
by L.L. Nettleton (1943) and H. Ramberg (1967).

The development of this non-cylindrical geometry of 
the trough at depth is clearly reflected by variation in the 
flow pattern of surface material as expressed by the de 
formation of the surface grid. Figure 10A shows the pat 
tern of vertical strain, normal to the model surface, calcu 
lated from the grid. The location of the trough is 
represented on the model surface by an enclosed region 
of vertical extension (1 -fe^l). Within this area, vertical 
extension reaches a maximum in two zones which overlie 
the sites of greatest trough subsidence. Movement of sur 
face material both off the basement highs surrounding 
the trough and along the trough axis itself has converged 
towards these points of maximum subsidence.
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Figure 4—Variation in vertical strain across the surface of model A5 at the run stage illustrated in Figure 2C.
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Figure 5—Model A5 — progressive deformation of three 1 mm surface grid elements through six cycles of deformation 
up to the run stage illustrated in Figure 2C. (See text for details.) A corresponding ornament has been used in 
Figures 5 and 2 to indicate the location of the three grid elements on the model surface.
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Figure 6—Variation in magnitude and orientation of principal strains in profile section through model A18. The variation in 
strain intensity is shown by contouring the magnitude of the maximum principal extension, 1 + e,, in this profile 
plane.

The variation in the shape of the surface strain ellip 
soid also reflects control of the trough geometry at depth 
on the surface deformation pattern. This can be demon 
strated by a plot of the variation in 'k' value of surface 
strain (Figure 10B). The 'k' value (Flinn 1965) is an index 
of the relative prolateness or oblateness of the strain ellip 
soid. Strain above the points of maximum subsidence is 
prolate (k > 1; "cigar" shaped ellipsoid) and results from 
a contraction along all directions in the model surface 
with a corresponding strong vertical extension normal to 
this surface.

In the area lying above the trough, these two zones 
of prolate strain are surrounded by a region of oblate de 
formation (k < 1; "pancake" shaped ellipsoid) in which 
surface deformation involves extension in all directions in 
a vertical plane and a maximum contraction normal to this 
plane. Regions of prolate deformation in naturally de 
formed tectonites would be recognized by the presence 
of a mineral lineation; oblate deformations would tend to 
produce a planar foliation with no preferred direction of 
mineral alignment.

Conclusions and Future Work
The models described in this report are taken from a se 
ries of twenty experiments that form the first stage in the 
authors' experimental investigation of the tectonic evolu 
tion of Archean greenstone belts. The experiments were 
designed as very simple systems in order to establish 
and quantify basic deformation patterns produced by 
vertical gravity tectonics. No attempt has been made, for 
example, to simulate the internal lithological heterogene 
ity of natural greenstone sequences or to model vertical 
gradients in ductility associated with the pressure and 
temperature dependence of prototype rheological prop 
erties. However, the experiments consistently demon 
strate a number of characteristic features of vertical grav 
ity tectonics which would be likely to find expression if an 
equivalent process operated to produce gravitational 
subsidence of a complex Archean volcanic-sedimentary 
supracrustal sequence. For example: 
1) In all experiments, vertical displacements of the base
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Zone of strong 
vertical extension

Figure 7—A-Variation in magnitude and orientation of principal strains within a mature trough - profile section model A17 
B-Detailed strain variation across three levels of the trough shown in Figure 7A.
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Figure 8—Final state of deformation of surface grid in model A 7.

of the simulated greenstones are accompanied by signifi 
cant horizontal displacements at the surface of this sheet. 
In the relatively cold, mechanically anisotropic upper lev 
els of a natural greenstone sequence, it is possible that 
such displacements would be expressed by the develop 
ment of stacked low-angle thrusts above zones of subsi 
dence. Such thrusts would produce a tectonic thickening 
of the greenstone sequence and might later become ro 
tated to a subvertical position by continued contraction. 
2) It has been demonstrated that patterns of strain within 
the models, at least as expressed in the surface deforma 
tion, reflect the geometry of the simulated greenstone- 
gneiss interface at depth (e.g. model A7). The progres 
sive accommodation of local strain within a belt to the 
changing geometry of this interface produces locally 
complex histories of deformation that, in a natural belt, 
would be expressed by the development and overprint 
ing of a series of tectonic fabrics and fold phases. It is

likely, for example, that the initial development of an ap 
proximately cylindrical trough would produce upright 
folds with horizontal axes trending parallel to the trough. 
(Folds of this orientation have been produced in experi 
ments not included in this report). The subsequent devel 
opment of zones of preferential subsidence along the 
trough (as in model A7) would be characterized by re 
folding of these early structures about vertical axes and 
rotation of horizontal, first phase axes into a vertical orien 
tation within regions of prolate deformation overlying the 
points of greatest subsidence.

Work is currently in progress to test the results of the 
models against available published data on the structural 
features of Archean greenstone-gneiss terrains and geo 
physical evidence for the depth and geometry of green 
stone-gneiss interfaces in individual belts. On the basis of 
this evidence, it is hoped to refine the design of the next 
series of models (layer thickness, relative rheological 
properties, initial geometry, etc.).
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Figure 9—Series of vertical sections normal to the trough axis of model A7. The location of these serial sections on the 
surface of this model is shown in Figure 8.

68



/.M. DIXON &J.M. SUMMERS

Model A7 Stage VII

Ind + eL -2___-1
V C"— — — J
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VERTICAL STRAIN

Figure 10A—Variation in vertical strain across the surface of model A 7 at the run stage illustrated in Figure 8.
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A7-X' VALUE OF SURFACE DEFORMATION 
Model A7 Stage VII

*x-x-Xvx-XvX-x-x-XvXvX-x-XvX-x-x
t-X-XvXvXvXvX-XvX-X-X-X-X-X-X-XvX

1+e,, vertical horizontal

Figure 10B—Variation in the 'k' value of surface deformation of model A7. The k value is a measure of the relative prolate- 
ness or oblateness of the surface strain ellipsoid and is defined ask = (a/b - ~\)f(bld - 1) where a, b, and c 
are the lengths of the maximum, intermediate, and minimum strain axes of the ellipsoid respectively.
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Grant 49 Carbon and Oxygen Isotope Geochemistry of 
Replacement Carbonates from the Timmins-Porcupine 
Gold Camp

J.A. Fyon, H.P. Schwarcz, and J.H. Crocket
Department of Geology, McMaster University

Abstract
Certain field, petrographic, and chemical characteristics 
of carbonatized metavolcanics in the Timmins area have 
suggested that the alteration was a synvolcanic, low tem 
perature (T < 300CC) product of seawater/rock interac 
tion during the Archean. To test this hypothesis we have 
measured the oxygen and carbon isotope composition of 
the carbonates to determine the source of carbon added 
to the rocks during alteration.

A siliceous marble has a carbon and oxygen isotopic 
composition typical of other Archean marbles (8 13C =
*0.30x^o [PDB]; 5 18O = *16.50X00 [SMOW]) and would 
have crystallized from seawater of modern composition 
at about 1000C. Dolomites from the auriferous, carbo 
nate-rich exhalites have oxygen and carbon isotopic 
compositions averaging +13%o (SMOW) and -S.2%0 
(PDB) respectively, consistent with precipitation in a ma 
rine environment at 1800C.

Replacement dolomites from the altered flows have 
5 13C values (-^%0 to -S.5%0 [PDB]) similar to those of 
carbonates formed by low temperature seawater altera 
tion of modern oceanic basalts. The lower 8 18O values of 
these dolomites (-i-10 to ±'\6Yoo) with respect to those of 
modern marine carbonates (-t-30%0 [SMOW]) is attrib 
uted to a higher formation temperature of the former 
(2000C). Estimates of the 13C712C ratio of total dissolved 
carbon in the carbonatizing fluid depend critically on the 
temperature of the carbonatization process; 5 13C values 
between O and - l0/™ are possible over the temperature 
range from 500 to 1000C. For T = 150 - 2500C, as sug 
gested by dolomite oxygen isotope data, 5 13C = -2 to
- 4/ko. A brine of this isotopic composition could form by 
mixing of seawater and a juvenile carbonic fluid. It is un 
likely that the dissolution of sedimentary graphite contrib 
uted much carbon to the hydrothermal fluid.

Replacement dolomites from the gold-rich rock sam 
ples have heavier 5 130 values with respect to dolomites 
from samples having typical gold abundances, suggest 
ing a possible temperature control on gold precipitation. 
No correlation exists between 8 13C of the secondary do 
lomites and gold content of the corresponding rock sam 
ple.

Introduction
A distinctive carbonate alteration is associated with the 
gold mineralization in the Timmins area (Burrows 1924; 
Ferguson et al. 1968; Pyke 1975; Karvinen 1976, 1978), 
suggesting a genetic relationship between emplacement 
of the gold and the carbonatization. However, the pres 
ence of many zones of carbonatized rock which are not 
associated with gold mineralization implies that carbo 
nate alteration is only one of a set of geological criteria 
which collectively define the optimum environment for 
gold deposition. Hence a better understanding of the 
gold metallogeny will be gained through acquiring a bet 
ter understanding of the lithologic environment in which 
the gold deposits occur and the processes which caused 
the carbonate alteration.

Because carbon, bound in the secondary carbonate 
phases, is an abundant element in the altered rocks, a 
study of the isotopic composition of this replacement car 
bon should reveal its source. In addition, from a knowl 
edge of the oxygen isotope ratios of the secondary car 
bonates, it is possible to estimate the temperature of 
alteration processes. With this information, it is hoped to 
better define the processes by which this replacement 
occurred, and, in particular, the source of aqueous fluids 
responsible for the replacement. Understanding of this 
process will shed light not only on the origin of the gold 
enrichment but may also provide diagnostic criteria with 
which to distinguish between potentially ore-bearing and 
barren carbonate host rock.

Timing of the Carbonate 
Alteration
Preliminary investigations by W.O. Karvinen (1976, 1978) 
suggested that the carbonate alteration was syngenetic. 
This premise was confirmed by the detailed field and pe 
trographic characteristics of the altered rock presented 
by J.A. Fyon and Karvinen (1978), J.A. Fyon and J.H. 
Crocket (1979, 1980), and J.A. Fyon (1980). It was dem-
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onstrated that not only were the volcanic rocks carbona- 
tized prior to the earliest north-south deformational event, 
but that thin ^30 m), interflow, carbonate-rich clastic 
units, which overlie carbonatized flow units, either were 
carbonatized on the sea floor during the clastic sedimen 
tation or were derived by erosion of the underlying altered 
flows. In either case, the alteration was essentially coeval 
with the volcano-sedimentary evolution (Fyon and 
Crocket 1980; Fyon 1980). Furthermore, the presence of 
palagonitized hyaloclastites and certain geochemical 
characteristics of the altered rocks, notably their enrich 
ment in B, Li, K20, Ba, and volatiles (Fyon 1980) and their 
high 18O contents (V B*0 = +9 to +14%o: Kerrich and 
Fryer 1979) suggest that the hydrous and carbonate-rich 
assemblages are manifestations of a low temperature 
^3000C), rock/seawater interaction of the type de 
scribed by K. Muehlenbachs and R.N. Clayton (1972a), 
A.J. Andrews (1977), J. Honnorez (1978), E. Dimroth and 
A.P. Lichtblau (1979), and W.R.A. Baragar et al. (1979). 
The fundamental difference between these Early Precam 
brian alteration assemblages and those from the present 
mid-ocean ridges (cf. Honnorez 1978; Andrews 1977; 
Scarfe and Smith 1977) is the greater abundance of car 
bonate in the former.

Hence the carbonate-rich rock is interpreted as a 
synvolcanic product of Archean seawater/rock alteration 
which has undergone subsequent metamorphism and 
polyphase deformation.

Isotopic Composition of 
Terrestrial Reservoirs
The carbon and oxygen compositions of terrestrial carbo 
nates are distinctive enough to facilitate their use as res 
ervoir tracers. Magmatic carbon, as observed in carbo- 
natites, fenites, and kimberlites, has isotopic 
compositions that cluster in the range from - 5 to - 8^0 
with respect to PDB, although lighter values (to - 28%o) 
are observed for reduced carbon occurring either as gra 
phite or carbon in unaltered igneous rocks (Schwarcz 
1969; Deines 1970; Taylor et al. 1967). The oxygen iso 
topic composition of these carbonates is quite variable, 
depending on the degree of secondary oxygen ex 
change with hydrothermal fluids. Marine carbonates 
ranging in age from modern to Early Precambrian (Arche 
an) display 513C values close to 07oo (PDB), although their 
8 18O values decrease slightly with increasing age (Schid- 
lowski et al. 1975; Veizer and Hoefs 1976). Secondary 
carbonates formed by low temperature ^3000C) seawa 
ter alteration of modern basalts have carbon and oxygen

'Oxygen isotope compositions are normally given in the delta 
notation:
518O = [( 18CV16O) x ( 18O;160) std - 1] lOOOXo, where x = un 
known and std = standard, in this case SMOW (Craig 1961). 
Similar notation is used for C, for which the standard is PDB 
(Craig 1957).
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isotope compositions ranging from -5Xo to +2%o (PDB) 
and from 25700 to 360700 (SMOW) respectively (Muehlen 
bachs and Clayton 1972a; Bonatti et al. 1974; Martinez 
and Turi 1978; Muehlenbachs 1977; Javoy and Fouillac 
1980). Higher temperature ^3000C) seawater/rock inter 
action produces secondary carbonates with oxygen and 
carbon isotopic compositions ranging from -'\y00 to 
+ 23700 (SMOW) and from - 7700 to - 4Xo (PDB) respec 
tively (Muehlenbachs and Clayton 1972b). While these 
possible sources of carbon are distinctive, large fraction- 
ations of 13C can result from changes in temperature, Eh 
and pH during precipitation of a carbonate from solution 
(Ohmoto1972).

Isotope Geochemistry Data — 
Timmins Area
Analytical methods
Samples of total rock, crushed to -200 mesh, were re 
acted at 250C with 100 percent phosphoric acid. C02 
which was liberated was analyzed on a Nier-type mass 
spectrometer. For the analysis of altered basalts, the 
C02 - carbonate oxygen isotope fractionation factor was 
assumed to be that appropriate to dolomite, namely 
1.01110 (Sharma and Clayton 1965), except for those 
rocks in which calcite was the dominant carbonate 
phase, in which case aC02 - CaCO3 ^ 1.01025 was 
used. The presence of minor admixtures of calcite or do 
lomite in these respective altered rock-types, may lead to 
analytical errors of about ±0.2*^0 due to uncertainty in the 
correct choice of fractionation factor. Because of the inti 
mate intergrowth between carbonate and silicates the dif 
ferential reaction method of S. Epstein etal. (1964) could 
not be used.

To date, samples analyzed have come from two de 
tailed study areas located in Tisdale and Deloro Town 
ships. The Aunor, Buffalo Ankerite, and Delnite Mines oc 
cur in the latter study area whereas only gold prospects 
are found in the Tisdale Township study area (Figure 1).

Chemical Sedimentary Rock

Two types of chemical sediments have been analyzed 
(Figure 2). A thin ^ 1 m) siliceous marble, initially iden 
tified by its distinctive chemical composition (Table 1) 
and its field habit, is in outcrop on the Buffalo Ankerite 
property. This unit has a carbon and oxygen isotopic 
composition typical of other Early Precambrian (Archean) 
marbles (Table 1). The crystallization temperature of this 
unit, based on the oxygen isotope fractionation between 
calcite and water (Friedman and O'Neil 1977, Figure 13), 
assuming the 8 180 of the Archean ocean was about 0700 
(Beaty and Taylor 1979; Kerrich 1980; Knauth and Ep 
stein 1976) was approximately 1000C, slightly higher than 
the 60-700C temperature of the Early Precambrian sea
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Figure 1—Location of two detailed study areas in the Tisdale and Deloro Townships. Three past producers occur in the 
Deloro Township area whereas only gold prospects are found in the Tisdale Township study area. Distribution 
of carbonatized rock after Karvinen (1976; 1980); Pyke (1975); Ferguson et al. (1968); Fyon and Karvinen 
(1978); and Fyon (1980).

proposed by L.P. Knauth and S. Epstein (1976) and R. 
Kerrich (1980). On the other hand, dolomite from the auri 
ferous, carbonate-rich exhalites, which constitute an im 
portant type of gold ore in the Porcupine Camp (Fryer 
and Hutchinson 1976; Karvinen 1976, 1978, 1980; Rob 
erts and Spertieri 1979; Fryer et al. 1979), have oxygen 
and carbon isotopic values clustering around +13%o 
(SMOW) and - S.2%0 (PDB) respectively. Dolomite with 
this 8 18O could have precipitated from seawater with 8 18O 
of OXo at 1800C (Friedman and O'Neil 1977, Figure 13) 
which is below the boiling point of seawater of normal sa 
linity at depths greater than 100 m (Haas 1971).

That the siliceous marble has retained its marine car 
bon isotopic signature is significant in that these rocks 
have undergone polyphase deformation and metamor 
phism under greenschist facies conditions resulting in re 

crystallization and formation of quartz-calcite veins. Car 
bon isotope systematics do not appear to have been sig 
nificantly disrupted by this complex metamorphic history.

Volcanic Rocks
The carbonate alteration zones in volcanic rocks are 
composed of a carbonate-rich core, consisting of 75 per 
cent modal dolomite, the balance being quartz. This core 
is enveloped by a zone of hydrous-silicate assemblages 
(Fyon and Karvinen 1978; Fyon and Crocket 1980).

To determine if the isotopic composition of the sec 
ondary carbonates varies as a function of alteration inten 
sity, samples were collected from the representative al-
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Figure 2—Comparison of the oxygen and carbon isotopic composition of sedimentary dolomite and calcite (marble) from 
the Timmins area with the fields for igneous and marine carbonate reservoirs. The 8 13C (PDB) of the siliceous 
marble is similar to that of modern marine limestones. Their 8 18O difference is attributed to a higher formation 
temperature (~1000C) of the Archean marble. The sedimentary dolomites are indistinguishable, in terms of 
their oxygen and carbon isotopic composition, from the replacement dolomites in the altered volcanic rocks 
(see Figure 4).

teration zones present in one Mg-tholeiitic basalt flow. 
The alteration assemblages are subdivided as follows:
1) least altered or palagonitized (4 weight percent loss on 
ignition [LO.l.]);
2) chloritic (4-8 weight percent L.O.I.);
3) disseminated carbonate (8-12 weight percent L.O.I.); 
and
4) pervasive carbonate ^12 weight percent L.O.I.).

The 8 180 and 8 13C values of the secondary dolomites 
in the chloritic and disseminated carbonate zones are rel 
atively constant at ID.3%0 (SMOW) and -20̂  (PDB) re 
spectively (Figure 3) regardless of alteration intensity, 
whereas dolomites from the pervasive carbonate zone 
have uniform values of about 11 ^o (SMOW) and 
-S.15%0 (PDB) respectively. The direction of this rather 
abrupt isotopic shift is consistent with a slightly lower re 
action temperature in the pervasive carbonate zone with 
respect to that of the hydrous alteration zones. The lack of 
a continuous isotopic and hence temperature gradient is 
perplexing.

The small variance of the isotopic data within the car 
bonate alteration zone regardless of dolomite modal pro 
portion is evidence that little metamorphic re-equilibration 
of the rock took place after initial carbonatization. By con 
trast, traces of calcite in the least altered rocks (L.O.I. ^' 
weight percent) are rather variable in 8 18O; this calcite 
may have formed during metamorphism as a product of 
reaction between a CO2 poor aqueous phase and Ca-sili-

cates (Harte and Graham 1975).
Only six komatiitic samples have been analyzed. In 

general, while displaying the same range of 8 13C values, 
the oxygen isotope compositions of the dolomites from 
the komatiites are heavier than those from the Mg tholei 
itic basalts (Figure 3).

A comparison of the oxygen and carbon isotopic 
compositions of the magmatic and marine reservoirs 
(Figure 4) with data from both the Timmins area and from 
modern submarine flows reveals that in terms of 8 13C, the 
Timmins data are intermediate between igneous and ma 
rine values. However, the 8 13C values of the secondary 
dolomites from the altered flows in the Timmins area fall 
within the isotopic range spanned by carbonates formed 
by low temperature, seawater alteration of modern 
oceanic basalts (Figure 4). These two sets of carbonate 
data have distinctly different 8 18O compositions which 
can be attributed to their different temperatures of forma 
tion — less than 450C for the calcite in modern basalts 
and approximately 2000C for the Archean replacement 
dolomites. The shift to lighter 8 13C compositions has been 
attributed to mixing between seawater bicarbonate (8 13C 
= O to +4%o [PDB]) and juvenile carbonic fluids (8 13C = 
-y.6%0 [PDB]; Pineau et al. 1976) present in fluid inclu 
sions in the volcanic rock (Javoy and Fouillac 1980).

Too few data are yet available to establish whether 
there is a variation in isotopic composition with strati 
graphic position.
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Table l

Representative chemical analysis of a siliceous marble 

unit exposed on the Buffalo Ankerite property, Deloro 

township study area.

ppmSi02

A12O3

Fe 203T

MgO

CaO

Na20

K2O

TiO2

MnO

P 205

LOI

CO

10.67 Wt *

1.54

4.78

12.55

27.61

0.01

0.18

0.07

0.10

0.21

42.30

42.70

As

Ba

Bi

Co

Cr

Cu

Li

Ni

Pb

Sb

Zn

*cl.O

70.0
< .1

9.0

15.0

^.0

4.0

15.0
23.0

0.1

63.0

l p
60 = +16.5%e ± 0.1 (SMOW) . ,, ., 4 analyses
6C = + Q.3%0 ± 0.2 (PDB)

Data for Early Precambrian Marbles
i p 

60 = + 25%o to + 6^ (SMOW)
6C13 = - l?;, to + 2.5** (PDB) (Schidlowski et al.. , 1975; 
Veizer and Hoefs, 1976).

Analytical notes:
All major element, LOI, CO 2 and S analyses, except 

Na20 determined by XRF-fused pellet method. 
Na~0 determined by XRF powder pellet
Trace elements and C0~ and S determined by Geoscience 
Laboratory, Ontario Geological Survey.
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Figure 3—Variation of oxygen and carbon isotopic composition of the replacement carbonates in one altered Mg tholei 
itic basalt flow. Alteration intensity is expressed as loss on ignition (L.O.I.). Alteration assemblages are as fol 
lows: <4 weight percent L.O.I. - palagonitized zone; 4-8 weight percent L.O.I. - chloritic zone; 8-12 weight 
percent L. O. l. - disseminated carbonate zone; > 12 weight percent L. O. l. - pervasive carbonate zone. Calcite 
is the dominant carbonate in the palagonitized zone; dolomite is major carbonate in remaining alteration zones.
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Figure 4—Comparison of the carbon and oxygen isotope compositions of secondary carbonates in altered basaltic and 
komatiitic flows. The ranges of the igneous and marine carbonate reservoirs are delineated.
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Origin of Carbonate-rich 
Hydrothermal Fluids
R. Kerrich and B.J. Fryer (1979) proposed that the hy 
drothermal fluids were of metamorphic origin, having a 
5 18O of -h 11"^o. Had dolomite formed from such a fluid at 
400 to 4500C as proposed by Kerrich and Fryer (1979), its 
oxygen isotopic composition would be about -t-16%0 
(SMOW), somewhat heavier than that which is observed. 
However, certain field, petrographic, and geochemical 
characteristics of the altered rocks suggest the hydroth 
ermal fluids were of seawater origin (Fyon and Crocket 
1980; Fyon 1980) and hence the fluids started with a 8 18O 
of 07oo (S MO W).

To identify the source of the carbon bound in the car 
bonate alteration assemblages, the temperature, pH and 
f02 of the hydrothermal fluid must be known (Ohmoto 
1972). Within the pervasive carbonate assemblage, seri 
cite occurs as a minor phase, suggesting the reaction pH 
was buffered between +4 and -(-6 (cf. Ohmoto 1972). 
The value of fO2 was assumed to be sufficiently high that 
the mole fraction of CH4 in solution was negligible (f02 
^0~ 35 ). Furthermore, graphite is not observed in any al 
teration assemblage. Under these conditions, the 5 13C of 
the carbonate phase is independent of fO2 (Ohmoto 
1972). Ionic strength of the fluid is taken to be 1.0, al 
though its value is not critical for this calculation. If the 
temperature of carbonate deposition were known, then 
513C 13 of the carbonate reservoir could be estimated 
(Ohmoto 1972, Figure 14).

A temperature maximum of 5000C is established by 
the absence of hornblende in any of the altered or meta 
morphosed basalts and by the absence of talc in the 
quartz-dolomite assemblages (Liou etal. 1974; Johannes 
1969). A temperature minimum of 1000C was selected 
because, at this temperature, dolomite, with a 8 180 of 
12/&0 (SMOW), would have precipitated from a fluid hav 
ing a 5 18O of - 907oo (SMOW), much lower than either the 
07o0 5 18O of the seawater hydrothermal fluid, as specu 
lated above, or the + ^^%0 for the metamorphogenic fluid 
proposed by Kerrich and Fryer (1979).

Under these specified conditions (Figure 5) the sec 
ondary dolomite in the altered basalts could have precipi 
tated from fluids having a 5 13C ranging from - 7700 (mag 
matic) to Q7o0 (seawater) depending on the exact 
temperature of reaction. For T = 150 - 2500C, as sug 
gested by the dolomite oxygen isotope data, 8 13C of the 
fluid would have ranged from - 2 to - 4700 . A fluid of this 
composition could have formed by mixing of seawater 
and carbon dioxide of magmatic origin. Clearly, the reac 
tion temperature must be accurately estimated by some 
independent relationship which would not have been dis 
rupted by the subsequent metamorphic history. Efforts 
are presently being directed in this regard.

It is unlikely however, that the large amount of carbon 
fixed in the altered rock was derived by dissolution of 
sedimentary, organic carbon (graphite). Such graphite 
dissolution would generate fluids having very negative 
5 13C values (as low as -28700 PDB; Schwarcz 1969). At

temperatures above 1000C, carbonate minerals precipi 
tating in oxidizing conditions would have 8 13C values 
within several per mil of the 82 13C (fluid) value (Ohmoto 
1972). No such extremely light carbon isotopic composi 
tions have been observed in the replacement carbonates 
from the Timmins area.

18O - Au Correlations
Based on the 8 18O composition of the secondary dolom 
ite and the volatile content (L.O.I.) of the corresponding 
whole rock sample, (Figure 6), the data fall into two 
groups. Group A consists of samples with 5 18O less than 
^2.5^o and which contain less than 9 weight percent 
L.O.I. This population consists of the regionally palagoni- 
tized samples as well as those from the outer, hydrated 
aureole of the carbonate alteration zones. For Group A, 
there is no correlation between the 5 18O of the carbonate 
phase and the Au content of the corresponding whole 
rock sample (Figure 7).

For the remaining samples, which are carbonate-rich 
L.O.I. > 9 weight percent; C02 > 5 weight percent, the 
8 18O of the dolomite and the Au content of the corre 
sponding whole rock are weakly correlated (r = 0.5, Fig 
ure 7). Rock samples having anomalous gold contents ( 
> 5 ppb Au) were collected from a mineralized environ 
ment (cf. Fyon and Crocket 1979). One simplistic inter 
pretation of this correlation is that the dolomites with 
heavier or higher 8 180 values (-i-13 to -t-16%0) precipi 
tated at lower temperatures with respect to those dolom 
ites with the lightest values (-i-11 to -(-1 2700 ). This correla 
tion suggests that one control of gold deposition is a 
decrease in solution temperature.

13C - Au Content Correlations
No correlation exists between Au content and 13C values 
suggesting that the carbonate in the barren ^5 ppb Au) 
and metalliferous ^5 ppb Au) alteration zones were de 
rived from the same source (Figure 8).

Tentative Interpretations
1) The carbon and oxygen isotope systematics of dolom 
ites and calcites from chemical sediments and altered 
volcanics have not been disrupted by the subsequent 
polyphase metamorphic and deformation history.
2) The carbon isotope composition of the Archean marine 
reservoir in the Timmins area was similar to that of other 
Archean oceans (cf. Veizer and Hoefs 1976; Schidlowski 
et al. 1975) and modern ocean waters.
3) No correlation exists between 8 13C of secondary car 
bonate and proximity to gold mineralization. Conversely
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Figure 7—Covariation between 8 18O of the replacement dolomite and the corresponding whole rock gold content. Group 

A samples all contain less than 9 weight percent L.O.I, and show no correlation between whole rock Au and 
dolomite 8 WO value. The remaining samples show a weak correlation (r = 0.5) between whole rock Au content 
and 8 18O of the dolomite, suggesting that one control on gold precipitation was decreasing temperature of the 
hydrothermal fluid.

there is a general tendency for the dolomites from altera 
tion zones proximal to gold mineralization to have heavier 
8 18O values, with respect to those barren or subseafloor 
alteration zones suggesting one control on gold deposi 
tion in this area was decreasing temperature.
4) Within the broad temperature constraints imposed by 
the alteration and metamorphic mineralogy, an unequivo 
cal distinction between magmatic, marine, or a mixed 
carbon hydrothermal reservoir cannot yet be offered. This 
distinction can be achieved only if an accurate, inde 
pendent temperature estimate of carbonate formation is 
obtained. Future research will be directed to this end.
5) It is unlikely that much, if any, carbon was contributed 
to the hydrothermal system by dissolution of sedimentary, 
organic carbon (graphite).
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Grant 47 Structural Fabric and Uranium Distribution in 
Shear Zones near Cardiff, Ontario

W. K. Fyson, A.J. Baer, and M. K. Habib
Department of Geology, University of Ottawa

Abstract
Field study of sheared, uranium-bearing pegmatites be 
gun in 1978 was completed in 1979. It mainly included 
detailed mapping of individual pegmatite veins.

Uranium content and location of radioactive minerals 
in the rocks were determined by the fission-track techni 
que whereas average radioactivity of rock samples was 
calculated by applying the same technique of fused 
glass disks.

Shear zones in pegmatites fall in two categories, 
called here A and B. A-type are high in U and contain 
abundant magnetite-ilmenite stringers. B-type are less 
radioactive and typically hematitic.

Petrographic examination shows the presence of 
pre-shearing and post-shearing generations of zircon, 
sphene, and allanite. U is associated with magnetite-rich 
shear zones because shearing increased the surface- 
area of this mineral and the uranium travelling in solution 
was then trapped in these zones, with formation of hema 
tite.

Introduction
The Bancroft area is located near the southwestern mar 
gin of the Grenville Province in the Canadian Shield. It is 
characterized by high-grade regionally metamorphosed 
rocks of Precambrian age. The supracrustal rocks are in 
truded and replaced by various plutonic rocks ranging in 
composition from gabbro to granite.

All uranium occurrences in the area lie in the pegma 
tite dikes which cut paragneiss and amphibolite. Pegma 
tite dikes range from a few inches to several tens of feet in 
width and are roughly of uniform thickness. Pegmatites 
are variably deformed, commonly branched; they cut 
gneisses at moderate to high angles and have sharp con 
tacts. They generally contain xenoliths of country rock.

The field study of regional structures and of the rock 
fabric associated with uranium distribution was under 
taken during the field season of 1978. In the summer of 
1979, the field study was narrowed down to specific 
zones of shearing and mylonitization in pegmatites and 
country rock. Field work included detailed geological and 
uranium distribution mapping (scale 1:1 to 1:10).

Laboratory Technique
To determine the concentration and the distribution of 
uranium within individual minerals, slices and thin sec 
tions of the rock specimens were prepared. A sheet of 
lexan plastic (fission-track recording film) was placed on 
top of each specimen to register fission tracks from the 
thermal neutron-fission of U 235 in uranium-bearing phas 
es. Each specimen and its overlay were marked properly 
for location and then wrapped in aluminum foil to prevent 
contamination of uranium from adjacent specimens.

Specimens were packed in irradiation capsules 
along with two standard uranium glasses, one at each 
end of the capsule. These were irradiated in the Slow 
poke Reactor of Atomic Energy of Canada Limited. A 
thermal neutron flux of 2.8 x 10 11 ncm - 2s - 1 was used for 
irradiation.

Lexan overlays removed from irradiated specimens 
were etched in 6N NaOH at room temperature (R. McCor- 
kell, personal communication) for twenty hours to enlarge 
fission tracks. Detailed prints of the location of uranium- 
bearing minerals were obtained.

The number of tracks per unit area on the lexan sheet 
is proportional to the uranium content. The latter can be 
calculated by comparison with the number of tracks over 
a unit area of uranium standard glass irradiated with the 
specimen.

Uranium concentration of homogenized rock speci 
men was measured by applying a new method devel 
oped by M.K. Habib. He completely fused rock powders 
and moulded them into glass disks of uniform thickness. 
These glasses were then covered with lexan sheets on 
each side and irradiated as described above.

This method was found to be accurate and reliable. 
Fission tracks were found to be uniformly distributed, 
without any clustering.

Microfabric and Uranium 
Accumulation in Pegmatites
Pegmatites are normally coarse grained and leucograni- 
tic. They range from slightly deformed to highly crystal 
lized mylonitized pegmatites. Fission track radiographs 
show that most of the uranium resides in accessory min 
erals like zircon, cyrtolite, sphene, leucoxene, allanite, 
monaz-
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ite, and apatite. The most common uranium minerals are
uranothorite and uraninite.

The amount of accessory minerals in pegmatites is 
quite variable, ranging from ^ percent to ^5 percent in 
general. An increase in abundance of accessory constit 
uents with increasing deformation is observed almost 
everywhere.

Mylonites are widely distributed along narrow zones 
in pegmatites, and are roughly parallel to the margins of 
the dikes. Two types of mylonites are distinguished in the 
working area. One is high in uranium, characterized by 
the presence of abundant magnetite-ilmenite stringers 
and recrystallized smoky quartz. It is called here "A" 
type. Less radioactive mylonite with hematitic, kinked pla- 
gioclase-rich bands is the "B" type.

"A" type mylonites contain dark stringers of magne 
tite-ilmenite alternating with light bands of deformed and 
recrystallized quartz. A large number of uraniferous min 
erals of different generations occur within these bands. 
Sphene, leucoxene, and allanite are generally associated 
with magnetite or occur at the contact of magnetite and 
quartz. Zircon, cyrtolite, monazite, and apatite generally 
occur within quartz-rich zones.

"B" type mylonites, unlike the "A" type, do not con 
tain magnetite-ilmenite bands, but they do show hema 
tite-rich irregular bands under reflected light. Sphene is 
the most common accessory mineral and uranium miner 
als are very rare in these mylonites.

Two generations of sphene, zircon, and allanite were 
identified in the sheared pegmatites.

First generation sphenes are large, fractured, and 
generally contain inclusions of radioactive minerals. 
These crystals show concordant relationships with the 
mylonitic fabric. Fission track radiographs reveal promi 
nent accumulations of uranium along margins of sphene 
crystals and along cracks. Second generation sphenes 
are small, unfractured, and generally free of inclusions.

Three types of zircon were identified on the basis of 
their optical properties and track distribution pattern of 
fission track radiographs. These are zoned zircons, het 
erogeneous zircons, and isotropic (metamict?) zircons. 
Zoned zircons generally show uniform track distribution 
whereas heterogeneous zircons, having unzoned core 
and zoned rim show variable uranium concentration 
across the crystal. Uranium accumulation in the rims is 
evidenced by their fission-track radiographs. Cyrtolite is 
a uranium-rich variety or zircon that carries up to 6000 
ppm uranium. Tiny inclusions of radioactive minerals are 
visible in most of the zircon crystals.

Allanite shows a well developed zoning in 70 percent 
of crystals. Light yellowish-brown rims show uranium en 
richment as compared to the inner, dark brown cores. 
The different optical properties and uranium concentra 
tions suggest that addition of uranium accompanied ad 
dition of allanite during mylonitization. Uranium minerals 
are much more common in "A" type mylonites than in 
other pegmatites. Uranothorite grains are commonly sur 
rounded by zones of hematite where they occur within 
magnetite. Hematitization of magnetite is commonly ob 
served along contacts with uranium minerals and ura-
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Figure 1—SiO^K2O versus SiO^Fe2O3 ratios for 37 specimens from the study area. Black dots = A-type mylonites; 
squares = B-type mylonites; triangles ^ un-mylonitized pegmatites; inverted triangles = country rocks. A, B, 
and D refer to samples from an allanite-bearing pegmatite, a sample from the Bicroft Mine, and one from the 
Dyno Mine respectively.
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nium-bearing minerals.
Chemical analyses of "A" and "B" type mylonites, 

undeformed pegmatites, and country rock are plotted in 
Figure 1. On this basis, "A" type, uranium-rich mylonites 
are clearly distinct from other rock types, in spite of tex 
tural similarities between "A" and "B" type mylonites. On 
the other hand, unsheared, uranium-rich pegmatites from 
the Dyno and Bicroft mines (outside the study area) plot 
close to "A" type mylonites.

W.K. FYSON, A.J. BAUR, &M.K. HABIB 
The uranium-enrichment in sheared pegmatites of 

type "A" is considered to have been controlled by the 
presence of magnetite-ilmenite. Shearing increased the 
surface area of this mineral and allowed uranium-bearing 
solutions to pass through the rock. The uranium was then 
trapped in the magnetite-rich zones, with formation of he 
matite.
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Grant 20 Magnetism and Stratigraphy in the Blake River 
Volcanics

J.W. Geissman, J. Bambrick, S. Letros, A.M. Tasillo, and D.W. Strangway
Departments of Geology and Physics, University of Toronto

Abstract
In the central part of the Abitibi greenstone belt, Superior 
Province, approximately 50 km of komatiitic, tholeiitic, 
and calc-alkaline volcanics were deposited in an ocean 
basin, regionally metamorphosed and/or deuterically al 
tered generally under prehnite-pumpellyite facies condi 
tions, folded into a tight, east-plunging synclinorium, and 
subsequently cut, in some areas, by north-south-trending 
Matachewan dikes within less than 50 m.y. in late Ar 
chean time. In theory, an initial, thermoremanent magneti 
zation should be preserved and therefore paleomagnetic 
and aeromagnetic data are used to decipher the struc 
tural history of the synclinorium and to map individual 
units in a terrane of generally poor outcrop. The paleo 
magnetic data are complicated; most volcanics, even in 
dividual flows, have recorded dispersed magnetization 
components, suggesting that the acquisition of a rema 
nence took place over a geologically long period of time. 
Based upon "stability" to alternating field or thermal de 
magnetization, some magnetization components could 
be syngenetic. For example, components from a high-Mg 
Kinojevis tholeiite in Mcvittie Township, when corrected 
for structure, are in reasonable agreement with those 
from slightly younger Matachewan dikes. Apparent sus 
ceptibility mapping of high resolution aeromagnetic data 
provides an accurate location of formation boundaries 
and, together with susceptibility and geological data, al 
lows a complete geological interpretation of the Kirkland 
Lake - Lake Abitibi area. In the area northwest of Tim 
mins, several magnetic filtering and spectral enhance 
ment techniques successfully resolve magnetic signa 
tures of host volcanics from those of abundant 
Matachewan dikes.

Introduction
Our work in the Abitibi greenstone belt consists of four, 
largely interrelated parts: (1) aeromagnetic interpreta 
tions and filtering in the Timmins area (J. Bambrick, Ph.D. 
dissertation expected in 1980); (2) aeromagnetic inter 
pretations in the Kirkland Lake - Lake Abitibi area (S. Let 
ros, M.Se. thesis, 1980); (3) paleomagnetic and rock 
magnetic investigations in the Kirkland Lake - Lake Abi 
tibi area (A. Tasillo, M.Se. thesis, 1980); and (4) paleo 

magnetic and rock magnetic investigations in the Kirk 
land Lake - Lake Abitibi and Timmins areas (J. Geiss 
man, research associate). Only highlights of these stud 
ies are included in this discussion; more complete details 
may be found in the theses and in three manuscripts in 
preparation on our work in the Kirkland Lake area. In ad 
dition, three papers on the work will be given at the 1980 
AGU Annual Meeting in Toronto.

Paleomagnetism, Kinojevis 
Volcanic Rock Units
Paleomagnetic sampling conducted during the summer 
and fall, 1979, was concentrated east of Highway 11 be 
tween Kirkland Lake - Larder Lake and Lake Abitibi (Fig 
ure 1) and southeast and northwest of Timmins. The data 
from the former area will only be discussed since they are 
much more complete than those from near Timmins. The 
Kirkland Lake - Larder Lake - Lake Abitibi area is of po 
tential paleomagnetic interest, in that syngenetic magne 
tization components may be recognized for the following 
reasons.
1) Regional metamorphism and/or deuteric alteration 
generally was under prehnite-pumpellyite facies condi 
tions (Jolly 1974; Jensen 1978 a,b). Therefore the rela 
tions between blocking temperature of the thermoreman 
ent magnetization (TRM) and duration of any 
superimposed temperature perturbations (Pullaiah et al. 
1975) imply that a part of the TRM may still be left.
2) Primary volcanic textures and chemical variations 
within individual flow units are still preserved (Pearce and 
Birckett 1974; Jensen 1978b; Jackson 1980).
3) Regional structure is relatively simple — laterally con 
tinuous and consecutively emplaced mafic (Kinojevis 
Group) and ultramafic flows were deposited within a gen 
tly dipping ocean basin, then tightly deformed into an 
east-west-trending synclinorium at the close of intermedi 
ate to siliceous volcanism (the Blake River Group) before 
emplacement of Matachewan dikes — and some paleo 
magnetic data may be confidently corrected for post- 
depositional deformation.
4) U-Pb zircon dates tightly bracket 40,000 m of volcanic 
stratigraphy between 2710 and 2700 m.y. (Nunes et al. 
1978; Nunes and Jensen 1980), slightly older than overly 
ing sedimentary and alkali volcanic rocks (the Timiskam-
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ing Group) on the south and north limb of the synclinori 
um. Intrusion of 2.69 x 0.093 b.y. Matachewan dikes 
(Gates and Hurley 1973), whose paleomagnetism has 
been studied in detail (Strangway 1964; Fahrig et a/. 
1965; Irving and Naldrett 1977; Ernst and Halls 1980; 
Schutts and Dunlop 1980), and therefore offers compari 
son with the data from the volcanic rocks, occurred soon 
after.

Alternating high-Fe and low-Fe Kinojevis tholeiitic 
basalts have been sampled in detail at three areas. In 
Mcvittie Township (Figure 1), a steeply north-dipping 
low-Fe tholeiite flow was sampled every 1 m with portable 
drilling equipment. The paleomagnetic data are shown in 
Figure 2(a-c). In situ natural remanent magnetization 
(NRM) directions (Figure 2a) tend to cluster in the south- 
west quadrant with steep positive inclination directions. 
Alternating field (AF) or thermal demagnetization reveals 
that the NRM is commonly made up of several magneti 
zation components (see Figure 3a). Some samples dis 
play a nearly linear, univectorial decay to the origin upon 
demagnetization (Figure 3b). Importantly, most of the 
magnetization components display linear decays in AF or 
thermal demagnetization, and therefore we interpret 
these components as residing in a certain fraction or type 
of magnetic mineralogy formed during the history of the 
rock. The directions of these components are resolved by 
vector subtraction (Hoffman 1978). The in situ compo 
nents (Figure 2b,c) are not generally parallel to Matache 
wan dike directions, suggesting that dike activity farther 
to the west did not reset the magnetization. The compo 
nents eventually showing a linear decay to the origin (the 
"ultimate" components) are shown in Figure 2c, and are 
relatively well grouped.

At Lava Flow Mountain, Cook Township (Jackson 
1980), samples from south-dipping high and low-Fe flows 
possess the NRM directions shown in Figure 2d. The 
NRM and ultimate directions from samples collected 
through a continuous outcrop of a low-Fe flow (square 
symbols, Figure 2d,f) are similar if not identical to reverse 
polarity Matachewan dike directions. Other magnetiza 
tion components in these samples (square symbols, Fig 
ure 2e) (Figure 3c,d) are not parallel to those in Matache 
wan dikes and presumably were acquired subsequent to 
Matachewan dike emplacement. Samples from an overly 
ing high-Fe flow have NRM directions, ultimate compo 
nents, and additional components that are not parallel to 
Matachewan dike directions. A possible explanation is 
that an unexposed Matachewan dike thoroughly reset the 
remanence in the part of the low-Fe flow sampled, 
whereas elsewhere the ultimate magnetization compo 
nents were acquired earlier. Where thermal resetting oc 
curred, the lithologies retained a high coercivity, high 
blocking temperature magnetization component; we ar 
gue that components with similarly high coercivities and 
blocking temperatures, even though unlike those of Mata 
chewan dikes, should necessarily have been acquired 
prior to Matachewan dike emplacement.

In Thackeray Township, a high-Fe flow (Pearce and 
Birckett 1974) was traversed with 34 samples, collected 
approximately every 1.5 m. NRM, ultimate, and other 
magnetization components are dispersed and do not
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show any tendencies toward a reversed or normal polar 
ity Matachewan dike direction. The magnetization com 
ponents themselves are generally of high coercivity and 
blocking temperature (Figure 3e, f), suggesting stability 
of the remanence over time.

Data from the three areas described above exem 
plify the varied nature of the magnetism in the Kinojevis 
tholeiites. The well grouped, in situ ultimate directions 
from the Mcvittie flow, because they are distinct from Ma 
tachewan directions, may be primary, TRM directions. If 
so, correcting the data for post-emplacement deforma 
tion brings them into agreement with a shallow positive in 
clination, northward declination Matachewan direction. 
This agreement is as predicted on the basis of the similar 
ity of Kinojevis and Matachewan ages.

Reflected light (Figure 4a-d) and electron micro 
probe investigations of the magnetic oxides, in conjunc 
tion with rock magnetic data (Figure 4a-e), indicate that 
(1) grain sizes and textures of the primary magnetic min 
eralogy vary greatly within individual flows, and (2) the 
primary magnetic mineralogy has invariably undergone 
some degree of alteration, commonly varying with the 
part of the flow examined. These observations are dis 
cussed in detail in J.W. Geissman et al. (in prep.). For the 
Kinojevis units, in those flows or parts of flows where 
magnetization components are scattered, remanence 
acquisition probably took place at significantly different 
times within different parts of a flow during initial cooling, 
and subsequent alteration and deformation.

Paleomagnetism, Blake River 
Volcanic Rock Units
Calc-alkaline units of the Blake River Group (BRG) com 
prise the youngest part of the final subalkalic cycle in the 
central Abitibi greenstone belt (Jensen 1979). Low NRM 
intensities (10 - 3 to 10- 4 Am- 1 , 10~ 5 to 10~ 6 emu per 
sample of 10 cm3) and poor exposure dictated that the 
paleomagnetic data from all lithologies be studied collec 
tively. NRM directions from geographically scattered 
samples are random (Figure 5a); neither AF nor thermal 
demagnetization fail to yield a better grouping of the di 
rections (Figure 5d). Many samples contained several re 
solvable, yet scattered (Figure 5b,c), components of 
magnetization (Figure 5b,c and Figure 6a,b,c), implying 
that the acquisition of a remanence took place over a 
long period of time. The in situ ultimate directions aver 
age to D ^ 346.30 , \= 78.00 , a95 = 14.50 , N = 93 samples. 
In detail, a single outcrop of an andesite flow in Ossian 
Township (see Figure 1) was heavily sampled to deter 
mine if the directional scatter is due to structure, altera 
tion, or other processes. Fifty samples were drilled at 0.5 
m spacing across the flow, measured, then stored three 
months with their NRM perpendicular to the earth's mag 
netic field to test for a viscous remanent magnetization 
(VRM). Samples with NRM intensities less than 1.5 x 1Q- 3 
Anrr 1 obtained viscous moments, and no stable compo 
nents were resolved. Samples with NRM intensities
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Figure 2—Paleomagnetic data (in situ, equal area net) from Kinojevis tholeiites. Open (closed) symbols refer to 
projections on the upper (lower) hemisphere. (a,b,c,) NRM, secondary, and ultimate directions from one Mg- 
rich flow in Mcvittie Township. Diamonds refer to directions resolved in thermal demagnetization, circles to AF 
demagnetization. (d,e,f) NRM, secondary, and ultimate directions from flows at Lava Flow Mountain, Cook 
Township. Circles refer to directions from the Mg-rich tholeiite flow, squares to directions from the Fe-rich flow. 
(g,h,i) NRM, secondary, and ultimate directions from one Fe-rich flow in Thackeray Township, described by 
Pearce and Birckett (1974). Diamonds refer to directions resolved in thermal demagnetization, circles to AF 
demagnetization.
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ship, AF and thermal.
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greater than 1.5 x 10- 3 Am- 1 showed single or multicom- 
ponent remanences of non-viscous origin (Figure 6d). 
Again, random directions are found both before and after 
demagnetization (see Figure 5e). Because scatter in di 
rections occurs on such a small scale, structure cannot 
be completely responsible for the dispersion.

A dike contact test (McElhinny 1973) was performed 
on an Abitibi dike and host BRG andesites along Laby 
rinth Lake in Ossian Township (see Figure 1). The test 
was negative; both lithologies contained dispersed direc 
tions before and after demagnetization (see Figure 5f, g). 
Again, both single and multicomponent magnetizations 
are present.

The main magnetic phase in the BRG lithologies, as 
found in AF and thermal demagnetization, is magnetite 
(see Figure 4f). Magnetite, however, is rarely visible in pe 
trographic examination, and thus its genetic history is 
poorly understood.

Paleomagnetism, 
Timiskaming Sedimentary 
Rock Units
A test was performed on the Chaput Hughes conglomer 
ate member of the Timiskaming Group (see Figure 1), 
which directly overlies the BRG. A syndepositional 
magnetization may have been retained in the matrix of 
the conglomerate. Matrix samples show a good grouping 
of ultimate directions (see Figure 5h) with a mean of D = 
317.6", \= 68.1 0 , a95 = 8.1 0 . Within-cobble directions are 
well grouped (except for several BRG cobbles) but be- 
tween-cobble directions are random, implying the stabil 
ity of a remanence in at least some pre-fimiskaming li 
thologies (other than the BRG). The structurally corrected 
matrix mean converts to a pre-Matachewan pole on E. 
Irving's (1979) apparent polar wander path.

Preliminary work on a fault block near Holtyre (see 
Figure 1), containing an east-west-striking Matachewan 
dike and Timiskaming lithologies, indicates the presence 
of both single and multicomponent magnetizations (Fig 
ure 6e,f). The well-grouped ultimate directions (see Fig 
ure 5j) imply a 900 clockwise rotation coupled with a 600 
tilt about an east-west axis for the fault block.

Kirkland Lake-Lake Abitibi 
Aeromagnetic Data
The high resolution total field aeromagnetic map for the 
Kirkland Lake-Larder Lake area (see Figure 1) is shown 
in Figure 7. Processing these data incorporated mainly 
three, well-documented techniques: 1) apparent-suscep 
tibility mapping; 2) first-vertical-derivative-of-the-total- 
field mapping; and 3) downward-continuation mapping.

The first technique is especially useful for interpretive 
purposes because anomaly overlaps are reduced; uni 
form susceptibility areas are distinguished as flat profiles; 
and contacts between widely varying lithologies may be 
accurately located given reasonable ground control. Be 
cause the maps are in susceptibility units (cgs-emu), a 
measurable rock property, the data may be correlated 
with rock units. The apparent susceptibility map is shown 
in Figure 8. Improved resolution is readily apparent. For 
rough geological correlative purposes, the map may be 
divided into four areas.
1)The southern part correlates with the BRG volcanic 
rocks and is extremely flat (x < 1.0 x 1 Q- 3 emu) except 
for anomalous areas caused by alteration zones sur 
rounding silicic intrusions.
2) The middle area consists of alternating positive (dark 
grey to black) and negative (white) northeast-trending 
anomalies corresponding to the Kinojevis flows.
3) Farther north, a band of east-trending, high apparent 
susceptibility anomalies (dark) correlates with intrusive 
equivalents of the Kinojevis units (e.g., the Ghost Range) 
and older mafic units.
4) The northeastern part consists of a triangular area of 
complexly deformed Kinojevis flows.

The apparent susceptibility map (for contact and 
structural control) combined with sample susceptibility 
and remanence data was used to construct a geological 
interpretation map of the area. Analyses of the suscepti 
bility and remanence data indicated that the effects of re 
manence are dominant in many lithologies and consider 
ation of remanence is necessary to account for the 
anomalies demonstrated in Figure 8. The remanence, in 
tensity, and susceptibility data are discussed in greater 
detail in S. Letros (1980). Lithological control was derived 
from the maps by L.S. Jensen (1978b); paleomagnetic 
data were taken largely from A.M. Tasillo (1980) and J.W. 
Geissman et al. (in prep.). A first vertical derivative map 
was used to accurately locate faults. Geological maps 
and drill hole data were also used to correlate areas of 
various susceptibility magnitudes with individual litholo 
gies. The apparent susceptibility and first vertical deriva 
tive maps were then used to extrapolate contacts through 
completely covered areas. The resulting map (Figure 9) 
(1) outlines formation contacts throughout the area and 
delineates flow structure between the magnesium- and 
iron-rich tholeiites, (2) offers an interpretation of litholo 
gies north of the Ghost Range where only limited map 
ping has been done, and (3) provides an overall strati 
graphic framework for an area with less than 20 percent 
exposure, potentially of use for extrapolating economic 
trends into the area.

Timmins Aeromagnetic Data
The Timmins High Resolution Aeromagnetic Survey cov 
ers approximately 2500 km 2 just north of Timmins, Ontar 
io. This area has been subdivided into 35 separate study 
blocks (Figure 10a) from the Geological Survey of Can-
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(h)
Figure 5—Paleomagnetic data (in situ, equal area net) from Blake River and younger units. Open (closed) symbols refer 

to projections on the upper (lower) hemisphere.
(a,b,c,d) NRM, tertiary, secondary and ultimate*directions from all lithologies of the Blake River Group, derived 
from AF or thermal demagnetization.
(e)NRM (circles) and ultimate (triangles) directions from samples at site 264 in Blake River andesites and rhyol- 
ites.
(f,g) NRM and ultimate directions from an Abitibi dike (circles) and host Blake River rocks along Labyrinth Lake 
in Ossian Township. Triangles to wall-rock samples within one dike width (approx. 5 m) of contact, diamonds to 
wall-rock samples within three dike widths, and squares to wall-rock samples greater than 10 dike widths of 
contact.
(h,i) Ultimate directions from matrix and cobbles of the Chaput Hughes Member, Timiskaming Group. In (i) 
each different symbol refers to directions from a single cobble.
(j) Ultimate directions from the fault block in Holtyre Township. Hexagons refer to a Kinojevis flow west of the 
fault block, circles to the Matachewan dike, squares to trachyte flows, and triangles to conglomerates.
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Figure 7—Total Held map for the investigated area. The very dark area in the north correlates with calc-alkaline volcanics 
north of the Ghost Range. Dark anomalies trending northeast in the centre of the map correlate with tholeiitic 
Kinojevis flows. Total field scale is shown at left.
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Figure 8 — Apparent susceptibility map for the area of Figure 7. Susceptibility scale is shown at left.
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Figure 9—Geological interpretation map for the Kirkland-Larder Lake area. B-Blake River Volcanics; 
H-Hunter Mine Group;
K-Kinojevis Volcanics (2 ^ Fe-rich, 1 = Mg-rich);
S-Stoughton-Roquemaure Group (1,2 = komatiitic flows, 5-7are mafic to ultramafic intrusive rocks); 
T-Timiskaming Volcanics.
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ada (GSC 1972) digitized computer tape. General geol 
ogy consists of east-west-trending mafic to felsic vol 
canic rocks and volcanic rocks locally intruded by mafic 
or felsic plutons. Overburden covers a substantial part of 
the survey area and outcrop is less than 5 percent in 
some blocks. This has resulted in a large amount of "in 
ferred geology" based on geophysical surveys (including 
ground magnetics) and drill holes.

Of particular concern in magnetic interpretation is 
the large number of north-south-trending Matachewan 
dikes in many of the blocks. One of the principal aims of 
the study has been to quantitatively examine the spectral 
characteristics of these blocks as a prelude to high reso 
lution filtering and image enhancement techniques. The 
anomaly pattern of the dikes superimposes on the pattern 
from the volcanic rocks with the immediate effect of re 
ducing the value of the maps as an interpretational tool. 
This effect has been analyzed by examining the energy 
density spectrum (EDS) and the autocorrelation function 
(ACF) of each block. Figure 10b shows a typical residual 
aeromagnetic map from the northwestern part of the sur 
vey area. The EDS and ACF for this block (Figure 10c,d) 
show several features not apparent on the residual map. 
As expected, peak energy is located in north-south 
bandwidths corresponding to the dikes. The ACF, how 
ever, shows a strong east-west trend corresponding to 
the volcanic stratigraphy, and a weaker, nearly north- 
south trend corresponding to the dikes. Clearly the two 
signals are present on the residual map, and we are now 
preparing appropriate filters.

Computation of the EDS has the added advantage of 
allowing determination of average depth to basement (via 
the average radial EDS) and background noise level 
which is removed by optimum filtering. Present work is 
using this information as an aid in the design of apparent 
susceptibility and image enhancement filters. The appar 
ent susceptibility method is treated as a sequence of 
filters; each one being quantitatively analyzed to deter 
mine optimum parameters in the hope of eliminating ef 
fects such as ringing or negative susceptibilities. The 
final outcome of this study will produce a suite of superior 
quality magnetic maps which will aid in the accurate un 
derstanding of the geology and mineral potential in the 
Timmins area.
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Grant 55 Evolution of an Archean Felsic Volcanic-Plutonic 
Complex
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Abstract
A 5 km thick, homoclinal tholeiitic basalt and gabbro se 
quence, the Katimiagamak Formation, is intruded by the 
Kishkutena trondhjemite and diorite south of Kakagi 
Lake. At Kakagi Lake, the basalt is overlain by calc-alka- 
line andesite and dacite. In the vicinity of Phinney and 
Dash Lakes, at the hinge of the Nightjar Anticline formed 
around the eastern "nose" of the Kishkutena trondhjemite 
are subvolcanic, porphyritic trondhjemite stocks overlain 
by contemporaneous volcanic, chemical sedimentary, 
and clastic sedimentary rocks, collectively called the 
Phinney-Dash Lakes Complex.

The sequence of events for plutonism and volcanism 
is tentatively interpreted as:—
1) Subaqueous extrusion of tholeiitic basalt was accom 
panied by gabbro intrusions. This magma system 
evolved from tholeiitic to calc-alkaline by fractionating 
iron oxides.
2) This event was followed by the diapiric rise and em 
placement of the Kishkutena trondhjemite as a "tadpole" 
pluton from a zone of metamorphism at depth into the Ka 
timiagamak basalts. Amphibolite inclusion-rich diorite 
was emplaced contemporaneously and in advance of the 
rising Kishkutena trondhjemite. Both the diorite and the 
Kishkutena trondhjemite may have contributed to volcan 
ism by breaching the overlying Katimiagamak basalts to 
form the Phinney-Dash Lakes Complex.
3) During quiescent stages, pyritic chert and ferruginous 
limestone were deposited from a circulating iron-rich fluid 
system which altered some felsic rocks.
4) Resurgent felsic volcanism domed and disrupted pre 
viously deposited pyroclastic and chemical sedimentary 
units. AFM plots of chemical data support a simplistic 
model for parallel evolution of the Kishkutena trondhjem 
ite and diorite and the Phinney-Dash Lakes Complex.

Introduction
Several contributions on complex Phanerozoic batholiths 
intruding and overlain by their own extrusive equivalents 
(Jacobsen et al. 1958; Hills 1959; Hamilton and Myers 
1967; Klepper etal. 1971; Myers 1975; Bussel et al. 1976; 
and Pitcher 1978) provide a basis for comparison to Ar 
chean granitoid batholiths and associated volcanic rocks 
for which there is a paucity of literature (Hubregtse 1973;

Ayres 1974; Elbers 1976; Lambert 1976; Edwards 1978).
Some magma bodies, as for example those associ 

ated with the Kuroko deposits (Ohmoto and Rye 1974), 
provided heat to drive convective hydrothermal systems 
at shallow levels in the crust, leaching metals from rocks 
in the input zone, and depositing them at or near focused 
vents on the sea floor (Edmond et al. 1979) or later in the 
cooling history, in or adjacent to the magma body (Sillitoe 
1973).

Subvolcanic rocks of the Phinney-Dash Lakes Com 
plex are in a suitable stratigraphic position to have been a 
source of heat for the mobilization of an ancient convec 
tive hydrothermal system. A variably thick ferroan carbo 
nate and chloritoid-bearing alteration zone in felsic and 
mafic volcanic rocks underlying a chert-ferroan carbo- 
nate-pyrite unit at Schistose Lake is evidence that consid 
erable fluid penetrated and issued from some rocks of 
the complex.

Phinney and Dash Lakes are near Kakagi and Pipe 
stone Lakes in the Wabigoon supracrustal belt 20 km 
east of Nestor Falls, Districts of Kenora and Rainy River, 
Ontario (Figure 1). Mapping at 1:15840 by G.R. Edwards 
for the Ontario Geological Survey (1976; 1978) revealed 
the felsic, volcanic-plutonic Phinney-Dash Lake Com 
plex. Additional detailed mapping and sampling was 
done in 1979 under the tenure of the present Ontario 
Geoscience Research Grant Program.

General Geology
In the Kakagi-Pipestone Lakes area the steeply dipping, 
5 to 6 km thick Katimiagamak Formation of tholeiitic ba 
salt and gabbro is folded in a broad, steeply plunging Ni 
ghtjar Anticline about the intrusive Sabaskong Batholith 
(Figure 2). The basalt is bounded on the east by the 
Helena-Pipestone Lakes Fault and on the north side by 
the calc-alkalic volcaniclastic rocks of Kakagi Lake. The 
Phinney-Dash Lakes Complex of porphyritic trondhjemite 
stocks and contemporaneous and contiguous volcanic 
rocks intrudes and overlies the upper part of the Katimia 
gamak Formation. Pyritic chert, with associated ferrugi 
nous limestone and subjacent altered volcanic rocks, 
semi-continuously flank the felsic volcanic centre and is 
overlain on one flank mainly by arkosic wacke and silt 
stone and on the other mainly by pyroclastic debris flows.
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Katimiagamak Formation
The Katimiagamak Formation (Figure 2) is a 5 to 6 km 
thick steeply dipping sequence of mainly submarine tho 
leiitic basalt flows and composite gabbro sills. The flows 
vary in texture from pillowed with rare breccia and hyal- 
oclastic zones to massive and gabbroic. The gabbro 
units vary in texture from ophitic to diabasic. Leucocratic 
gabbro and quartz-bearing amphibole gabbro, both of 
which may contain abundant ilmenite or magnetite, are 
common. Some sills grade into flows in the field and may 
be thick flows or differentiated subvolcanic sheets.

The Katimiagamak Formation is intruded subconcor- 
dantly by the Sabaskong Batholith. In the east where the 
massive Kishkutena trondhjemite intrudes the basalts, 
metamorphic grade is generally low and contact agma 
tite is rarely present. Metamorphic grade in the contact 
aureole is more intense westward and is manifested by a 
darkening in colour and an increase in deformation in the 
basalts. At Highway 71 the contact aureole of gneissose 
to schistose amphibolites and basalts is 1 km thick.

Figure 1—Location map.

PHINNEY-OASH LAKES COMPLEX AND RELATED ROCKS

^^^^l^0i^^//^^^^^

Figure 2—Phinney-Dash Lakes Complex and related rocks.
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Phinney-Dash Lakes Complex
The Phinney-Dash Lakes Complex is composed of por 
phyritic trondhjemite stocks which intrude the Katimiaga- 
mak Formation and merge with contemporaneous mainly 
felsic, pyroclastic, and volcaniclastic rocks overlying the 
Katimiagamak Formation. The complex centres on the 
hinge line of the Nightjar Anticline (Figure 2).

Subvolcanic Stocks
The Dash Lake Stock is a 2 km by 4 km oval-shaped, 
massive porphyritic trondhjemite intrusion in the south- 
west arm of Dash Lake. The rock typically is 35 to 45 per 
cent plagioclase (An 30) phenocrysts, 10 to 20 percent 
quartz phenocrysts, and up to 5 percent chlorite meta- 
crysts in a fine-grained groundmass. The Hornberg Lake 
Stock is a 3 km long, 0.6 km wide concordant, lenticular 
intrusion, east of Hornberg Lake. It is similar to the Dash 
Lake Stock but has fewer chlorite metacrysts and is per 
vasively well foliated in a north-northeast direction. Nei 
ther the Dash Lake Stock nor the Hornberg Lake Stock 
are convergent with contemporaneous extrusive rocks.

At Phinney Lake (Figure 2) the 5 km by 2 km Phinney 
Lake porphyritic trondhjemite stock intrudes the upper 
part of the Katimiagamak Formation. The stock merges 
with contemporaneous felsic extrusive rocks south of the 
southeast end of Schistose Lake, is mainly schistose, and 
is highly altered. Mafic phenocrysts, comprising up to 10 
percent of the rock, are generally replaced by sericite or 
chlorite and a ferruginous carbonate mineral, and com 
monly are partly rimmed with a fine iron oxide. Plagioc 
lase phenocrysts are more or less sericitized and quartz 
phenocrysts are scarce. Chloritoid porphyroblasts up to 
2 mm long comprise up to 20 percent of a carbonate-seri- 
cite schist zone at the south margin of the stock at Phin 
ney Lake.

The eastern part of Dash Lake (Figure 3) is underlain 
by porphyritic trondhjemite, the East Dash Lake Stock, 
which is similar to the Dash Lake Stock but generally finer 
grained. This stock, which is commonly flow banded at its 
margin in shoreline exposure on Dash Lake, is in contact 
with contemporaneous and contextural volcanic rocks 
north and east of Dash Lake.

Extrusive Rocks
Extrusive volcanic rocks of the Phinney-Dash Lakes Com 
plex cap the subvolcanic stocks between Dash Lake and 
Schistose Lake and symmetrically flank an emergent lobe 
of the Phinney Lake Stock at the southeast end of Schis 
tose Lake (see Figure 2).

The northwest-trending north flank (see Figure 2) ex 
tends along Schistose Lake. At the west and central parts 
of the lake, overlying the Katimiagamak basalt formation 
is altered felsic tuff of variable thickness, generally less 
than 100 m, overlain by fragmented dark grey pyritic 
chert and ferroan carbonate up to 100 m thick. Chloritoid

R. W.HODDER fr G.R. EDWARDS 
and ferroan carbonate occurs in the tuff, in the matrix of 
the chert unit, and in some of the underlying Katimiaga 
mak basalt formation. South of the east-central part of 
Schistose Lake is a 1400 m thick lens of mixed pyroclas 
tic debris and open framework volcanic conglomerate 
containing quartz and plagioclase phyric clasts, dark 
grey chert clasts, and pyrite clasts of variable size. Adja 
cent to the massive emergent lobe at the southeast end 
of Schistose Lake are homolithic felsic lapilli-tuff and tuff- 
breccia up to 300 m thick. Overlying and apparently gra- 
dational with the northern flank of the Phinney-Dash 
Lakes Complex is arkosic wacke, which contains sparse 
fine chert and carbonaceous fragments. The arkosic 
wacke generally is finer grained north of Schistose Lake. 
At Pipestone Lake, much of the sedimentary rocks 
though interbedded with some pyroclastic rocks, exhibit 
turbidite features.

The south flank (Figures 2 and 3), which extends 
from the "emergent" lobe of the Phinney Lake Stock, at 
the southeast end of Schistose Lake, south to Pipestone 
Lake east of Dash Lake, is a layered assortment of felsic 
homolithic lapilli-tuff and breccia, massive and banded 
tuff, debris flows, rhyolite flow, flow breccia, and frag 
mented pyritic chert and ferroan carbonate. With minor 
exceptions pyroclastic rocks adjacent to the massive 
subvolcanic stocks low in the sequence, for example at 
Lakes E and F, Lake C north of Dash Lake, are generally 
homolithic, low-matrix coarse fragmental rocks. Above 
these, especially at Lake "D", are grey pyritic chert and 
ferroan carbonate units up to 100 m thick. South of Lake 
"D", a 150 m thick lens of grey to yellow rhyolite flow and 
flow breccia overlying a pyritic chert unit is replaced 
partly at its base by brown-weathering ferroan carbonate. 
Above the rhyolite flow, between Lake "D" and the bay of 
Pipestone Lake, east of Dash Lake, is a 450 m thick lens 
of mainly heterolithic to homolithic chert fragment-bear 
ing volcanic debris, intercalated with small lenses of 
homolithic felsic pyroclastics. Above this at Lake B is 150 
m of massive, white-weathering tuff and tuff-breccia. 
Above the Phinney-Dash Lakes Complex at its eastern 
contact are green, massive to ophitic, ferroan tholeiitic 
flows.

The Sabaskong Batholith
Part of the composite Sabaskong Batholith, mainly east of 
Highway 71 (Figure 2) was mapped in order to identify 
and correlate the various phases leading to a model for 
contemporaneous evolution of the batholith and the pe 
ripheral Phinney-Dash Lakes Complex. Two main intru 
sive types were distinguished:-
1) The Kishkutena hornblende-biotite to biotite tron 
dhjemite is exposed over at least 110 km 2 between the 
main mass of the Sabaskong Batholith in the west and the 
Katimiagamak basalts in the east. The eastern part of the 
Kishkutena is massive but at Highway 71 near Nestor 
Falls the rock is subhorizontally gneissose.
2) Diorite and quartz diorite with many xenoliths of basalt 
are interposed between the Kishkutena trondhjemite and
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Figure 3—South flank of the Phinney-Dash Lakes Complex.
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Table 1. Selected major element chemistry of the Phinney-Dash Lakes Complex and allied rocks.

wt 1

fli nAI 2 0 3

Mnfl

KoO
P 205 
LOI

TOTALS

Ellb

0.11 
2.38

98.3

E26

0.67

3.49

0.33 
0.08

101.0

E42

0.26

0.81

0.07 
0.77

98.5

kk6

49.8
1.77

5.47

0.12 
3.63

99.9

E67

44.7
2.02

4.88

0.18 
9. 77

101.2

E104

1.77

5.47

0.16 
3.23

99.9

E65

1.26

0.13 
1.69

99.8

E76

0.67

0.10 
3.92

99.7

E48

2.25

0.12 
2.54

98.9

E56

0.35

0.34
2.52

5.36

0.09 
2.46

101.4

E103

0.35

0.61

0.09 
2.23

98.4

El 36

0.38

1.18

4.19
2.75

0.12 
5.15

98.9

El 38

0.44

0.38

3.23
5.15

0.14 
3.54

99.5

E73

0.04

0.00

4.47
0.01 
0.23

100.7

El 29

0.75

2.12

4.71

0.11 
4.92

99.1

E71

43.2

0.22

2.65

4.59
1.27

0.06 
14.54

99.4

E50

3.44

2.59

0.00

0.39 
3.31

100.2

* total iron as FeO

the Katimiagamak basalts at Highway 71 north of Nestor 
Falls. Similarly, at Caliper Lake, diorite and quartz diorite 
are at the contact of, and intrude large inclusions of gab 
bro and metaperidotite (Figure 2). Within the diorite, 
some amphiboles form clumps which are pale green tre 
molite at the core and green hornblende at the margin, 
suggesting their possible origin as xenocrysts, derived 
by assimilation or incomplete melting of the host mafic 
rock.

An intrusive relationship between the Kishkutena 
trondhjemite and the diorite has not yet been established. 
The Kishkutena trondhjemite very rarely has inclusions; 
those seen were dioritic in composition. Increasing defor 
mation westward in both the Kishkutena trondhjemite and 
the Katimiagamak basalts, however, suggests that the 
Kishkutena trondhjemite was emplaced into the basalts 
prior to the diorite, which is generally massive.

Chemistry
Chemical analysis of 96 samples for major and trace ele 
ments was done by X-ray Assay Laboratories Limited 
using XRF and atomic absorption techniques. In addition, 
92 samples were analyzed at the Department of Geology, 
University of Western Ontario, for rare earth elements 
using a slightly modified version (Fryer 1977) of the thin 
film X-ray fluorescence procedure of G.N. Eby (1972). 
Results are currently being collated for trend analysis.

Data from selected samples are presented in Tables 
1 and 2 and sample descriptions are listed in Table 3.

Figures 4, 5, and 6 are AFM plots of the analytical re 
sults from all samples showing the trends in the data for 
the main rock types in this study. The tholeiitic (TH)-calc- 
alkaline (CA) boundary is that defined by T.N. Irvine and 
W.R.A. Baragar(1971).

Table 2. Selected trace element chemistry of the Phinney-Dash Lakes Complex and allied rocks.

ppm

Ba
Co
Cr
Ni
Rb
Sr
Y
IT
La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Er

Ellb

100
36

1100
150

0
170

10
0

24.5
82.2
12.9
71.1
15.6
4.4

13.0
7.5
2.8

E26

850
27
30
8

50
1150

20
250
54.6

140.9
17.3
75.7
12.4
3.4
9.4
5.9
2.4

E42

250
36

^0
4

40
330

10
90
15.2
34.9
3.2

13.3
2.3
0.7
2.0
1.3
0.6

kk6

40
35
40
25
-
-
-
-
-
-
-
-
-
-
-
-
-

E67

100
35
60
24
10
60
40

130
13.9
36.9
4.9

26.4
7.2
2.2
7.1
6.1
3.4

El 04

100
28
60
41
40

230
30

100
22.2
57.9
7.5

39.4
11.4
4.1

14.3
13.7
6.7

E65

250
28

^0
6

10
400
•00
100
18.5
43.9
4.6

19.9
3.4
1.0
3.0
2.2
1.1

E76

250
29

^0
6

30
180

10
150
23.5
51.4
5.1

19.9
3.3
0.9
2.5
1.7
0.7

E48

100
25

^0
6

20
220

10
140
20.6
47.1
4.9

19.5
3.5
1.1
3.3
2.6
1.4

E 56

300
28

^0
3

20
430
•OO
120
19.0
41.4
4.0

16.5
2.7
0.9
2.3
1.7
0.8

El 03

300
22

^0
4

160
340
20

130
19.4
41.7
4.2

17.5
3.2
1.0
2.8
2.1
0.9

El 36

150
15

^0
6

10
200
-00
no
22.5
52.6
5.8

21.7
3.6
1.3
3.3
2.4
1.2

El 38

150
20

^0
7

20
200

20
110
17.8
44.2
4.9

19.7
3.5
1.1
2.9
2.1
1.0

E73

450
69

^0
*:1

180
80
20
50
6.6

16.6
1.9
7.3
1.7
0.2
1.5
1.5
1.0

E129

150
20
20
16
10

180
10
80
19.1
43.5
5.0

19.8
4.8
2.1
6.1
3.9
3.8

E71

200
5

^0
•ci
20

210
10
40
13.4
27.6

3.1
12.4
2.3
0.9
2.3
1.9
1.0

E50

^0
26

^0
1

10
20
50

210
17.5
49.1
6.5

35.2
9.7
3.2

10.7
14.7
6.3
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Table 3: Description of rocks presented in tables l and 2

Ellb Metaperidotite, highway 71 at Caliper Lake.

E26 Inclusion-rich, medium-grained diorite, highway 71 at Heronry 
Lake north of Nestor Falls.

E42 Hornblende-biotite trondhjemite, Carver Lake.

kk6 Amygdaloidal, fine grained basalt, Katimiagamak Lake. Less 
altered than E67.

E67 Carbonatized fine-grained basalt, Dash Lake.

E104 Coarse ophitic basalt overlying the Phinney-Dash Lakes Complex 
east of Lake "F".

E65 Porphyritic trondhjemite, Dash Lake stock, Dash Lake.

E76 Porphyritic trondhjemite, the Phinney Lake stock, southeast 
of Phinney Lake.

E48 Porphyritic trondhjemite, the East Dash Lake stock, Dash Lake.

E56 Homolithic to massive felsic pyroclastic rock, between Dash and 
Pipestone Lakes.

E103 Possible welded felsic lapilli-tuff, Lake "F".

E136 Homolithic felsic tuff-breccia, Lake "C".

E138 Homolithic felsic lapilli-tuff, west of Lake "C".

E73 Flow banded and brecciated rhyolite flow, southeast of Lake "D"

E129 Heterolithic volcanic debris with chloritic matrix, east of 
Dash Lake.

E71 Homolithic felsic l api 11i-tuff or breccia with ferroan carbon 
ate matrix, southeast of Lake "D".

E50 Altered mafic flow? with 15 percent chloritoid, 10 percent
pyrite, 10 percent leucoxene, at the contact between the East 
Dash Lake stock and basalts, north shore of Dash Lake.
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FIG.4 AFM PLOT OF KATIMIAGAMAK 

BASALTS (B) AND OVERLYING 

PYROCLASTIC ROCKS AT 

KAKAGI LAKE (K)

A M

Figure 4—AFM plot of Katimiagamak basalts (B) and overlying pyroclastic rocks at Kakagi Lake (K).

Field "B" in Figure 4 shows a broad tholeiitic trend for 
the Katimiagamak basalts. The calc-alkaline pyroclastic 
rocks overlying the Katimiagamak basalts at Kakagi Lake 
(field "K") display a trend at right angles to the basalt. 
Both the "K" and "B" fields overlap near the calc-alka- 
line-tholeiitic boundary which indicates a possible com 
mon parent for both suites.

Figure 5 depicts the AFM field "P" of data from the 
Phinney-Dash Lakes Complex. By comparison, rocks of 
the Phinney-Dash Lakes Complex have generally less Mg 
than pyroclastic rocks above the Katimiagamak basalts 
at Kakagi Lake (Figure 4), are more extremely fractionat 
ed, and exhibit a sub-trend toward iron enrichment (field 
F, Figure 5). Both phenomena may be inverse functions 
of alteration since many of the rocks of the Phinney-Dash 
Lakes Complex show varying degrees of replacement by 
iron-bearing carbonates or chlorite which could have dis 
placed magnesium. Point "C" in Figure 5 is the plot of an 
altered felsic pyroclastic debris rock from the western 
part of Schistose Lake. This sample (E88) has been al 
most completely replaced by ferroan carbonate, calcite 
or dolomite, sericite, chloritoid, and quartz but exhibits 
relict porphyritic texture. Thus point "C" in Figure 5 may 
be an extreme of the iron enrichment trend in field "F".

The various phases of the Sabaskong Batholith, plot 
ted in Figure 6, show a calc-alkaline trend similar to the 
Phinney-Dash Lakes Complex. Rocks in field "QM" are 
dikes in inclusion-rich zones, in diorite dikes, and in the 
large metaperidotite-diorite inclusion at Caliper Lake. 
They also are the large pluton of unknown dimensions in 
contact with and south of the Kishkutena trondhjemite. 
Field "T" is the Kishkutena trondhjemite. Field "D" in 
cludes most of the diorite (Figure 2) and "TD" encloses 
two samples of iron-rich diorite intruding the large meta- 
peridotite inclusion "GP" at Caliper Lake.

Discussion
Preliminary analysis of chemical data and AFM plots sup 
port a simplistic model for parallel evolution of the Sabas 
kong Batholith phases studied and the Phinney-Dash 
Lakes Complex. In this model, the Kishkutena trondhjem 
ite rose at depth as a gneissic diapir from a zone of meta 
morphism of which the Sabaskong Batholith is part. At 
shallow levels, a massive "head" separated from the
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FIG. 5 AFM PLOT OF ROCKS 

FROM THE PHINNEY-DASH 

LAKES COMPLEX
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M

Figured—AFM plot of rocks from the Phinney-Dash Lakes Complex. P-dominant trend; F—iron-enriched trend; 
C-chloritoid-bearing.

gneissic "tail" to form a "tadpole" pluton (Hutchison 
1970) which rose into and penetrated the overlying Kati- 
miagamak basalts and produced the coeval felsic Phin 
ney-Dash Lakes Complex.

The role of the diorite is uncertain. Partial melts of ba 
salt adjacent to the rising diapir, fluxed by hydrous min 
eral phases in the basalt, may have yielded early dioritic 
melts which could have reached the surface forming a 
fractionating volcanic sequence prior to and during the 
emplacement of the Kishkutena trondhjemite. Further 
analysis of trace element data will help elucidate the plu- 
tonic-volcanic relations.

The sequence of events for the evolution of the vol 
canic belt in the Phinney-Dash Lakes area is tentatively 
interpreted as:
1) Subaqueous extrusion of tholeiitic basalt accompanied 
by intrusion of gabbro sills. Evolution of the magma sys 
tem from tholeiitic basalt to calc-alkaline andesite and da 
cite as at Kakagi Lake following early fractionation of iron 
oxides (Lewis 1973).
2) Kishkutena trondhjemite and diorite border phases 
were intruded, probably contemporaneously, into the Ka- 
timiagamak basalts at the northern margin of a zone of re 

gional metamorphism and granitoid diapirism which lies 
south of the Wabigoon Subprovince (Edwards and Sut 
cliffe 1980).
3) Small bodies of trondhjemite magma budded from the 
margin of the batholith and rose upward to form felsic vol 
canic rocks above the Katimiagamak basalts.
4) Pyritic chert and ferruginous limestone were chemi 
cally precipitated from fluids attendant with the volcanism 
and rocks, mainly underlying the chert-limestone unit, 
were altered in areas of fumarolic activity or fluid pond 
ing. The fluids appear to have evolved with time, precipi 
tating calcite or dolomite first, then ferroan carbonate, 
chlorite, and possibly chloritoid. Chloritoid is interpreted 
as being hydrothermal in origin in this area, being precip 
itated along with ferroan carbonate in the matrix of the 
disrupted pyritic chert units and underlying altered felsic 
and mafic volcanic rocks.
5) The small bodies of felsic magma domed and dis 
rupted previously deposited volcanic rocks, and chemi 
cal sediments, forming the two flanks centred on the late 
emergent upper part of the Phinney Lake Stock at the 
southeast end of Schistose Lake.
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Figure 6—AFN plot of rocks of the Sabaskong Batholith. QM-quartz monzonite; T-trondhjemite; D-diorite; TD-tholeiitic 

diorite; GP-gabbro-peridotite.
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Abstract
The gold orebodies of the Campbell and Dickenson 
mines lie at the eastern border of a major volcanic com 
plex flanked by a sedimentary basin consisting of volcan 
iclastic rocks that grade eastward into exhalative chert 
and sulphide and oxide iron formations. Extensive leach 
ing of Fe, Mg, and lesser Si and Au within the volcanics 
and formation of the exhalites were the result of syn-vol- 
canic sub-seafloor geothermal activity.

During regional metamorphism and deformation, the 
sediments were intensely folded (two phases), whereas 
the more competent volcanic rocks were flattened and 
rotated parallel to a penetrative cleavage that in some 
areas consists of two subphases with slightly different or 
ientation. Hydrothermal activity partly preceding, and 
partly synchronous with and continuing after, deformation 
resulted in alkali depletion, carbonatization, and other 
less well defined types of alteration that are commonly 
localized within linear belts of anomalously schistose and 
strained rock.

Most of the gold orebodies consist of epigenetic 
quartz-carbonate fissure veins and silicified replacement 
bodies that either lie along fault planes, or parallel the 
penetrative cleavage; the East South C Zone in the Dick 
enson Mine, however, may have been exhalite.

We tentatively suggest that the ore zones can be 
conceived as part of a giant horsetail vein system in 
which gold mobilization occurred at the feather end in the 
exhalites, where it was initially concentrated during vol 
canism. Gold deposition occurred during a cyclic proc 
ess of hydraulic fracturing within the areas where the 
mines now are.

Introduction
Red Lake is Ontario's second most important gold-produ 
cing area, containing over 15 current or past-producing 
mines, and 26 additional major prospects. Though gold 
occurs in a wide variety of geological settings within the 
Red Lake greenstone belt, current production is entirely 
from a major vein system in mafic volcanic rocks of the 
Campbell and adjacent Dickenson mines in Balmer 
Township, on the east side of the greenstone belt (Figure 
1).

The objective of the present research is to define the 
nature of the mineralization in the Campbell and Dicken 
son mines, and to establish its spatial and genetic rela 
tionship to the various lithological, structural, and meta 
morphic features of the ore-bearing environment in order 
to develop an exploration model for use in the Red Lake 
area as a whole. Our initial working hypothesis (Hodgson 
and Helmstaedt 1978) was based on recent studies of 
gold-bearing environments in Archean greenstone belts 
(e.g., Kerrich etal. 1979) where gold ores are interpreted 
to be the product of an enrichment process involving 1) 
initial concentration in volcanic exhalative layers depos 
ited at the boundary of volcanic arcs and adjacent sedi 
mentary basins, 2) remobilization by metamorphic fluids, 
and 3) re-deposition, during a cyclic process of hydraulic 
fracturing structures which were the discharge channels 
for the dehydrating metamorphic system.

This report summarizes the most significant results of 
our study to date. Additional details are given by P. J. 
MacGeehan and C. J. Hodgson (1980a; 1980b), D. M. 
Rigg and H. Helmstaedt (1980), and O. M. Rigg (1980).

Geological Setting
The Campbell and Dickenson mines comprise a series of 
over 15 auriferous lodes that occur in a highly deformed 
succession of mafic and felsic volcanic flows, differenti 
ated mafic in ultramafic sills, and volcaniclastic and vol 
canogenic exhalative metasediments. A map of the area 
of the mines is shown in Figure 2. All facing-directions are 
south, which indicates, in contrast to the previous inter 
pretations of the geology (Chisholm 1961; Ferguson 
1961; Ferguson et al. 1970), that there are no major fold 
closures (Pirie and Grant 1978).

For the purposes of description, the map-area can 
be divided into four: 1) the western volcanic complex 
(WVC), 2) the central sedimentary belt (CSB), 3) the east 
ern volcanic belt, (EVB), and 4) the southern volcanic belt 
(SVB). Most flow units strike between 0900 and 1100 par 
allel to the penetratively developed cleavage (Figure 3a) 
and to the elongation (flattening?) direction of individual 
pillows, but both the cleavage and flow-contacts swing 
north to between 1250-1500 in the volcanic rocks border 
ing the central sedimentary belt. The metasediments 
have been intensely deformed — an early cleavage (S1)
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Figure 1—Simplified geology of the Red Lake greenstone belt, modified from the ODM Compilation Map 2175 (Ferguson 
etal. 1970). C-Campbell Red Lake Mine; D-Dickenson Mine.

that was axial planar to large folds in bedding (Figure 3b) 
being later folded on southwest-trending axial planes. 
Whereas most volcanic rocks and associated intrusions 
have only one penetrative cleavage, two superposed 
cleavages are developed in linear belts of anomalously 
fissile and strained (relative to the area as a whole) vol 
canic rock, one of which hosts the Campbell and Dicken- 
son orebodies.

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 massive to pil 
lowed basalts, lesser andesite and rhyolite, diorite, gab 
bro and ultramafic intrusions, and minor interflow 
exhalative and volcaniclastic metasediments (Figure 4). 
The WVC is flanked by a major sedimentary belt (CSB) 
composed of volcaniclastic and epiclastic metasedi 
ments that grade eastward into a thick pile of exhalative 
chert and iron formations. A series of distal mafic flows 
(EVB), fed from sills rooted in the volcanic complex, are 
intercalated with the exhalites farther to the east (Figure 
4). Evidence (including the eastward pinching-out of 
rhyolitic units, the thickening and pinching-out of individ 

ual pillowed flow-units (i.e., VA, Figure 4), the different 
proportions of volcaniclastic material, and the eastward 
gradation from coarse epiclastic conglomerate and 
wacke to finer mudstone) indicates that the WVC was a 
topographic high. This high was a source of detrital mate 
rial for the sedimentary basin during volcanic activity. 
Several clastic interflow units can be traced eastward as 
graded wacke-mudstone that are intercalated with the 
thick exhalative pile and with the mafic flows of the EVB, 
indicating that (1) the volcanic rocks were extruded dur 
ing a period of exhalative activity, and (2) the gold-bear 
ing zones at the Campbell and Dickenson mines are at 
the same stratigraphic horizon as exhalative metasedi 
ments in the eastern part of the CSB (Figure 4).

The exhalites consist predominantly of finely bedded 
cherts, cherty carbonates, and sulphide and oxide iron 
formations that commonly exhibit graded bedding, con 
volute laminations, and slump and breccia structures, in 
dicating they were transported from an initial depositional 
site (presumably within the flanking volcanic succession) 
into the sedimentary basin. These turbidites are interbed 
ded with fine-grained chemical metasediments and both
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fl Gabbro, some ultramafic

Felsic intrusions; includes some extrusive rock

Intermediate extrusive rock, mainly pyroclastic

5,000 feet

Rhyolite flow 
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Figure 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 -Western Volcanic 
Complex; CSB -Central Sedimentary Belt; EVB - Eastern Volcanic Belt; SVB - Southern Volcanic Belt. Map- 
pable subunits of basalt; VZB - variolitic basalt; AB - aphyric basalt; PLB - plagioclase-phyric basalt; PUB - 
plagioclase-phyric basalt (unit 2); LPL - plagioclase-microphenorystic aphyric basalt; LPX - pyroxene - mi- 
crophenocrystic aphyric basalt; GB - basalt containing single elongate ferromagnesian and plagioclase, set 
in a quartzo-feldspathic matrix.
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Figure 3 —Lower hemisphere equal area pole plot of bedding and cleavage orientations in surface outcrops of the (a) 
volcanic rocks in Balmer Township. Bedding orientations are based on the elongation direction of pillows 
where facing directions could be determined; (b) sedimentary rocks of the CSB in Balmer Township; SI cleav 
age is axial planar to the earliest folds in bedding.
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PROXIMRL 
Western Volcanic Complex

Mineralized Zones at the Campbell 
and Dickenson Mines DISTRL 

Eastern Volcanic Belt
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Approximate scale

Figure 4 —Interpreted restored stratigraphic section through volcano-sedimentary sequence in Balmer Township. Hock 
unit symbols as in Figure 2 except VA - variolitic andesite; cumulate zones in intrusions: filled squares = cu 
mulate pyroxene; open squares - cumulate plagioclase. Cross- correlation between the WVC and EVB pro 
vided by the feeder sills and by interflow volcaniclastic sediments in the WVB which extend out as graded 
wacke-mudstone units (fine dot and open circle symbol) into the CSB, and partly intercalate with individual 
flow units in the EVB.

are transected by syn-sedimentary breccia dikes con 
taining locally derived and exotic clasts of bedded chert 
and iron formation, set in a black siliceous and sulphide 
matrix. These breccia dikes are commonly flanked by 
zones of hydrothermal alteration, and are presumably the 
result of syn-sedimentary hydrothermal exhalative activity 
within the sedimentary basin.

MacGeehan's surface mapping has shown that the 
volcanic rocks have undergone several stages of hy 
drothermal alteration on a regional scale, the earliest of 
which (in mafic volcanic rocks) consisted of the develop 
ment of bleached zones around pillow borders and 
flanking quartz-epidote-filled fractures, 'pipes', and other 
irregular structures, that appear to have been the con 
duits for the hydrothermal fluids, (cf. Harrigan and Ma 
clean 1976; MacGeehan 1978). This alteration clearly 
predated deformation and cleavage development, and 
chemical analyses (e.g., Unit PLB (EVB); Table 1) indi 
cate the addition of Na and loss of considerable quanti 
ties of Fe, Mg, Au (and commonly Si) from within the 
bleached zones. The chemical nature of the alteration is

shown by plotting iron, magnesium, and gold against the 
normative quartz plus alkali-feldspar content of the rocks 
(Figure 5) (i.e., Thorten and Tuttle 1960, Differentiation In 
dex, Figure 8). The association of this early (syn-volcanic) 
alteration in the volcanic rocks with syn-sedimentary hy 
drothermal alteration and brecciation within the interca 
lated exhalative metasediments suggests that the two 
events were contemporaneous, both resulting from sub- 
seafloor geothermal activity which leached these ele 
ments (Fe, Mg, Au ± Si) from the volcanic rocks, and then 
transported and reprecipitated them at the seafloor to 
form the exhalites.

Regional studies indicate that other periods of hy 
drothermal alteration, in part preceding, but certainly 
synchronous with and continuing after deformation, are 
superposed on the early hydrothermal alteration. Most 
significant, from the point of view of exploration, is a wide 
aureole of intense alkali depletion which envelopes the 
ore-bearing schist zone of the Campbell and Dickenson 
mines (Figure 6). That this alteration postdates the earli 
est syn-volcanic alteration is demonstrated by the preser-
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Table 1: Normalized Major Element Composition of Unaltered and Hydrothermally Altered 
Samples of the PLB Basalt (Figs. 2,^)

Analysis /hi 2 3 4 5 6 7 8 9 10

Sample No.: PM93 PM94 PM95 PM96 PM97 PM99 M119A 120-1 120-2 PM121

Si02 50.12 51.02 49.32 49.68 52.66 52.10 48.96 51.02 51.63 54.56

Ti02 .98 1.02 1.00 1.04 1.41 1.28 1.20 1.33 1.30 1.25

A1J) T 15.53 15.88 15.84 16.16 21.64 20.52 19.99 20.57 19.67 19.28

Fe203

FeO

MnO

MgO

CaO

Na20

K2 0

P205

S

.04

14.14

.22

6.34

11.48

.93

.07

.10

.06

2.39

10.03

.20

6.62

11.58

1.06

.06

.10

.04

2.49

10.51

.22

5.06

12.95

2.32

.09

.10

.1.0

2.53

10.19

.24

6.85

9.64

3.47

.08

.09

.03

1.39

5.27

.19

4.49

7.49

5.20

.10

.12

.05

2.27

5.94

.32

3.51

9.86

3.83

.09

.12

.17

2.07

7.50

.32

3.29

13.16

3.26

.08

.11

.05

1.39

6.53

.20

4.15

9.17

5.41

.11

.12

.01

1.41

6.87

.25

4.10

10.49

4.05

.10

.11

.02

1.22

5.55

.20

3.85

9.41

4.48

.09

.11

.01

FeO* 14.18 12.18 12.75 12.47 6.52 7.98 9.36 7.78 8.14 6.65

Analyses K 1-4, unaltered or least altered samples of the PLB basalt; fl 5-7 samples 
from bleached zones flanking quartz-epidote filled vein structures; # 8-10 samples 
of the bleached borders to pillows.

Analyses were made by X-Ray Laboratories Limited, Don Mills, Ontario, 
on -200 mesh ground sample powders by XRF, on fused pellets, and checked 
using a Seimens type VRS Vacuum Spectrograph at Queen's University.
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Figures—FeO* (total iron as FeO), MgO, Fe2O3 and Au 
plotted against D.I. ("differentiation index" = 
alteration index) of samples of PLB basalt unit 
(ci. Figure 2). Au determined by neutron acti 
vation analysis by X-Ray Assay Laboratories, 
Don Mills, Ontario.

vation of bleached zones (of the type which are alkali-en 
riched in the EVB) within the zone of alkali depletion. 
Localized zones of talc-chlorite alteration bordering mafic 
to ultramafic sills within the Campbell mine and flanking 
the mafic to ultramafic intrusion north of the Campbell 
mine (Thompson 1979) also appear to be pre- or syn-me- 
tamorphic, as is the abundant iron-magnesium-rich car 
bonate alteration represented by swarms of variably 
transposed veinlets associated with larger gold-bearing 
veins in both mines and in linear belts of schistose vol 
canic rock in the EVB. Two later hydrothermal alteration 
events postdate cleavage development: (1) narrow sili 
cified zones localized along the borders of pre-existing 
quartz-carbonate veinlets and along later faults and frac 
tures in the volcanic rocks; and (2) bleached zones of 
carbonate-rich alteration that transect the chert-banded 
iron formations in the CSB.

In the Campbell and Dickenson mines, the gold-bearing 
mineralized zones occur within a sequence of massive to 
pillowed mafic flows, andesite, rhyolite, and interflow iron 
formations and volcanogenic metasediments that are 
transected by an ultramafic sill and by two massive frac 
tionated gabbroic bodies (Campbell and Dickenson dior- 
ites) that may possibly have been flows. The geology of 
Numbers 14 and 15 levels in the Campbell and Dicken 
son mines respectively, is shown in Figure 7. All the rocks 
are strongly deformed. In the Campbell mine, a thick se 
quence of interflow metasediments including iron forma 
tion and hydrothermally altered wacke (now 'altered rock' 
in part) forms an intensely folded 'mobile zone' between 
two more stable blocks of volcanic rock. There is no evi 
dence of large-scale folding outside the 'mobile zone' at 
Campbell, and the pillowed mafic flow units face consist 
ently south in both mines (R. Church, and M. Chowaniec 
1979, personal communication). Most stratigraphic con 
tacts and all pillow elongation directions are parallel to 
the penetrative cleavage, which strikes between 0900 
and 1350 . Metamorphosed mafic to felsic dikes which 
postdate most of the deformation, occur locally. All the 
volcanic rocks are alkali-depleted and variably chlori- 
tized and silicified. In addition, the ultramafic parts of the 
sills are flanked by wide zones of talc-chlorite-carbonate 
alteration (collectively termed 'altered rock' at the Camp 
bell mine and 'chicken feed' at the Dickenson mine) that 
masks the identity of the adjacent volcanic rocks. How 
ever, the amount of strain(as indicated by the deforma 
tion of veins), the extent to which a cleavage is developed 
(i.e., the fissility of the rock), the types of cleavage which 
can be identified, and the nature and abundance of veins 
varies considerably among the lithologies. In 'altered 
rock' (ultramafic sills and bordering alteration zones) 
there are commonly two cleavages, one striking 0900 and 
in part parallel to early barren fibrous chlorite-carbonate- 
quartz veinlets, and one striking 110-1300 which over 
prints the first cleavage and early veins. Veins in altered 
rock are much less deformed, and show a lesser degree 
of preferred orientation than those in other lithologies, in 
dicating the unit is generally less strained than the other 
units in the mines. Mafic flows in most areas have only 
one cleavage, though locally an early cleavage striking 
100-1200 is overprinted by a later cleavage striking 
120-140". The earliest cleavage in the altered rock ap 
pears to have formed synchronously with (but in a 're 
fracted' orientation to) the dominant cleavage in the ba 
salts, and to have predated and controlled the orientation 
of both the barren veinlets in the altered rock, and the ma 
jor gold-bearing veins in the mafic flows. Locally, a gently 
dipping, relatively undeformed set of late veins ('Late 
Set') are present.

The mineralization is dominantly of two types: 
fissure-filling veins of banded carbonate (dolomitic), 
'chert' (very fine grained quartz), arsenopyrite ± quartz, 
pyrite, magnetite, and native Au; and, silicified replace 
ment mineralization in which both the rock and pre-exist-
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Figure 6—Contoured peraluminosity index (mole percent AI2O^(Na2O + K2O + CaO); (Spitz 1973) plot of analyzed 
samples (filled circles) in Balmer Township.
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Figure 7—Geology compilation map of Number 14 level, Campbell Red Lake Mine (CRLM) and Number 15 level, Dick- 
enson Mine (DM). In the CRLM the outline of the ore zones (black) and geology of the underground workings 
are from mapping by P. MacGeehan and D. Rigg; the strike continuation is taken from drill core logging and in 
terpretation by members of the CRLM Geology Department. In the DM the outline of the ore zones and geol 
ogy is taken from drill core logging and underground mapping by members of the DM Geology Department, 
and from a map compiled by Derry, Michener and Booth (Private company report to DM, 1977). 
Symbols for geology of CRLM: Ba - basalt undifferentiated; Va - variolitic andesite; Vr - rhyolite; VBx - 'Al 
tered rock' (see text); MMB - metasediment mobile belt. DM: Vam 2 - medium-grained 'andesite' including 
Campbell 'diorite'; Vam-fine-grained 'andesite'; Bd-diorite; Val- acid lava (- variolitic andesite of CRLM?), 
Bsp - serpentinite; Vbx - 'chicken feed' (^ 'Altered rock' of CRLM); S - sediments. Symbols for ore zones: F, 
A, L, G, SC (South C) ESC (East South C).
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ing fissure veins were replaced by fine-grained granulose 
quartz, auriferous arsenopyrite, pyrite, and native Au. 
Most mineralized zones consist dominantly of one or the 
other mineralization type, though at least some of each 
type occurs in most zones. Where the two occur together, 
the replacement mineralization is normally superimposed 
on the fissure veins. An additional mineralization type oc 
curs in the East South C Zone of the Dickenson mine and 
whereas this zone is on the strike continuation of the main 
F-A-South C fissure vein system in the Campbell and 
Dickenson mines, it is petrologically quite different and 
consists mainly of disseminated sulphide mineralization 
in silicified volcanic rock and iron formation.

Ore zones consisting mainly of fissure veins are of 
two types: foliation-parallel vein systems up to thousands 
of feet long, oriented approximately parallel to the domi 
nant foliation in homogeneous and generally basaltic host 
rock, and foliation-oblique veins, which are wider, but of 
more limited strike extent, controlled by faults (especially 
faults that juxtapose different lithotypes) that transect the 
foliation. Each fissure vein system consists of a multiple 
series of separately emplaced lenticular veins which, in 
any one area, contain a common sequence of mineral as 
semblages, but which, on a larger scale, in the major foli 
ation-parallel vein system of the mines (A-F-South C sys 
tem, Figure 7) show a lateral zonation from silica-rich 
vein-fill, flanked by bleached silicic or sulphidic alteration 
envelopes in the east, to carbonate and carbonate-mag 
netite-rich veins, flanked by magnetite-rich selvages in 
the west. The fissure veins, which constitute the bulk of 
the mined ore, show an impressive dip continuity, most 
extending from the surface to the maximum limit of mining 
to date.

The G Zone, Campbell mine is an example of an ore 
zone comprised mainly of banded carbonate-'chert' 
fissure veins. The zone is about 120 m long and 4.5 m 
wide, and occurs on the faulted foliation-transgressive 
contact of a pillowed basalt with an intrusive sill of diorite 
('Dickenson diorite') and ultramafic rocks ('altered rock'). 
Smaller parallel veins of similar character occur within the 
sill. The western side of the G Zone (and similar subsidi 
ary veins in the area) contains a zone of wall-rock breccia 
fragments set in a matrix of banded carbonate-chert in 
which the banding defines semi-spherical structures ori 
ented convex outwards from the fragment boundaries. 
East of the breccia zone, finely layered (2 to 20 mm) car 
bonate-chert with conformable blade-shaped layers of 
arsenopyrite grade upward into finely layered 'chert' with 
minor carbonate but with a few thicker (1 to 2 mm) arse 
nopyrite layers. Some concentrically zoned spherical 
structures up to 2 m diameter (similar to those in the ma 
trix of the breccia) occur on the west side of the zone, but 
most of the layering is broadly conformable with the G 
zone boundary, although 'unconformities', slump-like 
structures, and breccia zones occur locally. The layering 
may have formed by the recrystallization of a carbonate- 
silica gel, the crystallizing minerals either nucleating 
along the vein wall, on the surface of breccia fragments, 
at discrete nucleating points within the vein, or (predomi 
nantly) along planes that appear to be relict after deposi 

tional surfaces formed as the vein was infilled. A replace 
ment-type silicified zone from 0.5 to 2.5 m wide occurs 
along the eastern side in the central part of the G Zone, 
and similar silicified zones border small quartz-carbonate 
veins and 'heal' faults in the adjacent 'altered rock 1 wall- 
rock.

Analyses of 56, G Zone channel samples for Au, As, 
S, and Cr show some degree of correlation of gold and 
arsenic within the chert and the silicified zone, but no cor 
relation among the elements for the other types of miner 
alization. The S, As, and Cr contents of the chert and sili 
cified zones are significantly higher on average than in 
the banded carbonate, presumably because the initially 
high Fe of the 'altered rock' promoted precipitation of py 
rite and arsenopyrite from the solutions during replace 
ment, whereas the Cr remained relatively immobile.

The 2151 zone is an example of an orebody com 
prised dominantly of high-grade silicified replacement- 
type mineralization. It occurs at the intersection of a ba 
salt-altered rock contact with a layered carbonate-chert 
vein developed along a major fault with a plan view dis 
placement of over 30 m. The silicification has affected the 
main and subsidiary small veins (the banded carbonate 
has been partly to entirely leached whereas the 'chert' re- 
crystallized to coarse granoblastic quartz), and a broad 
zone of surrounding altered rock and basalt. Relicts of 
partly replaced boudinaged and crenulated veinlets 
within the silicified zone, and the obliteration of the cleav 
age normally associated with such deformation indicate 
that the silicification postdated the main 100-1300 mine 
cleavage. However, a later cleavage striking 130-1500 
occurs in rocks bordering the silicified zone.

Analyses of 36 channel samples from the 2151W 
zone for Au, As, S, and Cr indicate a minimum correlation 
between Au and As in the silicified wall-rocks, but there is 
no correlation of Au with S and Cr. A notable feature 
shown by the chemical data is the quite constant Cr con 
tent of variably mineralized basalt (-250 ppm) and 'al 
tered rock' (—1400 ppm), indicating its immobility during 
the silicification,

A study of the time relationships of cleavage devel 
opment, metamorphic recrystallization, and emplace 
ment of mineralization indicate that the initial stage of de 
formation and cleavage development was associated 
with the formation of barren veinlets in fractures at an an 
gle to cleavage in basalt. Whereas the first veinlets to be 
formed were deformed and rotated towards the cleav 
age, new fractures formed, and the process was repeat 
ed, the resulting complex of intersecting ptygmatically 
folded and boudinaged barren veinlets resembling vein 
arrays in migmatites. At this time, veinlet formation occur 
red in the 'altered rock', but there was little penetrative 
strain. Following this initial stage of deformation and me 
tamorphism, the complex of large, gold-bearing veins 
was emplaced in the basalts in a complex series of 
stages, interspersed with periods of brecciation, faulting, 
and possibly, in some areas, ductile flow, which caused 
folding and boudinage of pre-existing veins. In the 'al 
tered rock' barren sheeted veinlet zones formed. The re 
placement-type silicification appears to have mainly
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been formed late in this mineralization sequence, since in 
most areas, it overprints fissure veins. Probably following 
this protracted period of mineralization, but perhaps oc 
curring before at least some of the silicification, there was 
a second major period of ductile deformation, the devel 
opment of the second cleavage, and the partial overprint 
ing of previously formed metamorphic minerals by new 
metamorphic minerals.

HELMSTAEDT, P.J. MACGEEHAN, AND O.M. RIGG
canic Belt has resulted in the leaching of Fe, Mg, Au, and 
lesser Si from tholeiitic volcanic rocks, and almost cer 
tainly was the source of Fe and Si deposited as volcanic 
exhalative iron formations between flows, and in the Cen 
tral Sedimentary Belt. If the leached gold was also depos 
ited in the exhalites, then it may have been mobilized 
from the exhalites into the ore zones in the adjacent vol 
canic rocks during metamorphism and deformation.

Summary and Exploration 
Significance
A number of features of the geological environment of the 
Campbell and Dickenson mines distinguish it from other, 
unmineralized parts of Balmer Township in the following 
ways.
1) The area is lithologically complex, the gold ores occur 
ring in a succession of mafic to felsic volcanic flows, vol 
caniclastic rocks, and volcanic exhalative metasedi- 
ments cut by a large volume of ultramafic to mafic 
subvolcanic intrusions, and a minor volume (but probably 
still anomalous amounts) of mainly late to post-deforma 
tion mafic to felsic dikes. Surface mapping indicates the 
succession represents a volcanic centre which is flanked 
by a coeval sedimentary belt comprised dominantly of 
volcanic exhalative rocks.
2) The area of the mines is more deformed, and the rocks 
more fissile than the area as a whole.
3) The ore zones occur within an envelope of alkali-de 
pleted rock which extends a considerable distance strati- 
graphically above the ore-bearing sequence, outside the 
zone of anomalously fissile rocks. According to the data 
of Pirie (1980), the zone of alkali depletion is also a zone 
of Sb and As enrichment, and extends westwards from 
the Campbell and Dickenson mines to the Cochenour 
mine, and thence northwards towards East Bay of Red 
Lake (Pirie 1980 Figure 6). The ore-hosting sequence is 
also characterized by abundant carbonate which occurs 
as disseminations and variably transposed veinlets in 
mafic rocks, and as a pervasive alteration of ultramafic 
rocks.

All of the mineralized zones studied in detail in the 
Campbell and Dickenson mines are epigenetic, and 
formed after the initial development of cleavage in the 
rocks. However, this does not preclude the possibility 
that syn-volcanic ore zones occur within the mines. The 
disseminated sulphide ore of the East South C zone may, 
in part, be syngenetic, though it appears to form part of a 
major epigenetic fissure vein system in the mines.

Sub-seafloor geothermal activity in the Eastern Vol-
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Abstract
The sedimentary rocks of Silurian and Devonian age 
found in southwestern Ontario are extensively used as a 
source of construction material. The purpose of this re 
search was to determine the various geotechnical prop 
erties of durability and strength of the geological units 
used, and to classify the units accordingly.

Strength tests included both destructive (uniaxial 
compression and point load) tests, and nondestructive 
(sonic velocity and Schmidt hammer rebound) tests. Dur 
ability tests included freeze-thaw, magnesium sulphate, 
and abrasion tests. Thermal and isothermal expansion 
was determined. Sorption characteristics, including ad 
sorption at controlled humidities and absorption by im 
mersion and under vacuum were carried out. The textural 
classification according to R.J. Dunham (1962) was ap 
plied and relationship of texture to geotechnical proper 
ties determined. Major oxide determinations were made.

The formational units of southwestern Ontario were 
found to have distinct geotechnical properties. Bertie Ak- 
ron Formation and the Detroit River Group were found to 
be the strongest and weakest, respectively. On the other 
hand, the Detroit River Group and the Bois Blanc Forma 
tion were found to be the most and the least durable re 
spectively.

Texture was found to affect both strength and dura 
bility properties, but the latter to a lesser extent. Matrix- 
supported rocks and microdolomites were found to be 
the strongest. High clay and silica content was seen to 
decrease durability.

Introduction
Certain sedimentary rock units of southwestern Ontario 
are extensively used as construction material sources. As 
such, they must possess certain engineering properties 
of strength and durability. These properties are generally 
known for the individual source. However, the relation 
ship of the strength and durability of the rock to the geo 
logical unit, and the variability of these properties within 
the unit, both vertically and laterally, have not been syste 
matized.

The purpose of this research was to determine the 
various geotechnical properties of the most used geolog 
ical units and, by averaging and interrelating the proper 

ties, arrive at a general engineering classification of the 
units. The textural and compositional characteristics, not 
normally considered as engineering properties, were 
also determined and related to the geotechnical results.

The second phase of the research concentrated on 
the rock units exposed on Manitoulin Island. The current 
investigations by the Ontario Geological Survey's Engi 
neering and Terrain Geology Section provided three sets 
of cores which allowed lateral comparison of geotechni 
cal properties of the units.

Area of Study
The rock units studied belong to the Paleozoic section of 
the Michigan Basin, a large intracontinental structure. 
The structure has its eastern margin in southern Ontario. 
The most obvious manifestation of this boundary is the Ni 
agara Escarpment. Formed because of the resistance to 
erosion of Middle Silurian rocks, its dip-slope to the south 
and west is covered by a considerable thickness of till. A 
major part of the sampling was carried out along the Es 
carpment from Niagara Falls to and including Manitoulin 
Island. Many quarries along the escarpment supply con 
struction materials to the surrounding areas. Sampling 
was confined to the quarries so that unweathered sam 
ples only were obtained.

To the south and west of the Niagara Escarpment, 
resistant beds of Upper Silurian to Devonian age may be 
found. The lithology of these units is broadly similar to the 
Middle Silurian rocks (mainly limestone and dolostone). 
Quarries existing in these units have been sampled.

A third set of sampling locations was between Inger- 
soll and Woodstock where there is an area of thin drift 
cover. The Middle Devonian rocks found here are quar 
ried principally as raw materials for steel flux and for ce 
ment manufacture.

Three drill hole cores, one from the extreme western 
part, one from the middle area, and one from the extreme 
eastern part of Manitoulin Island are being used in the 
second phase of the study, now underway. In addition, 
outcrop ledges were sampled across the length of the is 
land to provide comparison to the core samples.

The study area thus extends from close to the main 
centres of population in Ontario, i.e. Toronto, London, 
Hamilton, and the Niagara Peninsula, to the single largest 
potential source of construction material in southwestern 
Ontario, Manitoulin Island. There is an increasing de-
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mand for crushed stone from the rock units studied, and 
there is also likely to be further construction of highways 
and other large engineering structures which will interact 
with the bedrock. The aims of the study and the areas 
chosen coincide, therefore, with the current needs for in 
formation.

Previous Geotechnical 
Problems and Studies
It has been observed that abnormally high horizontal 
stresses exist in the rock formations sampled in this work 
(White et al. 1973; Lo et al. 1975). The area affected by 
these stresses is a belt about 30 km wide which stretches 
from Rochester, New York around Lake Ontario to be 
yond Toronto. Although confirmed many times in Silurian 
rocks, the presence of high stresses has not been investi 
gated in Devonian strata. The cause of stresses is un 
known; O.L. White et al. (1973) suggest that they are due 
to unloading of ice during deglaciation, whereas K.Y. Lo
(1978) suggests that their cause lies in a tectonic origin, 
involving the theory of plate tectonics.

Limited data concerning the engineering properties 
of the rocks of the area are available. K.Y. Lo and M. Hori
(1979) investigated the strength and deformation charac 
teristics of rocks from the Amabel Formation and con 
cluded that the non-shaly lithologies are essentially iso 
tropic in these properties. Shaly dolomites and shales 
(the latter not sampled in this study) are distinctly aniso 
tropic.

Sampling and Testing 
Procedures
Sampling
Block samples were taken from 30 quarries in the first 
study area (Niagara Peninsula). They were large, weigh 
ing up to 25kg, and generally of tabular form. It was in 
tended to obtain representative samples of predominant 
lithologies and formational units in each quarry. Out of 90 
samples collected, 69 were selected for strength-testing 
and 78 for durability-testing.

The units sampled are representative of those either 
available or currently in use as construction materials. 
They therefore represent the "better" quality rock.

Sampling Procedure
The stratigraphy and petrology of the quarries of Ontario 
are well documented (Hewitt 1960, 1962; Hewitt and

Yundt 1971; Hewitt and Voss 1972). The lithologies and 
sections described were used as guides in sampling the 
quarry faces.

The practice at each quarry was to make an initial 
estimate of the number of lithologically distinctive units to 
be sampled. If this corresponded to the major divisions 
previously identified, that number of samples were taken. 
If a contradiction was found, the field estimate prevailed. 
Where possible, the quarry face was sampled; where, 
due to its height this proved dangerous, loose blasted 
blocks of units representing the quarry face units were 
selected from the shot pile. Although this introduced 
some uncertainty as to the origin of the block, it is near 
certain that it represented the desired rock unit.

Sample Description and Classification

To determine any dependence of physical properties on 
lithologic variation, the samples were described and 
classified. Many classification schemes are available for 
use with carbonate rocks (e.g., Leighton and Pendexter 
1962; Folk 1959). The scheme selected in this study is by 
Dunham (1962) and is based on two parameters. First, a 
division is made on the basis of whether the fabric is ma 
trix- or grain-supported. The second grouping within 
these divisions is based on grain-size criterion. It is a sim 
ple classification and relatively easy to use with hand 
specimen and with thin-section samples. Morever, it em 
phasizes the type of interaction between particles in the 
rock rather than, for example, the genetic aspects of the 
formation of the rock. It is considered to be more applica 
ble to the study of physical properties of carbonates than 
the other classifications available.

Most of the Silurian and many of the Devonian units 
of the Michigan Basin have been affected to some de 
gree by dolomitization. The recrystallization caused by 
this will clearly have an effect on the physical properties. 
Since there is no generally accepted classification of do- 
lostones and related rock types, the grouping of Dunham 
was extended to include them. Thus, the dolomitized 
equivalent of a lime mud is a microdolostone, i.e. the 
"mud" having been recrystallized. The textural implica 
tion of the terms wackestone and packstone are pre 
served, but conditioned by the word dolomitic instead of 
lime. Dolomitized samples were identified by acid reac 
tion, and determination of MgO.

The samples were thus combined into three major 
groups: 
A: matrix-supported dolostones (includes microdolo-

stones)
B: limestones with a predominance of matrix support 
C: limestones or dolostones with a predominance of grain

support.
The grouping was based on the hypothesis that if any 
systematic variation in strength was lithologically related, 
then these divisions would be the most likely to reflect it.

124



The distribution of these groups within each stratigraphic
unit is shown below.

Detroit River Gp
Dundee Fm
Bois Blanc Fm
Bertie Akron
Guelph Fm
Amabel Gp
Reynales Fm

Totals:

(DRG)
(DF)
(DBF)
(BA)
(GU)
(A)
(R)

A
—
—
5
7
4
7
2

25

B
8
4
2
3
—
3
2

22

C
2
—
2
—
7
8
1

20

Total
10
4
9*
10
11
18
5

67
*Two samples were calcarenites and were not included.

The Devonian strata are generally of the grain-supported 
limestone type. The Silurian rocks are predominantly mi- 
crodolostones, but have an appreciable component of 
matrix-supported textures. There is a significant variation 
in fabric in the Silurian units, which has no clear geo 
graphic distribution.

Tests and Test Results

The testing can be initially divided into two categories: 
durability and strength testing. Durability testing deter 
mines the rock's response to surface environment, i.e. the 
resistance to weathering. The results of tests can be used 
to predict the suitability and quality of the rock when used 
as crushed stone aggregate. Strength testing determines 
the physical properties of the rock, which may be of im 
portance in construction if the rock is to be used as foun 
dation or other types of support.

Strength Testing

The testing in this genera! category can be divided into 
destructive and nondestructive (static and dynamic) test 
ing. The uniaxial compressive strength is the simplest in 
dex parameter which describes the properties of rock 
both in situ and as aggregate material (Attewell and 
Farmer 1976), and is an example of destructive testing. In 
a few circumstances it would be used for design pur 
poses as an index to the range of properties which may 
be expected in masses of given rock type. Since com 
pressive strength is determined using small intact sam 
ples, the overall strength of rock masses is overestimat 
ed. The parameters calculated from this test were the 
unconfined uniaxial compressive strength, the tangent 
modulus at 50 percent of the final load, and the initial tan 
gent modulus, measured at a load of 450 kg. Although it 
was attemped to keep the length: diameter ratio constant 
at 2 for all samples, this was not always possible, and the 
correcting formula of L. Obert and W.T. Duvall (1967) was 
applied.

00 = 0^(0.78 + 0.220/1)
where Co = strength of cylinder of L/D ratio of 1; 
Cp = strength of cylinder of actual L/D; L = length of cylin 
der; D = diameter of cylinder.
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Strength values are therefore quoted as the equivalent for 
cylinder of L/D ratio of 1 . The test was performed on both 
dry and saturated samples.

The point load strength test, which gives an index of 
strength related to tensile strength, is advanced as a 
classification test by E. Broch and J. A. Franklin (1972). 
The advantage of the test over the conventional uniaxial 
compression test is in the smaller force required to fail the 
sample, the ability to use irregular samples, and the 
smaller scatter of results obtained.

The point load test was also done on cores obtained 
from the blocks. The core was loaded through hardened 
steel points across a diameter, causing failure in tension. 
A point load index is determined as follows:

Is^P^DxD)
where Is = point load index P = final load; 
M. C. D. = diameter.

Nondestructive Testing
The obvious disadvantage of the tests described above 
is that the sample is totally destroyed. It is therefore im 
possible to examine, for example, the effect of longterm 
environmental impact on rock properties. The static elas 
tic moduli of a rock may be determined repeatedly on a 
single sample, but some permanent deformation after re 
laxing the load is inevitable. Use of nondestructive, ultra 
sonic testing technique, where shear and compressional 
wave velocity are determined, allows the repeated deter 
mination of these parameters. These may be used to di 
rectly determine the dynamic elastic modulus (e.g. 
McCann and Hobbs 1977) and also be a guide to the 
compressive strength. Since the sample is not destroyed, 
it may be used for further tests such as the compressive 
strength test, as was done in this work.

Ultrasonic testing was carried out immediately be 
fore the strength testing, the same sample being used in 
both dry and saturated states. The core was placed be 
tween two composite shear and compression wave trans 
ducers with a resonant frequency of 1000 Hz.

Some difficulty was encountered in "picking" the 
transmitted pulse from the background noise when no 
coupling aids were used. "Moly" multipurpose grease 
was used as a coupling fluid and a load of 3.5 kN was ap 
plied across the core. In this way, the compression wave 
velocity was measured successfully for all samples. How 
ever, it was not possible to detect and/or accurately mea 
sure the delay of the shear wave pulse through some 
samples.

The time for the pulse to travel from one transducer 
to the other was measured on the oscilloscope using the 
delayed time base facility. The travel time for each type of 
wave was measured with the transducers together (T^; 
then the time was measured with a sample between them 
(T2). The velocity (V) was determined by the following 
simple arithmetic, where L = core length;

The dynamic Young's Modulus is given by:

where R = V/p/Vs ; p density; Vp = compression wave 
velocity; Vs ^ shear wave velocity.
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Schmidt Hammer Test
This test is a nondestructive measure of rock strength. 
The measurement made is the rebound distance of a 
plunger which is impacted onto the rock surface. P. G. 
Carter and N. Sneddon (1977) have described this test 
as "acceptable as rapid and inexpensive for the strength 
assessment of strata on site". In this study, the test was 
performed on surfaces parallel and perpendicular to the 
bedding. Each orientation was tested at least five times 
and an average rebound number was calculated.

Durability Testing
Durability tests were done on cores and on crushed sam 
ples obtained from the blocks after the cores were taken. 
The durability testing included 'soundness' determina 
tion, water adsorption at controlled humidity, water ab 
sorption, thermal and isothermal expansions, and abra 
sion tests. Chemical analyses for major oxides (Mg, CaO, 
AI2O3 , SiO2) and insoluble residue determination were 
also done.

Soundness Tests
Soundness tests are designed to established the rock's 
response to weathering (principally frost action, wetting 
and drying, heating and cooling cycles) by laboratory 
simulation of these processes. One such test, used as a 
specification test by Ontario Ministry of Transportation 
and Communications (MTC) is the magnesium sulphate 
test. This test was, in fact, done by the aggregate testing 
laboratory of the MTC in Toronto. In the test, the sized 
crushed rock sample is immersed in a saturated solution 
of magnesium sulphate, and then dried in an oven at 1050 
C. Crystallization of the sulphate in rock pores is sup 
posed to simulate frost action. Five cycles are usually 
performed, and the results are presented as percent of 
the sample breaking up and thus passing the original 
sieve size.

Another soundness test performed consisted of 
freezing and thawing a sized, saturated crushed rock for 
five cycles and determining the loss as above. The satu 
rating solution used was 5 percent NaCI solution to accel 
erate breakdown.

Expansion Tests
Thermal and isothermal expansion of cores was deter 
mined using a newly developed laser diffraction system. 
The ends of cores were mounted in holders with arms, 
across which a narrow gap was established. Changes in 
the gap with changes in the length of the specimen were 
monitored by changes in a laser diffraction pattern pro 
duced by the gap.

The thermal expansion was determined over a +40 
C to +350 C temperature range. Isothermal expansion

was determined by observing length changes between 
dry and saturated states of the sample at constant tem 
perature. The larger the total isothermal change, the less 
durable the sample is expected to be.

The isothermal behaviour of the rock upon wetting is 
worth noting. Most rocks, especially the more durable, 
show an initial contraction expressed in thermal contrac 
tion equivalents of a few degrees celcius. This is followed 
by relaxation to near original dry state length. The less 
durable rocks, on the other hand, also show an initial con 
traction, but this is followed by expansion equivalent to 
several tens of degrees of thermal expansion. The less 
durable rocks (as determined by soundness tests) then 
show a much larger isothermal length and volume 
changes upon wetting and drying. This explains their lack 
of durability.

Chemical Analyses

Chemical analyses were performed primarily to deter 
mine the effect of clay content of the carbonates on their 
durability. A direct relationship is observed between the 
clay (and silica) content and soundness losses. Insoluble 
residue is often (but not always) related to the clay and 
silica content, and thus also is an indicator of durability.

Abrasion Test

The Abrasion test performed was the standard Los Ange 
les Abrasion test (ASTM C-31). The test is designed to 
simulate the resistance to wear of rock and aggregate 
used in the surface environment, such as exposed ag 
gregate in concrete pavement. The test consists of tum 
bling sized aggregate in a drum with a charge of steel 
balls. The loss is expressed as percent passing a given 
sieve size (Tyler #12). Abrasion resistance has only a 
casual relationship to the strength of the rock particle.

Adsorption and Absorption 
Determination

The durability of rock is determined by its resistance to 
water in its various phases (vapour, liquid, ice). The size 
of the rock pores, the degree to which they are normally 
filled with water, and the total internal surface area of the 
rock that is available to rock-water interaction determine 
the durability of the rock. Adsorption and absorption 
properties of the rock determine these parameters. Ad 
sorption at 45 percent relative humidity (RH) at 220 C is a 
measure of the internal surface area of the rock. Adsorp 
tion at 98 percent RH gives the proportion of the small ca 
pillaries existing in the rock ^ 5 ^m diameter). Absorp 
tion by immersion indicates the proportion of larger 
pores. Absorption by vacuum saturation gives the pro 
portion of unfilled pore space, or degree of saturation, 
that the rock contains when normally saturated.
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Table 1. Means of Strength Parameters

DRG S DF BBF B - A AM b R 
Parameters

Comp. Uave, km/s 
Dry

Ue t

Shear Wave, Km/s 
Dry

Wet

Uniax. Compres. 
Strength, M Pa 

Dry

Wet

E Modulus, 
tangential, M Pa

Dry Density, Mg/mS

Schmidt hammer 
rebound number

STRENGTH RANK

Abbreviations for Tables 1 and 2

DRG s Detroit River Group 
DF - Dundee Formation 
BBF = Bois Blanc Formation 
B - A = Bertie Akron Formation 
A = Amabel Formation 
R s Reynales Formation 
GU = Guelph Formation

1?p ci i If c nf Fvrmritno-nl-c eter, the greater is the rock strength. If ranks of formations
rveuuiis ui experiment^ are taken and added an overa|| ranking of the formations
-. . . , u -i - -r u, is obtained. This is recorded in the table under StrengthThe experimental results are presented in Tables 1 and 2 Rank |t |s seen that the Bertie Akron Formation with a
a? .me?n? ^ fC for^atlon or a^P8 ?f formatlons rank of 1 can be considered as containing the strongest
shidied Table 1 gives the means of the strength tests. unjt and the Detroit River Group and Dundee Formation
The higher the value m the table for the particular param- as the weakest units with a rank of 4
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Table 2. MEANS OF DURABILITY TEST RESULTS 

DRG DF BBF BA GU A
Parameter

Chemical Analyses:
Insol.Res. Z 4.30 8.92 29.40 10.59 2.89 9.90 8.23

MgO l 0.94 3.25 10.56 19.05 21.30 19.73 20.90

AI 203 l 0.71 0.95 0.80 0.95 0.65 1.00 1.05

Si0 2 ^ 1.^3 6.26 25.95 7.85 3.54 9.53 7.82

CaO l 54.09 45.84 12.85 27.18 29.37 27.52 25.98

Durability Tests: *1
Sulph. Test 2.26 11.73 10.08 4.86 5.17 7.89 11.67

Freeze-Thaw 11.78 24.25 30.39 15.8 10.24 17.59 23.80 

L.A. Abr. 21.6 25.8 23.7 23.0 27.7 21.2 16.5

Sorption Tests: *2
ABSSD 1.14 0.46 1.05 1.92 1.15 1.44 1.18 
ABSVSD 1.45 2.19 1.41 3.13 1.94 2.23 1.69 
ADS95RH .015 .044 .072 .074 .035 .097 .108 
ADS45RH .007 .035 .039 .040 .011 .064 .055

Isothermal Expansion: *3
ESSD*4 24 360 -231 205 62 -28 357

M Durability expressed as percent loss
*2 Sorption expressed as percent water gain

ABSSD = Absorption, saturated surface dried 
ABSVSSD = Absorption, Vacuum saturated surf, dried 
ADS95RH = Adsorption at 9507o rel. hum., 22 deg. C. 
ADS45RH = Adsorption at 4507o rel. hum., 22 deg. C.

e 3 Isothermal expansion (- contraction), dL/L x 10-5
f 4 Expansion, saturated surface dried
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Figure 1—Effect of texture on durability.

Table 2 gives the means of durability tests for each 
formation unit. The Detroit River Group can be consid 
ered as the most durable, closely followed by the Guelph 
and Amabel Formations. Bois Blanc Formation is least 
durable. The above results are in fact born out by experi 
ence. The Amabel unit is the source of much of the high 
quality aggregate used in the Niagara Peninsula. The De 
troit River Group, although the most durable, finds a 
higher economic use as fluxstone and cement stone and 
is not generally used as construction aggregate.

Figure 1 gives the effect of texture on durability as 
expressed by magnesium sulphate test results. It also 
shows the frequency of occurrence of the various textural 
types in the rocks studied. Although high losses tend to 
be associated with certain textural types, the same types 
also contain a significant proportion of low-loss samples.

Figure 2 shows the relationship of texture on com 
pression wave velocity. A similar relationship also holds 
for uniaxial compression strength results. Microdolomites 
and matrix-supported limestones give higher velocities, 
and higher strength results than do grain-supported lime 
stones.

Conclusions
1) Formational units of southwestern Ontario have distinct 
strength and durability characteristics.
2) Strength and durability are not synonymous terms. 
Units with high strength characteristics do not necessar-
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MICRODOLOMITE

MATRIX-SUPPORTED

GRAIN-SUPPORTED

5 5^5 6 6.5 km/sec

5 5,5 6 6.5 km/sec

i*.5 5 5.5 6 6.5 km/sec

Figure 2—Effect of texture on compressional velocity.
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ily have high durability characteristics.
3) Texture of carbonates has a direct bearing on their 
strength characteristics, but has lesser impact on their 
durability.
4) Clay and silica content of carbonates have an inverse 
relationship to durability; the higher the clay and silica, 
the lower the durability.
5) Formations maintain their general strength and durabil 
ity characteristics over significant distances laterally.
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Grant 7 Field Investigation of Use of Horizontal Deep 
Drains to Stabilize Clay Slopes

T.C. Kenney and K.C Lau
Department of Civil Engineering, University of Toronto

Abstract
A study is being undertaken to determine the effective 
ness of horizontal deep drains in clay slopes in reducing 
groundwater pressures and thereby increasing the stabil 
ity of such slopes. A full-scale field test is being con 
ducted at Wabi Creek near New Liskeard, Ontario.

In March 1979, five horizontal deep drains, each 38 
m long, were installed in the slope. The effectiveness of 
the drains in reducing groundwater pressures is being 
monitored with piezometers. Measurements of ground- 
water pressures have indicated that the drains have not 
been as effective as expected. Several possible reasons 
for this are being investigated.

Introduction
There are many regions in Ontario which have problems 
with the instability of clay slopes, particularly along rivers. 
In the past a great deal of research effort has been di 
rected towards understanding the mechanics of land 
slides. Comparatively little effort has been made to de 
velop technology which could be used to prevent 
landslides.

Water has been found to be almost always the agent 
that contributes most to instability of slopes and, there 
fore, drainage of surface and subsurface water appears 
to be an effective means for improving stability.

During the past few decades, the installation of hori 
zontal deep drains from the base of slopes to reduce 
groundwater pressures of pervious materials has been 
found to be very effective. However, with a few excep 
tions, attempts have not been made to use horizontal 
deep drains in clay slopes, and the reason is probably 
'that many believe that because little water drains out of 
clay soils, little improvement of stability of a clay slope will 
result. This concept is incorrect; horizontal drains should 
be equally effective in reducing groundwater pressures 
in slopes in clay soils as well as more pervious soils, al 
though a longer period of time would be required for the 
drains in clay soils to become fully effective.

In order to determine the effectiveness of horizontal 
deep drains in reducing the groundwater pressures in 
clay slopes, a full-scale field test is being conducted. The 
test site is located 1.5 km north of New Liskeard, Ontario.

The slope consists mainly of varved clay and the ground- 
water pressure pattern within the slope has been moni 
tored regularly over a period of nine years (every two 
weeks with more than 50 piezometers). The effectiveness 
of the five horizontal deep drains is being monitored by 
determining changes in groundwater pressures resulting 
from the installation of the drains.

1978/1979 Research Program
During this period, progress was made in three areas, 
a) Location of drains and relocation of piezometers. For 
the purpose of an earlier research project, 63 piezome 
ters were installed in 1970 in a section of the banks of the 
Wabi Creek on the property of the New Liskeard Agricul 
tural College of Technology. This slope is now being used 
for research on horizontal deep drains. In order to make 
the most effective use of the existing piezometers, those 
piezometers which were not suitably located were placed 
at new sites for the purposes of this research program. 
About 300 m of piezometer pipes were extracted from the 
ground; the holes were sealed and the pipes were re-in 
stalled to form 25 new piezometer points, 
(b) Design of drains. The drains consist of 5 cm diameter 
slotted plastic pipe with 5.6 cm diameter couplings and 
wrapped in filter cloth.
c) Development of predictive method. Different analytical 
approaches for the prediction of the change in ground- 
water pressures due to the installation of horizontal deep 
drains were considered. Owing to the complexity of the 
boundary conditions, the difficulties in modelling the 
drainpipes and for economy, the integrating finite-differ 
ence method was found to be the most suitable method 
for this research program.

1979/1980 Research Program
During this period, progress has been made in the follow 
ing areas.
a) Installation of horizontal deep drains. In March 1979, 
five horizontal deep drains, each 36 m long, were in-
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stalled. Each drain was installed by first drilling a hole 
with standard diamond drill casing (B-size casing) and 
then inserting the drain. The holes were inclined at a 
slope of about 1 0 upward into the slope. The final align 
ments of the drains were determined with a bore-hole di 
rectional inclinometer and the maximum deviation from 
the desired location was about 0.6 m.
b) Groundwater pressure monitoring. After the installation 
of the drains, groundwater pressures and rate of water 
discharged from the drains were monitored on a weekly 
basis for six months and then the interval between read 
ings was extended to two weeks.
c) Determination of the permeability profile of the slope. 
In order to determine the infiltration rate of water into the 
slope, the permeabilities of the slope at different depths 
were determined by conducting falling-head tests with 
the existing piezometers. The results of these tests are 
not very consistent. This might be due to a disturbed 
zone of soil around the piezometer tips created during 
the installation of the piezometers. A different method for 
the determination of the rate of deep infiltration will be 
tried, based on recording the change in groundwater 
pressures with time at a series of points located along 
vertical lines, and relating these records to the rainfall 
record.
d) Installation of electrical piezometers. Six vibrating wire- 
type electrical piezometers were installed at the test site. 
These were located in two groups at the top of the slope, 
each group consisting of three piezometers at approxi 
mately 3 m, 6 m, and 9 m depth from the ground surface. 
One group of piezometers is located near drain No. 4 and 
is being used to determine the groundwater pressure 
around the drain. The other group of electrical piezome 
ters is located away from the drains and is being used to 
determine the rate of groundwater pressure change in re 
sponse to rainfall, i.e. the rate of deep infiltration.
e) Development of predictive method. A modified inte 
grating finite-difference computer program from the Uni 
versity of California was used to model the slope and the 
drains. In conjunction with the integrating finite-difference 
program, a slope stability program, which can handle the 
ground-pressure output from the integrating finite-differ 
ence program directly, is used to analyse slope stability. 
With this type of input, the groundwater pressure 
changes around the drain may be more accurately repre 
sented and thereby will give a more accurate analysis of 
slope stability.

Discussion of the Work
After the installation of the horizontal deep drains, 
groundwater pressures in the slope were monitored by 
piezometers. These measurements have indicated that 
the drains have not caused groundwater pressure de 
creases of the magnitude expected, i.e. the drains are 
not as effective as expected. There are several possible 
reasons for this, namely:
1) The diameter of the drains is too small.
2) The efficiency of the drain is small because the filter

T.C. KENNEY&K.C. LAU
cloth around the drain is being pressed by the soil 
against the plastic pipe and is not conducting water 
along the outer surface of the drainpipe between drain 
age slots.
3) The rate of deep infiltration of water from the ground 
surface is sufficiently great to negate the drainage 
influence of the drains.
4) The rate at which groundwater pressures change in re 
sponse to the drain installation is slow, and significant 
changes will occur over long periods of time.

In order to determine the influence of drain size, an 
analytical parametric study has been conducted using a 
time dependent model. The case studied is shown in Fig 
ure 1 A, and the effect of drain size on the effectiveness of 
horizontal deep drains in reducing groundwater pres 
sures and thereby increasing the stability of the slope, is 
shown in Figure 1 B. The change in groundwater pressure 
pattern after one year from the installation of the drain for 
a section of the slope is shown in Figure 1C. This clearly 
shows the influence of drain size on the potential of hori 
zontal deep drains to reduce groundwater pressure.

In April 1980, a packer was designed and con 
structed (Figure 2). This instrument will be used to deter 
mine the possibility of the filter cloth being clogged 
around the drain and the possible reduction in permeabil 
ity of the filter cloth along the outer surface of the drain 
pipe between drainage slots due to the soil pressures 
against the drainpipe. By inserting the packer in the 
drainpipe, the rubber seals will be inflated under air pres 
sure. Water will then be introduced into the space be 
tween the inflated rubber seals and the rate of water flow 
out of the drainpipes through the slots around the pipe 
measured, and the permeability of the filter cloth deter 
mined.

The rate of water infiltration into the ground from the 
ground surface will be determined by continuous moni 
toring of the lines of electrical piezometers which were in 
stalled earlier this year. With the high sensitivity of the 
electrical piezometers, the rate of infiltration can be deter 
mined by the response time and the magnitude of the 
change in groundwater pressure readings of the piezom 
eters at different depths with respect to the rainfall rec 
ord.

Future Research Program
The piezometers at the test site will continue to be moni 
tored at a time interval of two weeks.

During the summer of 1980, two deep borings are to 
be made to obtain undisturbed clay samples. Laboratory 
tests will then be conducted on these samples to deter 
mine the consolidation properties of the soils in the slope. 
This information will aid predictions concerning the rate of 
change of groundwater pressures resulting from the in 
stallation of drainage devices. During the same period 
the permeability of the filter cloth wrapped around the 
drains will be determined with the use of the packer.
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A Drain Location 

Figure 1A—Cross section of the slope analyzed.
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F/'gure 7 C—Calculated groundwater pressure pattern around different sizes of drain after one year. Drain spacing is 7 m.
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Figure 2—Equipment for drain hole permeability test.

The groundwater pressure pattern around the drain 
will be determined by inserting an electrical piezometer 
at different positions close to the drains.

A parametric study of the various factors that 
influence the effectiveness of horizontal deep drains 
(such as drain length, spacing, diameter, etc.) will be 
conducted and design charts will be developed from this 
study.

position to draw firm conclusions at this time. However, it 
is our opinion that the small and slow response of ground- 
water pressures to the installation of drains is due to the 
fact that the drains are spaced too far apart, and are too 
small in diameter. Should this opinion be supported by 
our subsequent work, it will be our intent to install addi 
tional drains at some future time in order to prove or dis 
prove the feasibility of using horizontal drain holes to sta 
bilize clay slopes.

Concluding Remarks
Since there are a number of questions to be answered in 
the final phase of this research program, we are not in a
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Grant 56 Geochemistry and Field Relations of Lode Gold 
Deposits in Felsic Igneous Intrusions

R. Kerrich, B.E. Gorman, and W.S. Fyfe
Department of Geology, University of Western Ontario

Abstract
Numerous lode gold deposits are associated with felsic 
igneous intrusions (porphyries) in greenstone belts. This 
study investigates the geochemistry, field relations, and 
structural control of gold deposits in felsic stocks from the 
Timmins and Kirkland Lake areas, in order to propose 
guidelines for exploration strategies.

It is concluded that the mineralized felsic porphyry 
as a whole exhibits anomalous enrichments of Na2O, vol 
atiles, and 5 18O compared to the barren porphyry. These 
patterns reflect pervasive albitization and hydration, cou 
pled with oxidation and deposition of carbonate 4- sul 
phate, which are characteristic of large-scale spilitization 
by thermally driven seawater convection in proximity to 
the hydrosphere at temperatures between ^000C - 
3500C.

Gold-bearing quartz veins were precipitated from 
hot (4200C - 4800C) acidic, reducing fluids of meta 
morphic origin, whose access was controlled primarily by 
hydraulic fracturing.

The initial results demonstrate that it is possible to 
formulate field and geochemical parameters to discrimi 
nate between those felsic intrusions which are favourable 
hosts for gold mineralization, and those which are not. 
The methods are suitable for rapid, large-scale areal sur 
veys. It is emphasized that although large volumes of fa 
vourable intrusions are characterized by a low degree of 
gold enrichment that is sub-economic, each one exam 
ined did contain ore-grade lodes. Thus, the large-scale 
geochemical anomalies of these intrusions provide a 
much larger exploration target than the presence of the 
lodes alone, by a factor of ea. 100.

trusions and their extrusive equivalents: the so-called 
porphyries. The purpose of this project is to investigate 
the processes of gold mineralization in these rocks and to 
propose petrologically sound guidelines for integrated 
exploration programs on both regional and detailed 
scales.

The specific aims of the study are:
1) to delineate the geochemical and isotopic characteris 
tics of mineralized porphyries, and those which are bar 
ren;
2) to identify the nature of the ore-bearing solutions and 
their hydrological regimes;
3) to examine the structures and petrography of mineral 
ized porphyries for evidence of physical controls on ore 
deposition.

Field Localities
Reconnaissance sampling programs were carried out at 
the Dome, Pamour Porcupine, and Aunor Mines in the 
Timmins area. Gold-bearing quartz veins and their al 
tered porphyry hosts (Preston, Paymaster, and Pearl 
Lake Porphyries) were collected. In addition, sampling of 
the Northern Porphyry and other barren felsic intrusions 
provided "control" material.

In the Kirkland Lake area, a suite of altered syenites 
in proximity to gold-bearing quartz veins was collected 
from the Kerr Addison Mine. Additional data were avail 
able from the Gutcher Lake granodiorite (Ego Mine, 
Wawa) and from an earlier study of the East Malartic Mine 
in Quebec.

Introduction
A large number of lode gold deposits in Archean green 
stone belts are spatially associated with felsic igneous in-

Scope of Study
With reference to the principle aims outlined above, addi 
tional comments concerning the philosophy and scope of 
the investigation are discussed in more detail.
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Geochemical Characteristics of 
Mineralized Porphyries
A detailed sampling program of mineralized and barren 
felsic porphyries is underway to assemble a data bank of 
geochemical analyses supplemented with rigorous geo 
logical control provided by individual mine geologists.

Modern approaches to mineral exploration empha 
size the overall geological and geochemical (metallogen 
ic) environment in conjunction with the search for specific 
elements or associated pathfinders. The geochemical 
analysis of auriferous felsic intrusions is directed towards 
this end, whereby large targets with localized high gold 
potential may be identified by parameters other than the 
presence of gold anomalies alone. In this context, it is 
well known that anomalous gold contents are not in them 
selves a reliable guide to economic deposits, whereas 
multiple geochemical "screens", such as Au -i- As -t- B 
may prove to be more successful.

We are directing attention towards developing geo 
chemical screens on the scale of entire intrusions to pro 
vide the rationale for more costly exploration decisions 
such as drilling blind targets. A statistical routine (Corres 
pondence Analysis) has been implemented in order to 
process geochemical data. This technique, developed 
by M. David et al. (1977), permits the reduction and dis 
play of a large data matrix by means of factor analysis, 
whereby interrelationships may be evaluated between 
the attributes of the samples (e.g. weight percent oxides) 
and between the samples themselves. These are the R- 
and Q-modes, respectively.

With the recent advent of regional geochemical sam 
pling strategies and low-cost whole-rock analyses as an 
exploration tool, this technique will permit one to glean 
the maximum information from a large data bank. As out 
lined below, there are promising indications that such a 
screen can be formulated.

The Nature and Motion of Fluids
In the last decade, there have been significant studies 
documenting the role of large-scale fluid convection 
associated with the cooling of igneous bodies in conti 
nental and submarine environments. The magnitude of 
this process (Norton and Knight 1977) and its contribu 
tion to ore deposition (Taylor 1974) are well established. 
Geothermal discharge on the ocean floor has been di 
rectly observed (Corliss et al. 1979; Franchteau et al. 
1979), and the geochemical effects of seawater circula 
tion through ocean floor basalts (spilitization) have been 
investigated (Fyfe and Lonsdale 1980, in press).

Modern techniques involving solution chemistry, 
oxygen isotope mass spectrometry, and fluid inclusion 
studies yield valuable information concerning the origin, 
composition, and temperatures of hydrothermal solutions 
recorded as alteration patterns in rock. The extent to 
which an igneous body interacts with thermally driven 
fluid convection is governed primarily by the permeability
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of the body and its surrounding medium. This, in turn, is 
related to the confining stress (related to the depth of em 
placement) and the extent of fracturing (whether by 
forceful intrusion, thermal contraction, or hydraulic frac 
ture due to fluids). The physical aspects of these proc 
esses are relatively well understood (Fyfe et al. 1978; Ker 
rich 1980).

The application of these techniques to lode gold de 
posits associated with felsic intrusions emplaced near 
the Archean hydrosphere has the potential for both eco 
nomic and scientific rewards.

Progress to Date
Geochemical Relations in Mineralized
versus Barren Felsic
Porphyries
Table 1 summarizes the geochemical data from the Tim 
mins area. The Preston Porphyry (Dome Mine) contains 
ore-grade gold-bearing vein stockworks, whereas the 
Northern Porphyry is barren and was used for control pur 
poses. Sampling was extended to include several unmin- 
eralized surface exposures of the Preston and Paymaster 
Porphyries.

From field observations and inspection of Table 1, 
the following conclusions emerge.
1) The mineralized Preston Porphyry as a whole exhibits 
an anomalous enrichment of sodium and volatiles when 
compared to the barren Northern Porphyry.
2) The above features are reflected by the pervasive de 
velopment of secondary albite and hydrous alteration 
minerals (mica, chlorite) in addition to carbonates.
3) The Preston Porphyry is enriched in Au throughout its 
volume, and contains ore-grade gold within and adjacent 
to vein stockworks. The base metal abundances are vari 
able.
4) Gold and base metal values in the barren Northern 
Porphyry are within the normal background levels.
5) All gold-bearing felsic porphyries examined exhibit 
pervasive oxidation of iron (hematite) together with varia 
ble amounts of secondary carbonate and sulphate miner 
als (esp. the Pearl Lake Porphyry). These features are ab 
sent in the barren Northern Porphyry.

A similar pattern is recognized from a suite of altered 
syenites in proximity to Au-bearing quartz veins collected 
from the Kerr Addison Mine in the Kirkland Lake area (Ta 
ble 2). With the exception of carbonate-rich rocks, all 
samples have high Na2O contents. The high contents of 
Ni, Cr, and Co in the carbonate-rich samples demon 
strate that these elements are mobile in solution and may 
not be reliable discriminants for carbonatized ultramafic 
rocks.

Table 3 summarizes the results of an earlier study on 
the East Malartic Mine in Quebec, confirming that the 
anomalous enrichment of sodium in mineralized porphy 
ries is neither a localized nor spurious event.
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Table 1: Summary of major and selected trace element abundances of weakly-mineralized 
porphyries, gold-bearing veins, and unmineralized porphyries from the Timmins 
area

Preston and Paymaster porphyries-low Wall rock 
Au enrichment to vein

Si02

Ti02

A1203

Fe203

MnO

MgO

CaO

Na20

K20

P2o5
S03
L0l(3)

Total

Au

Ag

Ni

Gr

Co

Cu

Zn

Pb

As

Rb

Sr

Y

Zr

V

u

Th

Nb

Be

35LH 21H Pll

70.18 61.53 63.07

0.24 0.34 0.31

15.14 16.10 15.19

1.94 3.30 3.35

0.024 0.05 0.05

0.84 1.85 1.92

1.76 3.64 3,22

6.90 6.74 6.68

1.34 1,31 1.11

0.09 0.08 0,12

0.72

2.37 6.20 5.20

100.82 101.14 100.94

.22 .12 .09

.11 .30 -

12 18 19

23 23 30

14 - 41

488

20 39 53
-

— - -

13 34 31

135 461 593

6

68 96 115

24 ~ 38
-

-

-

0.2 - n.2

P12

62.51

0.32

15.99

3.22

0.05

1.51

3.28

4.99

2.27

0.09

0.57

5.68

100.48

.16

8

26

34

3

35
-

-

57

293
-

134

42

-

—

—

n.s

P13

61.49

0.32

15.95

3.27

0.04

1.37

3.11

4.50

2.69

0.10

1.10

5.06

99.00

16

54

89

-

30
-

-

71

288

2

137

43

—

—

_

n q

P14 21B

62.84 44.27

0.30 0.35

15.95 26.80

3.28 3.73

0.06 0.06

1.56 2.42

4.09 4.61

4.39 6.31

2.33 2.73

0.09 0.14

0.30

6.73 9.78

100.89 101.20

6 5

27 12

79

1 1

22 31

55
-

63

312 12

1

- -

37 1

— —

.

n t; 10

Au-bearing veins

B21A B21B B21PV 21A

0.002 0.03 0.004 0.004

0.02 2.05 0.05 0.02

0.18 1.61 1.91

0.01 0.02 0.04

0.18 0.55 1.59

0.70 1.37 3.41 0.08

0.01 0.05 0.05 0.02

0.50

0.02 0.01

— — — —

— - - —

-

n(D

54 (1) -

5 50 7 4

12 34 16 4

79 203 172 425

1 211 2 1

32 2760 36 4

55 4180
-

12 27 88 10

— ~ — —

— — — —

12

0.5 9.5 - 0.5
-

1.2



Table l (continued)

Northern Porphyry Paymaster Porphyry Preston Porphyry 
(barren) (unmineralized) (unmineralized)

NP1 NP2 Pill A PM2

Si02 64.79 66.10 66.60 69.50

Ti02 0.58 0.59 0.32 0.44

A1203 15.51 15.82 15.90 12.40

Fe203 4.92 4.71 2.67 4.14

MnO 0.08 0.08 0.04 0.03

MgO 1.94 1.90 1.70 3.83

CaO 4.18 4.62 0.82 0.52

Na20 3.90 3.82 8.76 6.35

K20 2.01 1.32 0.28 0.19

P 05 0.18 0.20 0.14 0.12

so3
L.O.I. (3) 1.57 1.80 1.15 1.69

Total 99.66 100.97 98.38 99.21

Au .002 .001

Ag -

Ni 48

Gr 53

Co 38

Cu 306

Zn 40

Pb 18

As

Rb

Sr 813

Y 22

Zr 126

V

U

Th

Nb 40

Be

Composite average of 3 samples 
(2)

PM3 PP1A PP1B PP1C PP2A PP2B

67.60 65.10 66.20 63.20 65.80 65.80

0.31 0.31 0.30 0.30 0.30 0.32

16.00 16.00 15.80 15.80 16.80 17.10

2.14 2.60 2.28 2.98 3.02 2.79

0.06 0.06 0.06 0.08 0.06 0.05

1.32 1.68 1.34 1.75 1.60 1.49

2.81 3.37 2.73 3.64 2.13 1.73

3.69 2.68 3.72 3.14 2.73 2.73

2.18 2.59 2.21 2.19 2.71 2.79

0.11 0.11 0.11 0.14 0.16 0.15

3.69 3.85 2.69 4.31 1.92 2.23

99.91 98.35 97.44 97.53 97.23 97.18

(3)
Unmineralized surface exposures

Loss on ignition at 1000OC (uncorrected for oxidation of iron)



from the Kerr Addison nine

Altered syenites
Carbonate-rich 

syenites
quartz veins 
; . in syenites

Si02

A1203

Fe203

MnO

MgO

CaO

Na20

P2o5
S03 

L.O.I.

Total

Au

Ag

Ni

Gr

Co

Cu

Zn

Pb

As

Rb

Sr

Y

Zr

V

U

Th

Nb

Be

38SyC

60.80 

.47

12.23

3.31

.70

2.78

4.62

6.56 

.18

8.99

100.64

—

0.2

28

43

98

11

12

10

518

11

142

20

7

33

.3

38SyA

66.15 

.36

13.60

.16

.03

1.22

2.14

7.84 

.13

7.24

98.87

1.0

^.2

20

24

48

7

10

11

404

10

174

13

8

27

.4

38SyB

64.55 

.50

16.81

4.12

.04

1.51

1.33

8.89 

.11

.09 

2.20

100.15

1.3

0.8

48

64

75

26

27

15

424

16

197

47

7

38

.5

SyA

61.61 

.53

17.36

3.90

.02

.73

.90

9.53 

.16

.04 

6.09

100.87

1.4

0.6

43

59

57

5

11

12

407

11

221

32

10

44

.5

SyB

38.88 

.51

8.87

10.80

.17

17.57

5.47

1.52 

.56

.03 

15.26

99.64

0.02

^.2

805

1970

107

85

96

8

210

11

54

165

-

18

.5

SyC

30.78 

.90

17.90

17.89

.06

23.62

.83

1.03 

.74

7.93

101.68

0.03

^.2

2460

5850

204
-

364

8

39

12

56

616

-

11

1.6

32

29

32 (14)

44 (20)

74 (25)

15 (10)

16 ( 9)

—

-

-

-

27 (18)

8 (.5)
-

.4 (.1)

(1) Average of 3 samples. Figures in parentheses represent one standard deviation. 
Where no standard deviation is quoted the abundance was determined on a composite 
sample.



iaDJ.e j: wnoj.e-rocK. analyses or le-tsic porpnyrys rrom cne tast naxarmc nine, 
Quebec *^

Altered porphyry 
Slightly altered porphyry with gold veins Quartz veins in porphyry

Si02

Ti02
A1 f)A12U 3

Fe203

MnO

MgO

CaO

Na20

K20

P 0 2U5

S03

L.O.I.

Total

Au

Ag

Ni

Gr

Co

Cu

Zn

Pb

As

Ba

Rb

Sr

Y

Zr

V

U

Th

Nb

Be

4A1
67.35

.49

14.80

3.19

.04

.94

2.78

5.38

3.83

.16

-

1.45

100,41

—

-

13

30

16

4

48

25

-

1608

52

1120

5

193

47

-

-

7

1.2

4B1
65.07

.53

15.15

3.28

.04.

1.22

2.82

5.66

3.06

.20
-

1.98

99.01

—

-

15

29

26

5

51

30
-

1514

49

842

12

205

65

-

-

4

1.2

4B2
64.44

.52

12.68

3.39

1.82

1.30

3.33

6.87

.88

.20
-

2.21

98.54

—

-

14

28

20

34

26

15

-

284

26

498

10

203

60

-

-

12

1.6

b
67.14

.48

15.15

2.70

.04

1.01

3.29

4.92

3.00

.17

-

2.49

100.39

—

-

13

28

28

1

46

15
-

—

1100
-

-

109

63

-

-

-

1.0

9B
66.38

.51

14.74

3.41

.03

1.29

2.84

8.26

.91

.23
-

1.33

99.93

—

-

17

32

25

2

51

10
-

—

30

1020

4

74

-

-

6

1.7

9B1 9B2 Average v '

.14 .18

130

— — 5

24 8 16 (8)

6 10 12 (7)

209 324 247 (66)

4 7 4 (3)

7 9 8 (1)

7 10 4 (5)

60

— — —

58

420 385
-

85

1 87 34 (46)

-

-

32 37
— — —

^ R. Kerrich, unpublished results (1977).
(2)

Average of 9 analyses. Figures in parentheses represent one standard deviation.
Where no standard deviation is quoted the abundance was determined on a composite 
sample.
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Table 4: Condensed summary of geochemical parameters which exhibit large-scale 
anomalies in gold-bearing porphyries, compared to barren porphyries

Porphyries containing Au-bearing veins Au-bearing
veins 

21H PH P12 35LH 21B B21A

Na20 6.74 6.68 4.99 6.90

L.O.I. (1) 6.20 5.20 5.68 2.37

18 
6 O quartz 13.87 11.96 12.99 17.35 13.93 14.19

Au (ppm) 0.12 0.09 0.16 0.22 29 36

Barren porphyry 

NP1 NP2 

3.91 3.58 

1.57 1.80

10.20 9.54 

0.002 0.001

Loss on Ignition at 1000 C, uncorrected for oxidation of iron.

Oxygen Isotopic Studies
Oxygen isotopic ratios were determined on mineral sepa 
rates from gold-bearing quartz veins, their host rocks 
(Preston Porphyry), and a barren stock (Northern Porphy 
ry). The results are presented in Table 4.

Samples of the unmineralized parts of the Preston 
Porphyry and the barren Northern Porphyry exhibit 
whole-rock 5180 values between 9700 and 12^0 with A 
quartz-albite fractionations corresponding to hydrother 
mal alteration at temperatures ranging from < 2000C to 
3500C. These data are interpreted in terms of low-temper 
ature interaction with seawater (8 18O ~ O'&o). Further 
studies are in progress to evaluate if the degree of so 
dium enrichment in the porphyries can be related to the 
temperature and extent of seawater interaction.

Quartz separates from gold-bearing quartz veins 
and the mineralized Preston Porphyry host yield consist 
ent 5 18O values with ranges of ^4%o - ^5%o and 140X00 - 
17^o, respectively. Equilibrium temperatures calcu 
lated from A quartz-muscovite and A quartz-chlorite frac 
tionations vary between 4200C and 4800C, implying gold 
deposition from a hydrothermal fluid with a 8 18O of 10Xo- 
11Xo: values which are more akin to metamorphic solu 
tions than seawater or magmatic fluids.

The salient conclusions of these data are as follows. 
1) Felsic porphyries containing economic lode gold de 
posits have interacted with seawater at relatively low tem 
peratures. The patterns of oxidation, carbonate and sul 
phate deposition, hydration, and sodium fixation in 
mineralized porphyries are consistent with the influx and

progressive heating of oxidized, slightly alkaline seawa 
ter. Experimental studies on plagioclase cation exchange 
with aqueous chloride solutions (Orville 1972) confirm 
that albitization of plagioclase (spilitization) will occur in 
response to heated chloride solutions with Na+Ca^ rat 
ios equal to, or greater than, that of seawater. 
2) The gold-bearing solutions are metamorphic in origin, 
likely derived from dehydration reactions in mafic rocks at 
depth. Gold deposition occurred at relatively high tem 
peratures (4200C - 4800C).

The Nature of the Gold-Bearing Fluids
A large body of Soviet literature is concerned with the 
chemistry of solutions responsible for hydrothermal auri 
ferous quartz veins based on fluid inclusion studies. A re 
view of the literature 1 permits several broad generaliza 
tions to be made: the initial mineralizing fluids are high- 
temperature sodium chloride solutions, rich in C02 , likely 
reducing (low redox potential) and acidic. With decreas 
ing temperature and increasing wall-rock alteration, the 
solutions are progressively enriched in bicarbonate 
(HCOi), calcium and magnesium, sulphur (as SO42 - or 
H 2S by reaction with iron silicates), fluorine, and light hy 
drocarbons (methane: CH4 ). Fluid inclusions adjacent to

1E. Roedder (Editor): Fluid Inclusion Research: Proceedings of 
the Commission on Ore-Forming Fluids in Inclusions (Univ. of 
Michigan Press: Ann Arbor), Volumes 1-10 (1968-1977).
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economic gold deposits record abrupt decreases in CO2 
(and concomitant increases in CH4). C.J. Bitter (1973) 
found a pronounced inverse correlation between Au in 
quartz veins and Na in fluid inclusions in quartz from the 
Lamaque Mine (Val d'Or, Quebec).

Additional information concerning the chemistry of 
gold-bearing solutions is derived from the mineralogy 
and geochemistry of the veins themselves. Reduction ha 
loes, carbonate alteration minerals, base metal sul 
phides, and concentrations of the relatively immobile ele 
ments (Au, Ag, Pt, Ni, Gr, W, As) at levels of several 
orders of magnitude greater than average crustal abun 
dances imply that the fluid was a high-temperature 
CO2-rich acid chloride solution with a very low redox po 
tential. Fracture-controlled vein stockworks suggest fluid 
pressures in excess of lithostatic pressure, such that the 
resulting hydraulic fracturing of host rocks propagate to 
wards the surface.

Implications for Exploration 
Strategies
It is well established that sodium fixation, 18O enrichment, 
hydration, and oxidation are large-scale processes in 
volved in spilitization of ocean floor basalts by reactions 
with convecting seawater. However, these processes 
have not been previously documented for felsic igneous 
intrusions emplaced in proximity to the hydrosphere. The 
data have several consequences for exploration strate 
gies.
1) The initial results of this investigation support the start 
ing premise that felsic intrusions which have strongly in 
teracted with ocean water, as determined from a number 
of independent geochemical criteria, are favourable host 
rocks for mineralization. The corollary to the hypothesis, 
that felsic stocks, which have not undergone cooling by 
large-scale fluid transport, do not contain significant 
metal concentrations, has also been found to be true 
locally. An important feature of these results is that, al 
though large volumes of the intrusions are characterized 
by only a low degree of gold enrichment, each one sam 
pled did contain high-grade lodes. The consequence of 
this finding is that any stock with anomalous values of the 
geochemical parameters has high probability as a poten 
tial target, and should not be dismissed on the basis of 
sparse low gold assays.
2) The isotopic character and inferred composition of 
gold-bearing solutions imply a metamorphic origin, de 
rived from prograde dehydration of mafic volcanic rocks. 
It is concluded that mineralized felsic intrusions will be 
most prevalent in proximity to thick successions of green 
stones where depths of burial and thermal gradients re 
sult in dehydration reactions. It is calculated that basalts 
undergoing the transition from greenschist- to amphi- 
bole-facies metamorphic conditions could release 15 
percent of their initial volume as water, in addition to C02 
for decarbonation reactions.
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3) Various structural and chemical considerations do not 
contraindicate the hypothesis that the various forms of 
gold deposits in Archean greenstone belts are the prod 
uct of a single hydrothermal episode. These forms in 
clude: hydrothermal veins due to hydraulic fracture of fa 
vourable hosts (such as the felsic porphyries), veins 
associated with fluid ponding beneath impermeable sed 
imentary horizons (e.g. stratiform carbonates); and auri 
ferous chemical sediments deposited on the ocean floor.
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Cr Deposits in Ultramafic-Mafic Volcanic Rocks
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Department of Geology, University of Western Ontario

Abstract
The objectives of the research program are to investigate 
the rocks and types of mineralization, specifically Au, Cr, 
and Ni, that are associated with ultramafic-mafic metavol- 
canics and chemical metasediments in the stratigraphi- 
cally lower parts of greenstone belts. For Au, studies 
have been conducted at the Dome and Aunor 
Mines-Timmins, Dickenson Mine-Red Lake, and Kerr 
Addison Mine-Kirkland Lake. Studies of Ni in the stated 
rock assemblage have been done at Redstone, Timmins. 
Evaluation of Cr is underway.

Auriferous metasediments are abundant in the Red 
Lake, Timmins, and Kirkland Lake areas. For the most 
part, they are physically associated with pyroclastic 
rocks, which reflects suitable hydrological regimes for 
gold mineralization. At the former two localities gold- 
bearing metasediments are disposed principally in the 
upper regions of the thickest mafic volcanic sequences. 
There is field, chemical, and isotopic evidence for cap 
ping of hydrothermal systems by hanging-wall tuffs to Au- 
bearing sediments. Capping involves silicification, carbo 
nation, microveining, heavy 5 18O values, and metal en 
richment in hanging-wall rocks. It is considered that the 
search for caprocks may be an important factor in explor 
ation for discriminating potentially auriferous vs barren 
metasediments. The majority of Au-bearing metasedi 
ments have Fe contents equivalent to or lower than their 
enveloping host rocks: this must be taken into considera 
tion when utilizing certain geophysical exploration techni 
ques.

Determinations of the oxidation state of iron and 
18Q/16Q, j n gold-bearing vein systems reveal that for all 
large producers analyzed these parameters fall within 
distinctive narrow ranges; in addition they provide a 
much larger target than Au enrichment alone. This infor 
mation enables evaluation of prospects against a data 
bank of case histories, because these parameters permit 
estimation of the mass relations of a system, rather than 
just local gold tenor; and define the optimum environment 
for gold deposition.

Redstone is an Archean stratabound massive nickel 
sulphide deposit located along the southern flank of the 
Shaw Dome within steeply dipping, southwest-facing da 
cite tuffs of the Deloro Group conformably overlain by, 
and interdigitated with komatiitic peridotite flows. A sul 
phide iron formation is stratigraphically above the main 
massive nickel sulphide horizon and grades laterally into

nickeliferous massive sulphide. Contact metasomatic 
rocks of massive actinolite, chlorite, and biotite occur at 
the interface of komatiitic and felsic metavolcanics, and 
enclose the massive nickel sulphide horizon.

Favourable empirical exploration guidelines for Ar 
chean massive nickel sulphide deposits as determined 
from this study are as follows.
1) Regional domal structures such as the Shaw Dome, 
with coincident major lineaments, such as the Burrows- 
Benedict and Montreal River Faults.
2) Key stratigraphic position - major change in volcanism 
from calc-alkaline to komatiitic.
3) Thin spinifex-textured flows overlying thick komatiitic 
peridotite flows.
4) Spatial association with iron formation, sulphide and 
silicate facies.
5) Presence of metasomatic assemblages which enclose 
and may be genetically related to ore. From these consid 
erations it is clear that for exploration, in addition to 
searching for specific geochemical anomalies, it is im 
portant to take into account the overall geological and 
geochemical environment.

Introduction
The objective of the study is to investigate, on a broad 
comprehensive basis, the rocks and types of mineraliza 
tion that are associated with ultramafic-mafic metavol 
canics and chemical metasediments in the stratigraphi 
cally lower parts of Archean greenstone belts in Ontario. 
Deposits of Au, Ni, and Cr are included. Specific objec 
tives are to describe the geological setting, and to evalu 
ate the geochemistry of the deposits plus their associ 
ated volcanic, volcaniclastic, and chemical sedimentary 
rocks. Detailed geochemical evaluation includes oxygen 
isotope and fluid inclusion determinations, together with 
major, trace, transition, and precious metal analysis. 
These results are being applied towards evaluating and 
quantifying the environment of ore deposition in terms of 
temperature, pressure, and the magnitude of fluid-rock 
interaction.

The majority of the work on gold is given in previous 
reports, and only the salient findings are outlined here. 
This summary report presents the majority of results ob 
tained on Ni at Redstone, Timmins. Evaluation of chro 
mium is underway.
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Results to date provide criteria for discriminating au 

riferous from barren metasediments. Analyses of 
Fe2 V2Fe and 18CV160 for many mines in terms of case 
histories demonstrate distinctive common features for all 
large producers. The data bank of analyses thus pro 
vides a screen for evaluating prospects and potential 
mines.

Gold
One of the essential problems in gold-exploration geol 
ogy is discriminating between a local, restricted anomaly 
and a potential large producer. Towards this end, various 
geochemical screens have been devised based on ele 
ment associations, such as Au + As, or Au -i- As -t- B, 
which improve the chances of discrimination between 
large and small ore-forming systems, given limited sur 
face exposure or drilling, but in themselves these are not 
infallible.

All hydrothermal ore deposits involve transport of 
aqueous fluids through the crust, and the magnitude of a 
system depends largely on the integrated fluid flow, and 
the controls of deposition. Our approach has been to use 
extensive geochemical parameters which are sensitive to 
the mass and properties of fluids in an ore-forming sys 
tem, i.e. to evaluate the signature left by the hydrothermal 
fluid, as registered in perturbations of oxygen isotopes 
and oxidation state.

A summary of oxidation state data obtained in this re 
search project, together with previous work, is reported in 
Tables 1 and 2 (Kerrich et al. 1979; Kerrich et al. 1977; 
Kerrich 1980; Fryer et al. 1979). All of the large vein-type 
orebodies have major reductive anomalies. Auriferous 
metasediments are either 'normal' (e.g. Dickenson) or 
significantly oxidized (e.g. East Malartic).

The size and lateral extent of anomalies in Fe^/SFe 
are compared for different sizes of Au-bearing veins in 
Figure 1. It is clear that this parameter provides a much 
larger target for exploration than Au concentration alone, 
and provides a means of evaluating the magnitude of an 
ore-forming system without recourse to extensive drilling 
programs.

Inspection of Table 3 reveals that all major gold- 
bearing veins have a 5 18O of 11 to ^5%0 , a 8 18O fluid of 7 
to 9*^0 and temperature of 320 to 4800C. These parame 
ters simply reflect the passage of large fluid volumes, that 
initially equilibrated with the crust at high temperature un 
der conditions of low water/rock ratios and subsequently 
precipitated gold over an optimum temperature range.

Oxygen isotope and oxidation state perturbations 
correlate, and both provide determinants of large-scale 
auriferous systems vs. local, restricted anomalies. The re 
ductive halo provides a much larger target than Au en 
richment alone. Taken in combination, the Fe^/SFe and 
18Q/16Q ratios enable evaluation of prospects against a 
data bank on case histories of known large producers.

ROBINSON, R.W. HUTCHINSON, and K. W. HODDER

Nickel
Regional Geological Setting
Redstone is an Archean nickel sulphide deposit located 
25 km southeast of Timmins, Ontario within the Abitibi 
belt, along the southern flank of the Shaw Dome (Figure 
3). The volcanic stratigraphy in the Timmins area is subdi 
vided into two ultramafic to felsic cycles, referred to as 
the Deloro and Tisdale Groups. The Deloro Group is inter 
preted to be older (cf. Pyke et al. 1978), and is confined 
mainly to the Shaw Dome.

The dome is a large east-west-trending elliptical 
structure with a core of calc-alkaline basaltic pillow lavas 
overlain by intermediate to felsic flows and pyroclastic 
rocks. Sulphide iron formation is at or near the top of the 
felsic pile and marks a major change in volcanism. Felsic 
pyroclastic rocks and iron formation are interdigitated 
with and overlain by a discontinuous but conformable se 
quence of komatiitic peridotite to basaltic flows of the Tis 
dale Group (Pyke 1975; Pyke etal. 1978; Muir 1979) (Fig 
ure 3). Komatiitic flows are overlain by a thick sequence 
of tholeiitic basalts and an uppermost volcanoclastic unit 
of calc-alkaline composition.

The Redstone, Langmuir, McWatters, and Hart nickel 
sulphide deposits are situated along the southern flank of 
the Shaw Dome at the interface of felsic metavolcanics of 
the Deloro Group overlain by komatiitic flows of the Tis 
dale Group and spatially associated with sulphide iron 
formation (Pyke and Middleton 1971; Coad 1977; Green 
1978; Kerrich etal. 1979).

Geology of the Redstone Deposit
Dacite tuff and minor flows of the Deloro Group are the 
oldest rocks in the study area and are footwall to the 
nickel sulphide horizon. The local trend of the southwest- 
facing host rocks is N120E, dipping southwest at 45 to 60 
degrees (Figure 4). Sulphide iron formation occurs at the 
top of dacite tuff, above and overlapping the main zone of 
nickel sulphide minerals, and grades laterally into nickeli- 
ferous massive sulphide. Sulphide iron formation is invari 
ably underlain by a hornfels-textured rock composed of 
manganese garnet megacrysts and large stilpnomelane 
sheaves within a pargasitic ferro-hornblende matrix, ac 
cording to the classification of B.E. Leake (1978). A min- 
eralogically zoned stratabound massive nickel sulphide 
assemblage, referred to as the R-zone, occurs at the top 
of dacite tuff overlain by komatiitic flows (Figures 4 and 
5).

Komatiitic flows of the Tisdale Group form the hang 
ing-wall to the nickel horizon and are interbedded with 
dacite tuff, indicating contemporaneity of the two vol 
canic series. Komatiitic flows are subdivided into two 
units based on stratigraphic position, physical, and 
chemical characteristics. The lowermost komatiitic rocks
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'TABLE 2 Determinations of EPe, Fe 2 *, and Pe 2VrFe in proximity to gold-bearing vein systems within a shear zone, 

and unmineralised portions of the shear zone.

Sample description

I.

II.

III.

IV.

V.

VI.

Wall rock: traverse 1,
4909 level epidote-
amphibolite metabasalt

Shear zone: traverse 1,
4900 level chlorite-
sericite schist

Wall rock: traverse 2,
4900 level epidote-
amphibolite metabasalt

Shear zone: traverse 2,
4900 level chlorite-
sericite schist

Shear zones: Au-bear-
ing schists, chlorite-
sericite-pyrite
(quartz) schists

Wall rocks epidote-
amphibolite meta 
basalt

Sample 
no.

1
2
3
4
5
6
7
8
9

10
11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

B14
B19
B23
B34
B51
B75
B82
B84
B94

B30
B45
B48
B58
B65
B68
B80
381
B89
B96

D120
0121
0122
0124
0125
0129
0131
0139
0140
0141
0186
0187
0190
0192
0193
0194
0227
0230
0231

0233
0235
0237
0239
0240

0126
0133
0190
0196
D226
D228
0232
0236
0241

LFe

8.27
7.39
7.73
7.36

10.36
9.27
8.90
8.62
9.24
6.79
6.61

7.39
7.34
7.78
8.29

11.59
7.67
8.44
7.49
9.35
9.35
7.29

10.89
7.67
9.77

11.16

8.74
7.76
7.67
8.23
9.63
8.79
9.21
7.67
8.15

7.85
8.38
6.22
8.93

13.04
11.96
7.95
9.69
8.13
7.87

8.60
2.29
4.51
7.08
8.91
2.63
4.18
4.51

10.00
9.55
2.32
4.69
3.40
6.92
7.00
8.99
2.35
6.89
6.33

6.10
6.75
8.93
6.58
3.08

7.00
7.76
7.48
8.71
8.51
7.87
7i64
7.56
7.90

Fe2*

6.30
5.50
5.91
5.49
8.34
7.05
6.32
6.71
6.99
5.16
5.34

5.61
5.81
5.87
5.87
8.41
5.96
6.67
5.54
8.48
8.40
5.84
8.12
6.07
7.97
8.60

7.52
5.84
5.23
6.53
8.42
5.89
6.50
5.23
6.12

6.78
7.06
4.69
7.33

11.19
10.00
5.78
7.84
6.01
5.53

8.35
2.28
4.41
6.36
8.02
2.64
4.18
4.15
8.98
9.43
2.24
4.37
3.41
6.32
6.60
7.83
2.21
6.53
6.04

5.89
6.74
8.32
6.54
3.00

6.27
5.27
6.55
7.37
7.12
6.43
6.18
6.01
6.32

""""

0.76
0.74
0.76
0.74
O.PO
0.76
0.71
0.78
0.75
0.76
0.81

0.76
0.79
0.75
0.71
0.72
0.77
0.79
0.74
0.90
0.90
0.80
0.74
0.79
0.81
0.77

0.86
0.75
0.68
0.79
0.87
0.67
0.70
0.68
0.75

0.86
0.84
0.76
0.82
0.86
0.83
0.73
0.81
0.74
0.70

0.97
0.99
0.98
0.88
0.90
1.00
1.00
1.00
0.89
0.99
0.97
0.93
1.00
0.91
0.94
0.87
0.94
0.95
0.95

0.96
1.00
0.93
0.99
0.97

0.89
0.68
0.88
0.84
0.83
0.82
0.81
0.79
0.80

Statistical 
functions*

n = 11
X = 0.76
a s 0.028

n = 15
X = 0.78
a = 0.056

n = 9
X = 0.75
a - 0.076

n = 10
X = 0.79
a = 0.058

n = 24
X = 0.95
a = 0.041

n = 9
X = 0.81
a = 0.061

Mean Au ppm

0.002

0.012

0.001

0.027

30

0.002

Source - Kerrich et al., 1977.

* n - number of determinations; X - mean of group a - one standard deviation.
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Figure 1—Relations of the parameter Fe^/SFe to gold abundance in systems of varying magnitude.
A - large-scale gold-bearing quartz vein in shear zone. Fe^/SFe*?, Au > W ppm. Note that Fe^/SFe > 0.8 
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C - Unmineralized domains of shear zone exhibit no Fe^/SFe anomaly and Au < 30 ppb.
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GRANT 27
are massive, thick (greater than 25 m), komatiitic perido 
tite, and peridotitic-pyroxenite flows according to the 
classification of NT. Arndt etal. (1977). Komatiitic perido 
tite flows are situated in a paleogeographic depression 
as illustrated in Figure 5. Komatiitic peridotite flows and 
iron formation are overlain by a sequence of thin (less 
than 10 m), flows of ultramafic to mafic composition. 
These rocks are intercalated with minor dacite tuff and 
quartz-feldspar porphyry.

An assemblage of monomineralic contact metaso 
matic zones composed of one of chlorite, biotite, actinol 
ite, and talc are developed at the interface of komatiitic 
peridotite flows and dacite tuff and enclose the massive 
nickel sulphide horizon. These zones occur in a sequen 
tial arrangement from talc-carbonate ultramafic rock to 
actinolite, chlorite, biotite, and felsic country rock as illus 
trated in Figure 6B (Tables 4 and 5). The units are gener 
ally a few metres thick, monomineralic, with minor acces 
sory minerals and sharp contacts between adjacent 
zones. Talc and actinolite assemblages are restricted to 
ultramafic rocks whereas chlorite and biotite alteration 
penetrates adjacent country rocks.

Metasomatic chlorite rock caps the nickel sulphide 
horizon and contains banded nickel sulphide lenses. Mi 
croprobe analyses of chlorite (Table 5), show that there is 
a continuum in FeO/MgO ratios in chlorite controlled by 
the bulk composition of the host rock (Figure 6A). Re 
gions A, B, and C represent chlorite associated with ultra 
mafic rock, nickel sulphide metasomatic caprock, and 
dacite tuff, respectively. MgO contents of chlorite in 
crease progressively with proximity to ultramafic rock. 
There is a compositional overlap of chlorite minerals with 
all assemblages; however chlorite hosted within talc-car 
bonate rock is distinguished from metasomatic and da 
cite tuff by smaller Al and larger Cr. Chromium chlorite 
(Table 5, No. 8), is associated with disseminated chro 
mium spinel and magnetite in a talc-carbonate matrix.

Nickel Sulphide Distribution and Form
A massive nickel sulphide horizon referred to as the R- 
zone occurs as a stratabound blanket at the interface of 
dacite tuff and komatiitic flows (see Figures 4 and 5). The 
R-zone trends conformably to the enclosing host rocks at 
N120 to 130E and plunges southeastward from a sub- 
cropping expression to several hundred metres depth. 
The nickel horizon extends conformably to the west (Fig 
ure 5), and down dip beyond the limits of the komatiitic 
flows and is enclosed within dacite tuff. Massive and dis 
seminated nickel sulphide minerals are also present on 
top of komatiitic flows, within dacite tuff, at the western 
section of the deposit (Figure 5). Small accumulations of 
massive and disseminated nickel sulphide minerals oc 
cur above the R-zone within dacite tuff and laterally on 
strike with sulphide iron formation.

Nickel sulphide minerals at Redstone occur in four 
forms: 1) massive; 2) matrix-textured (cf. Ross and Hop 
kins 1975); 3) disseminated; and 4) xenolithic type. The

principal nickel sulphide mineral is pentlandite, with mi 
nor millerite, violarite, gersdorffite, and rarely niccolite. 
Pyrite and pyrrhotite constitute 5 to 50 percent of the sul 
phide assemblage and chalcopyrite is a common acces 
sory. Chlorite, biotite, actinolite, talc, chert, calcite, sider 
ite, manganoan calcite, and minor magnetite comprise 
up to 50 percent of the nickeliferous zone. Dacite tuff is 
intercalated with the massive sulphide zone at upper and 
lower contacts of komatiitic peridotite.

The predominant form is a massive assemblage of 
stratabound nickel sulphide minerals which display metal 
and mineralogical zoning laterally from west to east (Fig 
ure 7). Four major zones consist of: A) pn -i- py -t- po; B) 
pn + py; C) pn -l- py -h ml; and D) pn -l- py -l- viol ± ml. 
The composition of pentlandite varies systematically with 
the assemblage, ranging from a low nickel tenor in zones 
A and B to a high nickel tenor in C and D.

Geochemistry
Chemically, footwall volcanic rocks are calc-alkaline tuff 
as illustrated in the cation and AFM diagrams, Figures 8A 
and 8D. Na2O, K2O, CaO, FeO, MgO, SiO2 , Sr, Rb, and 
Ba are variable and attributed to chlorite, epidote, and 
biotite alteration (Table 4, Nos. 28 to 32). Despite the ex 
tensive alteration encountered in the dacite tuff at Red 
stone, rock classification is in agreement with similar 
studies undertaken by D.R. Pyke (1975), P.R. Coad 
(1977), and A.M. Green (1978).

Sulphide iron formation is depleted in precious met 
als, Cu, Pb, Zn, and Ni; however significant Cr concentra 
tions (527 to 1693 ppm) were detected and are compara 
ble to the R-zone. Garnet-stilpnomelane assemblages 
are extremely enriched in FeO, MnO, MgO, Co, and Y, 
and depleted in Si02 , AI 203 , Ti02 , Na20, Cr, Ba, Ni, Zr, 
and Sr in comparison to dacite tuff (Table 4, Nos. 33 and 
34). These rocks plot in the field for Fe-enriched tholeiitic 
basalts according to the cation and AFM diagrams, Fig 
ures 8A and 8D.

Komatiitic rocks at Redstone form a continuous suite 
from dunite to peridotite, pyroxenite, and basalt, accord 
ing to the classification of Arndt et al. (1977), illustrated in 
Figures 8A to 8D. Generally, komatiitic rocks at Redstone 
contain small FeO^FeO -f- MgO) ratios for a given AI2O3 
(Figure 8B), small TiO2 for a given SiO2 or MgO; large 
MgO, Ni, and Cr concentrations and small alkali contents 
(Figure 8D). The MCA diagram (Figure 8C) illustrates the 
very magnesian nature of the komatiitic lavas and varia 
ble CaO7AI203 ratios.

Metasomatic chlorite rock is extremely enriched in 
AI 203 , TiO2 , FeO, MnO, P2O5 , Na20, and K20 compared 
to komatiitic rocks. SiO2 , MgO, Cr, and Ni are depleted in 
sulphide-absent samples with respect to komatiites. Re 
gion A represents the field for metasomatic chlorite rock 
in Figures 8B and 8C and is distinguished from the koma 
tiitic trend. Metasomatic chlorite rock is compared to ko 
matiitic flows and dacite tuff on ternary trace element dia 
grams, Figures 9A and 9B. In a plot of Y -i- Zr vs. Ti02 vs.
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Monzonite to Granodiorite 
intrusive rocks
Intermediate \\M/Quartz 
Feldspar porphyry
Sulfide iron formation/ 
Alteration zone

Intermedjate volcanics - 
tuffs, lapilli tuffs, minor flows

Komatiitic flows - mafic to 
ultramafic, spinifex textured, 
hyaloclastite and brecciated 
flow tops, massive lower zones

Komatiitic Peridotite flows - minor
spinifex and skeletal textures, hyaloclastite,
lower cumulate zones
Serpentine alteration /Talc-carbonate
alteration

Nickel sulfide horizon

Disseminated and net textured sulfides

Figure 4—Simplified plan map of the Redstone deposit. Note the close spatial association of iron formation and nickel 
sulphide horizon. Section A-B is represented in Figure 5.

Gr, komatiitic rocks are restricted to the Cr apex along the 
trend for Archean magnesian and tholeiitic rocks (cf. J.F. 
Davies et al. 1979), whereas dacite tuff, garnet-stilpno- 
melane rocks and metasomatic chlorite members plot 
along the calc-alkaline trend. The ternary diagram Zr vs. 
Ti/100 vs. Y X 3 subdivides Redstone host rocks into two 
regions (Figure 9B). Region B represents komatiitic rocks 
whereas A includes dacite tuff and metasomatic chlorite 
rock. Dacite tuff and metasomatic chlorite rock have 
large and comparable TiO2 , Zr, and Y concentrations.

change, and measured component concentrations as 
variables in mass balance calculations. Representative 
composition-volume diagrams are constructed where 
component gains and losses in grams/100 grams of par 
ent rock are graphically illustrated as a function of volume 
change (Figures 10A to 10F). Several samples of each 
parent-daughter assemblage were examined to establish 
the general trends. Element mobility and volume relation 
ships are predicted for the process of talc-carbonate al 
teration and the development of contact metasomatic 
zones.

Chemical Mass Balance
Simple inspection of major and trace element data is un 
satisfactory for evaluating chemical change and element 
mobility. Therefore rock alteration at Redstone has been 
evaluated using a technique introduced by R.L. Gresens 
(1967), which incorporates specific gravity, volume

Talc-Carbonate Alteration
Talc-carbonate alteration of a serpentinized komatiitic 
rock produces extreme chemical variation in the major 
rock-forming components Si02 , MgO, and volatiles, for 
any given change in volume as illustrated in Figure 10A. 
All remaining elements plot subparallel to, or in overlap-
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elements in weight percent, trace elements in ppm) .

Komatiite flows unit 2 Talc-carbonate rocks unit 2 Contact Reaction Zone- Actinolite rocks 
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Table 5 Microprobe analyses of Chlorite*, analyses represent average com 

positions for 6 to 10 spot determinations.

sio2

Ti02

Al 0
2 3

FeCP

MnO

MgO

Ca O

Na O 
2

K O 
2

NiO

Total

1

25.40

.01

20.11 

26.92

.29

13.63

.00

. .00 

.00 

.18

.55

87.10

2

29.49

.00

20.37 

10.12

.12

26.92

.00

.00 

.03 

.50

na

87.53

3

26.52

.10

19.12 

29.86

1.22

11.05

.10

.01 

.20 

.06

na

88.25

Cation proportions

Si

A1 IV

A1VI

Ti

Fe

Mn

Mg

Cr

Ni

Sum A1VI 
to Ni

F/M

5.467

2.533

2.566

.002

4.845

.052

4.371

.031

.095

11.962

1.121

5.723

2.277

2.381

.000

1.643

.019

7.787

.076

.000

11.906

.213

5.721

2.279

2.581

.016

5.387

.223

3.554

.009

.000

11.772

1.579

4

28.60

.01

18.88 

17.55

.27

21.93

.04

.00 

.00 

.34

na

87.62

5

26.79

.01

20.05 

22.38

.52

17.44

.00

.00 

.01 

.10

.44

87.73

on the basis of

5.776

2.224

2.270

.002

2.964

.046

6.601

.054

.000

11.938

.456

5.570

2.430

2.482

.001

3.892

.092

5.404

.016

.073

11.961

.737

6

29.59

.00

20.77 

12.85

.16

23.94

.00

.00 

.00 

.08

.79

88.20

7

26.92

.00

19.69 

27.28

.42

14.01

.00

.00 

.00 

.00

.19

88.51

8

31.57

.01

13.46 

9.39

.26

29.33

.02

.00 

.00 

2.77

.53

87.33

28 oxygens

5.785

2.215

2.570

.000

2.101

.027

6.977

.013

.125

11.813

.305

5.673

2.327

2.563

.000

4.808

.075

4.401

.000

.032

11.879

1.110

6.204

1.796

1.321

.001

1.544

.043

8.597

.430

.083

12.014

.185

nos. 1/2,4 and 5 represent metasomatic chlorite assemblages; nos. 3 and 7 

are associated with dacite tuff; nos. 8, is associated with talc-carbonate 

ultramafic rock; FeOa - total iron reported as FeO; n.a. - not analyzed.
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Diabase

Monzonite to Granodiorite 
intrusive rocks
Intermediate tuff l Quartz 
Feldspar porphyry
Sulfide iron formation/ 
Alteration zone

Intermediate volcanics - 
tuffs, lapilli tuffs, minor flows

Komatiitic flows - mafic to 
ultramafic, spinifex textured, 
hyaloclastite and brecciated 
flow tops, massive lower zones

Komatiitic Peridotite flows - minor
spinifex and skeletal textures, hyaloclastite,
lower cumulate zones
Serpentine alteration /Talc-carbonate
alteration

Nickel sulfide horizon

Disseminated and net textured sulfides

Figure 5—Vertical longitudinal section of the Redstone deposit along A-B. Massive nickel sulphide is confined to the ko- 
matiite/dacite interface, which defines a large paleogeographic depression.

ping space with the isochemical axis (fv = 1), and exhibit 
very small gains and losses for any change in volume. 
Several of the elements which are relatively immobile ac 
cording to R.W. Nesbitt and S. Sun (1976); J.F. Davies et 
al. (1979); K.C. Condie et al. (1977); P.A. Floyd et al. 
(1978), and J.A. Pearce and J.R. Cann (1973), including 
Al, Zr, and Ti, along with Fe, intersect the isochemical 
axis at or near fv ^ 1. This implies that talc-carbonate al 
teration occurred at approximately constant volume or 
under conditions of overall hydrothermal leaching. Based 
on these assumptions, large enrichments in Si02 and 
large depletions in MgO and volatile components accom 
panied this process. Cr and Co are depleted, whereas no 
discernible change in Ni is evident with talc-carbonate al 
teration.

Contact Metasomatism: Actinolite Zone

Composition-volume diagram Figure 10B represents the 
transformation of talc-carbonate rock into actinolite (XMg 
^ .85). SiO2 and MgO profiles intersect at fv *s 1. Acces 
sory components FeO, CaO, AI2O3 , TiO2 , and volatiles re 

quire large volume reductions for isochemical behaviour 
or en masse hydrothermal leaching of SiO2 and MgO. Ni 
and Cr contents in non-mineralized samples are variable 
but comparable to komatiitic rocks.

Chlorite Zone

Metasomatic chlorite rock is compared to actinolite, ser- 
pentinized and talc-carbonate komatiitic rock, and dacite 
tuff in composition-volume diagrams Figures 10C to 10F 
respectively. Transformation of metasomatic chlorite from 
an ultramafic parent (Figures 10C to 10E), requires ex 
treme volume reductions given Al, Ti, Zr, and Y immobili 
ty, accompanied by extensive hydrothermal leaching of 
SiO2 and MgO. Cr and Ni content in sulphide-poor sam 
ples are strongly depleted at constant volume or Al, Ti, Zr, 
and Y immobility for this transformation. Generation of 
metasomatic chlorite from a dacite tuff precursor is illus 
trated in the C-V diagram (Figure 10F). Al, Ti, Zr, and Y pr 
ofiles intersect the isochemical axis at or near constant 
volume. FeO and MgO are strongly enriched and Si02 
depleted at constant Al, Ti, Zr, and Y. AI 203 , Ti02 , MnO,
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30

26

22

FEO 18
WT 0Xo 14

10

6

•2 -4 -6 -8 1-0 1-2 1-4 1-6

F/M
Figure 6A—FeO (weight, 7o) vs. iron/magnesian ratio 

from structural formula. Data represent chlor 
ite compositions determined from electron 
microprobe; each data point represents 6 to 
10 spot analyses for a given sample. Regions 
A, B, and C represent assemblages associ 
ated with ultramafic, massive sulphide, and 
dacite tuff respectively.

B

SERPENTINIZED 

KOMATIITE

NI SULFIDE
Figure 6B—Progressive development of contact reaction 

zones with time. Note that the original komati- 
ite/dacite tuff interface is represented by acti- 
nolite/chlorite interface. Nickel sulphide is en 
closed within chlorite metasomatic rock and 
is omitted from the middle illustration for sim 
plicity.

P205 , Y, Zr, Ni, Cr, Ba, Pb, Co, and Zn contents are simi 
lar between dacite tuff and metasomatic chlorite rock.

Summary and Conclusions
1) Major domal structures such as the Shaw and McArt- 
hur-Bartlett Domes, Ontario, and Kambalda Dome in 
Western Australia, provide favourable loci for volcano 
genic massive nickel sulphide deposition and komatiitic 
volcanism. Coincident faults such as the Burrows-Bene 
dict and Montreal River Faults represent suitable chan- 
nelways for nickel mineralization and komatiitic volcan 
ism. These deposits are common within paleogeographic 
depressions and fault-bounded troughs.
2) Nickel sulphide deposits in the Timmins area are asso 
ciated with komatiitic peridotite flows, lowermost in the 
Tisdale Group and overlain by a thick sequence of spini- 
fex-textured flows and intercalated volcaniclastic and 
chemical sedimentary units.

3) Sulphide iron formation is spatially associated with 
these deposits and represents a key marker horizon. A 
unique Mn-garnet-stilpnomelane rock underlies iron for 
mation and locally massive nickel sulphide and resem 
bles silicate facies iron formation.
4) The massive nickel sulphide horizon at Redstone is 
mineralogically zoned with A) pn -f py -f po; B) pn + py; 
C) pn -i- py + ml; and D) pn ^ py -i- viol ± ml. The com 
position of pentlandite varies systematically from a low 
nickel tenor associated with pyrrhotite to a high nickel 
tenor with millerite.
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200Ft

O 60M 

(For Section A-B. see fig. 4.)
AL 203 MGO

A 
B 
C 
D 
E

Mineral Assemblage

pn * py * po 
pn + py 
pn * py * ml 
pn * py + viol 
no sulfides

Pn Composition (wt %) 
Ni Fe Co S Total

35.58 30.85 0.42 33.56 100.41 
35.98 29.91 0.33 33.66 99.88 
42.04 24.57 0.34 32.95 99.90 
38.56 27.45 0.28 32.72 99.01

cpy * gf are in A to D -f Sample location

Figure 8A—Cation Plot (modified after Jensen 1976). 
Note the continuum from ultramafic to mafic 
composition for the komatiite suite. Garnet- 
stilpnomelane rock plots within the Fe-tholei- 
ite field. Footwall volcanic rocks are calc-al- 
kaline dacite.

B

Figure 7—Plan view of nickel sulphide horizon along A - 
B. Zones A and B represent low nickel tenor; 
Zones C and D high nickel tenor for Pn; Zone D 
contains secondary violarite.

AL 203

5) Felsic metavolcanics at Redstone are extensively al 
tered to epidote, chlorite, biotite, and sericite, whereas 
komatiitic rocks are altered to serpentine and talc-carbo 
nate assemblages.
6) Contact metasomatic chlorite rock at Redstone en 
closes the massive sulphide unit and represents felsic 
volcanic rock which has been altered by extensive hy 
drothermal leaching of Si02 and precipitation of MgO and 
FeO during serpentinization of komatiitic flows. Similar 
metasomatic assemblages are developed at numerous 
Canadian and West Australian deposits, and represent 
favourable exploration associations.

KOMATIITE

0-1 0'2 0-3 0-4 O-5 0-6 0-7 0-8 0-9

FEO /FEO +MGO

Figure 8B—AI2O3 vs. FeCyFeO, -i- MgO (modified after 
Arndt era/ 1977). FeOt represents total iron. 
Redstone komatiitic rocks form a continuum 
from ultramafic to mafic composition with in 
creasing AI 2O3 . Note metasomatic chlorite 
rocks contain extreme AI 203 concentrations, 
Region A.

159



GRANT 27

MGO D

\

GAO AL 203

Figure 8C—MCA plot, MgO - CaO - AI2O3 Redstone ko- 
matiitic flows of ultramafic to mafic composi 
tion. Region A represents metasomatic chlor 
ite rock.

TiO x 100

A M
Figure 8D—AFM plot, Na2O + K2O - FeO - MgO, (di 

viding line from Irving and Baragar 1971). 
Redstone komatiitic rocks plot from the MgO 
apex to the MgO - FeO midpoint: garnet- 
stilpnomelane rocks plot near the FeO apex: 
footwall dacite tuff falls within the calc-alka- 
line field.

B Ti/100

Y+ZR CR
Figure 9A—Y -h Zr - TiO2 X100 - C r, (modified after Dav 

ies et al. 1979). Redstone komatiitic rocks 
plot at the Cr apex along the trend for Ar 
chean tholeiitic and magnesian rocks; foot 
wall dacite tuff, metasomatic chlorite rock, 
and garnet-stilpnomelane assemblages plot 
along the trend for calc-alkaline rocks. Varia 
tion in Cr content is attributed to sulphide 
minerals.

ZR Y-3
Figure 9B—Zr - Ti/100 - Y X 3, (modified after Pearce 

and Cann 1973), Redstone komatiitic rocks 
plot within Region B and are discriminated 
from metasomatic chlorite rock and dacite 
tuff which fall in Region A.
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Abstract
As a result of a number of very small seismic events 
which have occurred in recent years in the region of 
southwestern Ontario between Woodstock and Kitchen 
er, it was decided that a micro-earthquake survey of that 
area would be desirable to determine the origin of this 
low-level seismicity in more detail. In January 1980, a new 
seismic station near Gobies, Ontario was added to the 
three station network which the University of Western On 
tario had been operating near London, Ontario for the 
past few years. An analysis of two new events which oc 
curred this winter (December 30, 1979, magnitude 2.8 
and February 23, 1980, magnitude 1.9) showed that all 
these events as well as previously recorded ones were 
micro-earthquakes which had originated somewhere in 
the region of the Gobies oil field. It is very likely that these 
earthquakes are being triggered by the secondary oil re 
covery activities which involves the pumping of oil and 
water near a weak fault. The effects appear to be similar 
to recent observations of induced seismicity in Colorado.

Introduction
The earthquakes which occur in eastern North America 
are not associated with the boundaries of lithospheric 
plates but arise as a result of various poorly understood 
weaknesses within the North American plate. In the past, 
a number of moderately large earthquakes have occur 
red in the seismically active regions such as the St. Law 
rence Valley. In addition to these, a number of areas, 
such as the La Malbaie area of Quebec or the Blue River 
area of New York State, have been identified where the 
micro-earthquake activity is exceptionally large. In con 
trast to these areas, Southwestern Ontario has been a 
rather quiet, stable region. Nevertheless, it has experi 
enced several significant earthquakes over the past 50 
years. For example on June 29, 1957, an event of 
magnitude 1 4.2 was detected in the area south-southeast 
of London, Ontario and was felt in London, thus indicating 
that a weak active fault was present in the region (Smith 
1966).

1 All magnitudes are on the Richter scale.

A few years ago, the Geophysics Department of the 
University of Western Ontario received a number of re 
ports of "felt vibrations" or minor tremors from residents in 
an area east of Woodstock, Ontario. Since 1978 the three 
station seismic array operated by the University of West 
ern Ontario near London, Ontario detected a number of 
weak events from the Gobles-Princeton area just east of 
Woodstock (See Figure 1). Because of the uncertainty of 
both the precise location and the cause of the events, it 
was decided that a more detailed micro-earthquake sur 
vey of that area would be desirable.

Instrumentation and 
Methodology
Most of the small tremors occurring in the Gobies area of 
Ontario are of much less magnitude than magnitude 2, 
otherwise they would have been detected by the Cana 
dian and United States networks. The stations near Lon 
don, Ontario are even too far away to reliably detect and 
precisely locate weak events above the background 
noise. The only way to study these events is to improve 
the coverage by having the detectors very close to the 
source.

To date, instrument packages for three new stations 
have been constructed. The first new station became op 
erational in January 5, 1980 and is located 2 km south of 
Gobies. The original plans were to have the first station in 
stalled by September 1979. However, because of a Bell 
Canada strike during the summer of 1979, a delay of sev 
eral months occurred in the implementation of this plan. 
As a result of observations from the first station, plans for 
site locations for the next two stations were revised and 
the stations were placed much closer together. They are 
now only a few kilometres northeast and northwest of Go 
bies and will become operational as soon as Bell Canada 
can connect the appropriate telemetry lines to the instru 
ments. Sites were chosen on the basis of 1) whether a 
telephone line would be available or not, 2) whether or not 
large trees and heavy traffic were present or not, and 3) 
whether or not the site would be free from disturbances 
by farm machinery and animals. One problem we cannot 
escape stems from the fact that a major Canadian Na 
tional Railways rail line crosses the middle of the area of 
interest (See Figure 2). The seismic signatures generated 
by trains last several minutes and can easily be distin-
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Gobies Oil Field (well data from Beck 1974).



guished from natural seismic events by their gradual on 
sets, and extremely long durations (up to six minutes). 
Since this signal level can be larger than the weaker 
seismic events of interest, and because of the large num 
ber of trains which use the tracks everyday, the monitor 
ing of very small events becomes impossible for about 15 
to 20 percent of the time.

The instrument packages which were constructed 
are made up of a 1 Hz vertical Mark products seismome 
ter, an amplifier (gain 72 db and frequency range 0.1 to 
25 Hz), a telemetry circuit, and a battery power supply 
designed to power the package continuously and unat 
tended for a period of six months. At present, the fre 
quency-modulated signals from the Gobies station are 
being sent directly to the university via phone lines using 
a carrier frequency of 680 Hz. The signals from the new 
station, as well as the three station network near London, 
are at present being monitored continuously on a 24-hour 
basis at the University of Western Ontario. Events of inter 
est are stored on magnetic tape for future study.

R.F. MEREU
of about 1 or 2 km in the exact position of the event. Our 
computations have, however, enabled us to definitely 
eliminate quarry blasts or other man-made explosions as 
the source. This was also confirmed by conversations we 
had with P.A. Palonen, Chief Geologist of the Ministry of 
Natural Resources, Petroleum Laboratory, in London, On 
tario and L.F. Gaizwinkler who manages the Gobies oil 
field for Rayrock Resources Limited. An examination of 
the signal characteristics for all the events shown in Fig 
ures 3, 4, 5, and 6 reveals a remarkable similarity which 
can only be explained by the fact that both the source po 
sition and source mechanism must have been almost 
identical. A number of residents who live within 1 to 2 km 
of the site of our computed epicentre claimed they have 
felt numerous tremors over the past few years at all times 
of the day including the middle of the night.

Discussion

Results
Figures 3, 4, and 5 show the records from three events 
obtained by the University of Western Ontario three sta 
tion array over the past three years. Figure 3 shows the 
October 15, 1978 event which was the first event which 
attracted our interest to the area. It is possible that we 
may have recorded weak events prior to that date but 
they could easily be mistaken for quarry blasts or wind 
noises. Figure 4 shows the recording of the December 
30, 1979 event which was made about 11:00 A.M. the 
Sunday morning before New Year's Day. With an approxi 
mate magnitude 2.8, it is the largest event we have. The 
playback gain used in this figure is actually only half the 
gain used in Figures 3, 5, and 6. The signal strengths re 
corded at the three stations are similar to that produced 
by quarry blasts by the Canada Cement plant near Inger- 
soll. These blasts, as well as other quarry blasts from 
companies near Beachville, are recorded several times a 
week and have signature characteristics distinctly differ 
ent from those of the Gobies events. Unfortunately the 
December 30,1979 Gobies event occurred one week be 
fore the Gobies station became operational. On the other 
hand, another event which occurred on the Sunday eve 
ning of February 23, 1980 was also successfully re 
corded by the new Gobies station as shown in Figure 6. It 
is obvious from this overloaded record that the source 
must have been very close to that station. A computer 
program, which is based on a least squares analysis of 
both P and S wave arrival times of all the stations, ena 
bled us to pinpoint the location of this event to an area 1 
to 2 km north of Gobies. This is well within the Gobies oil 
field region (see Figure 2). Because of uncertainties in the 
near surface seismic velocities there is still an uncertainty

The oil field near Gobies, Ontario, now operated by Ray 
rock Resources Limited, has been producing oil and gas 
from about 70 wells since 1960 from a depth of 2900 feet 
in the Gull River Formation just above the Cambrian. Sec 
ondary recovery operations began in the late 1960s. It is 
well established from experiments done near Denver, 
Colorado (Evans 1966) and Rangely, Colorado (Rayleigh, 
Healy, and Bredehoeft 1976) that the pumping of oil and 
water can lubricate an active fault and trigger small earth 
quakes (micro-earthquakes). The energy may be of tec 
tonic origin but the release of the energy may be the re 
sult of human activity. It is quite likely therefore, that the 
secondary recovery operations now being used at Go 
bies may be inducing some but not necessarily all of the 
seismic events which we detected. Gaizwinkler (personal 
communication) informed us that no major changes oc 
curred in the pumping pressures prior to the events in 
question and that the pumping is done normally on a con 
tinuous 24-hour basis with interruptions occurring only at 
times of mechanical failure. There does not seem to be 
any direct correlation between the timing of the events 
and surface activities.

To date most of the events have probably been less 
than Magnitude 2 on the Richter magnitude scale and are 
thus considered very minor tremors. Damaging earth 
quakes have a magnitude greater than 4.5. C.B. Rayleigh 
et al. (1976) report that to their knowledge no major dam 
aging earthquakes have ever resulted from secondary re 
covery operations. In view of the fact that the southwest 
ern Ontario region is not tectonically active and that the 
induced events are very shallow and localized, it is very 
unlikely that a major earthquake will occur in the future as 
a result of the pumping activities. More research in the 
area is obviously required to clarify this latter uncertainty 
and to alleviate any fears of local residents who are living 
near the epicentre.
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Future Plans and Conclusions
Immediate future plans are to complete the installation of 
at least three seismic stations within the Gobies field re 
gion and to monitor the seismic activity for a period of 
several years. The aim of the research will be to pinpoint 
the epicentral locations more accurately at depth so that 
the fault geometry can be clarified. Efforts will also be 
made to determine how magnitudes, frequency, and lo 
cation of the seismic activity are related to pumping pa 
rameters. Efforts will also be made to determine if other 
factors are present such as the passage of heavy freight 
trains near an active fault. Source mechanisms and the 
manner that water pressures and earth tidal effects 
influence the stress field is still a problem that is not well 
understood. A resolution of this problem could well assist 
in determining if the intensity of earthquakes along large 
active faults such as the San Andreas Fault in California 
could be controlled. It may be possible to use fluid injec 
tion to prevent major earthquakes by relieving the stress 
field with small ones.

D.D. Mclean (1968, p.54) points out that a potential 
waste disposal stratigraphic unit exists in Norfolk County 
below the Black River Formation, in the Ordivician. In 
view of the fact that our study has revealed the presence 
of a fault in the area, the use of this unit for waste disposal 
in the future should be carried out with extreme caution 
and only after very detailed feasibility studies.

The Ontario Geoscience Research grant which was 
awarded last year was used to purchase the electronic 
equipment for our new stations and to finance the installa 
tion of the Gobies station. The monitoring of the data on a 
24-hour basis and the installation of the two new addi 
tional stations is being funded at present by a National 
Research Council grant.
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Abstract
Platinum group element (PGE), gold, nickel, copper, co 
balt, and sulphur concentrations have been determined 
on 169 samples representative of 10 previously unstu 
died magmatic sulphide ores. In general the results 
confirm earlier findings that komatiite-related deposits 
are characterized by low values of the (Pt + Pd)/ 
(Ru + lr + Os) ratio and gabbro-related deposits by high 
values of this ratio. Deposits associated with flood ba 
salts, including the Great Lakes Nickel deposit, are 
marked by particularly high values of the ratio and signifi 
cantly higher than normal tenors of Pt, Pd, and Au in the 
sulphides. This association would seem to be an impor 
tant one in which to prospect for precious metal-rich ores. 
The Strathcona orebody at Sudbury is markedly zoned 
with Pt and Pd increasing and Ru, Ir, and Os decreasing 
from hanging-wall to footwall; the orebody is also lower 
than most Sudbury deposits in terms of overall PGE con 
centration. The Falconbridge deposit contains PGE in 
proportions similar to that of the hanging-wall ore zone at 
Strathcona, raising the possibility of whether a comple 
mentary Cu, Pt, and Pd-rich ore zone was also present at 
Falconbridge initially.

Introduction
This report should be read as a continuation of that pre 
sented last year (Naldrett 1979). There it was pointed out 
that deposits related to Archean komatiites were charac 
terized by relatively low values of the ratio 
(Pt + PdJ^Ru + lr + Os) whereas gabbro-related deposits 
were characterized by much higher values. The differ 
ence in ratio was illustrated with figures similar to Figures 
1 to 4 of this report, with komatiite-related deposits having 
relatively flat slopes and gabbro related deposits much 
steeper slopes. The difference was attributed to Ru, Ir, 
and Os being present within the olivine structure and thus 
behaving as compatible elements during mantle melting, 
and Pt and Pd being excluded from olivine and behaving 
incompatibly.

It was also shown by A.J. Naldrett that whereas the 
proportions of the different PGE were characteristic of 
host-magma type, the absolute levels were not, concen 

trations in deposits with apparently similar host magmas 
varying by several orders of magnitude. The variability in 
absolute concentrations were attributed in some cases to 
different proportions of sulphide melt equilibrating with a 
given amount of silicate magma and in others to the de 
pletion of the host magma in PGE as a result of the sepa 
ration of an earlier generation of sulphide prior to the sep 
aration of that responsible for the orebody.

In this report we discuss new analytical data which 
have been obtained using the same methods as de 
scribed in last year's report.

Analytical Results
All samples have been analyzed in duplicate and the 
mean of the two values taken. This has then been recal 
culated to the concentration expected if the sample were 
composed of 100 percent sulphide. The results obtained 
this year are presented in this form in Table 1. Ten depos 
its have been studied, amounting to 169 samples.

The analytical results are illustrated in Figures 1-4 in 
which, as previously, the analytical values have been nor 
malized with respect to chondritic abundances. There is 
one significant difference with respect to last year; in the 
past we have used the average concentration of PGE in 
all chondrites for normalization-from this year onwards 
we will be using the preferred values for the concentra 
tion in CI chondrites; these are thought to be the closest 
possible approximation to cosmic abundances (Naldrett 
and Duke (1980).

Discussion of Analytical 
Results
Deposits Related to Ultramafic Rocks
In Figure 1, new results for two komatiitic deposits, 
McWatters and Alexo, are compared with previously ac 
quired data (the field labelled Typical Komatiite'). We 
also present previously unpublished data for the Lang 
muir No. 1 deposit (Green 1978). Both McWatters and
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Figure 1— New data on komatiite-related deposits com 
pared with previously obtained data ('Typical 
Komatiite').

Langmuir No. 1 have been affected by hydrothermal al 
teration which has resulted in the conversion of much of 
the previously serpentinized host peridotite to talc and 
carbonate, the oxidation of some of the iron formerly 
present in the sulphides to magnetite, and the conversion 
of the former pentlandite-pyrrhotite assemblage to one 
rich in millerite. This mineralogical change is reflected in 
the nickel contents of the sulphide assemblages which 
now contain 21 and 29 percent Ni in the McWatters and 
Langmuir No. 1 deposits, respectively. Despite the dras 
tic reconstitution of their mineralization, both deposits still 
display the relatively flat slope characteristic of the koma 
tiite association, McWatters having a (Pt + Pd)/ 
(Ru + IS + Os) ratio of 1.4 and Langmuir a ratio of 3.4.

The Alexo deposit is distinctly anomalous with a 
steep slope corresponding to a ratio of 18, more akin to 
the gabbro than the komatiite association. A.J. Naldrett 
and J.M. Duke (1980) have pointed out that two deposits

A.J. NALDRETT, D.G. INNIS, &J.M. SOWA 
related to Proterozoic komatiites in Ungava, Donaldson 
West, and Katniq, are characterized by intermediate 
slopes [(R + PdJARu + lr + Os) = 7.3 and 5.2 
respectively]. They attributed this to the fact that the de 
posits are associated with an intermediate-type magma 
containing only 16 weight percent MgO in comparison 
with the 23 to 27 percent found in magmas hosting Ar 
chean komatiite-related deposits. They suggested that 
intermediate MgO contents reflect intermediate degrees 
of mantle melting and hence intermediate ratios of 
(Pt + Pdy^u + lr + Os) in the host magmas. It is possible 
that a similar explanation may account for the anomalous 
patterns of the Alexo ore and this question is currently un 
der investigation.

The Werner Lake deposit, also illustrated in Figure 1, 
is associated with one of a series of fault-emplaced ultra 
mafic lenses of uncertain affinity. The composition of the 
magma involved here is also uncertain although the 
lenses themselves are distinctly ultramafic. The interme 
diate slope and (Pt + PdVCRu + lr + Os) ratio of 8.2 would 
suggest that the magma may also have been intermedi 
ate in MgO content. The sampling at Werner Lake is inad 
equate for great significance to be attached to the results 
that we have obtained thus far.

Deposits Associated with Intrusions of 
Flood Basalt Magma
Deposits of this association are illustrated in Figure 2. 
They include the Great Lakes Nickel deposit, associated 
with a Keewanawan-age intrusion west of Thunder Bay, 
Ontario and, for comparison, data obtained previously for 
the Minnamax deposit in the Keewanawan-age Duluth 
complex in Minnesota, and data from V.I. Smirnov(1977), 
calculated as described by A.J. Naldrett and L.C. Cabri 
(1976), for the early Triassic-age Noril'sk-Talnakh depos 
its of Siberia.

All three deposits are characterized by steep slopes 
[(R + Pd)7(Ru* Ir + Os) ratios of 56, 52, and 175 for Great 
Lakes, Minnamax and Noril'sk-Talnakh respectively] and 
significantly higher values of R, Pd, and Au than those 
typical of Sudbury. The Noril'sk-Talnakh deposits ac 
count for nearly 46 percent of the world's production of 
PGE. The Great Lakes samples approach these in terms 
of the concentration of PGE in the sulphides. A major dif 
ference exists in that whereas much of the Noril'sk-Tal 
nakh ore is rich in sulphide (particularly the newer discov 
eries in the Oktobry'sk area) the Great Lakes 
mineralization consists, for the most part, of weak disse 
minations of sulphide. Three important conclusions can 
be drawn from our study.
1) A sulphide-rich concentrate from the Great Lakes ore 
should be rich in PGE and Au.
2) The possibility that sulphide-rich accumulations with 
consequent very high values of PGE and Au occur within 
the Great Lakes or similar intrusions should be born in 
mind as an exploration target.
3) Second to Merensky Reef-type mineralization in large 
layered igneous complexes, intrusions of flood basalt 
magma appear to be among the best targets in which to
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Figure 2—Data on deposits associated with flood basalt 
magma compared with typical Sudbury val 
ues.

1,000 —

Figure 3—Data on deposits mined primarily for their PGE 
compared with typical Sudbury values.

prospect for nickel-copper sulphides carrying high val 
ues of PGE.

Deposits of Interest Primarily Because of 
their PGE
Data on the Kanichee deposit, which was mined primarily 
because of its PGE content, and the Lac des Iles deposit, 
an important PGE prospect, are compared with typical 
Sudbury values and data from the literature on the Meren- 
sky Reef and the PGE-rich sulphide zone in the Stillwater 
complex in Figure 3. The Kanichee deposit is relatively 
rich in sulphide and, despite it being mined mainly for the 
PGE, the sulphides contain several orders of magnitude 
less PGE than those of Lac des Iles, Stillwater, and the 
Merensky Reef. A comparison of Figures 2 and 3 shows 
that the Kanichee sulphides match those associated with

flood basalt rather closely.
The Lac des Iles deposit consists of a zone of weakly 

disseminated sulphides (1 percent sulphide is the aver 
age for the samples analyzed by us) in gabbro within a 
gabbro-ultramafic complex (Watkinson and Dunning 
1979). The PGE content of the sulphides is of the order of 
that found in the Stillwater and Merensky Reef but the 
Pf(Pt-i-Pd) ratio is extremely low (0.054 in comparison 
with 0.23 and 0.72 for the Stillwater and Merensky Reef, 
respectively) and the percentage of sulphide somewhat 
less (1.5 to 2 percent sulphide in the Stillwater and Mer 
ensky Reef) so that the ore is not comparable in value 
with these other, superficially similar deposits.

The origin of these deposits of PGE-rich, weakly dis 
seminated sulphides is unclear. The sulphides contain 50 
to 100 times the concentration of PGE found in sulphide- 
rich deposits associated with mafic and ultramafic mag 
mas. Our current status of knowledge concerning the dis 
tribution coefficients of PGE between sulphide and sili-
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cate melts and the levels of PGE in mafic magmas indi 
cates that either these deposits have segregated from 
magmas 50 to 100 times richer in PGE than normal or the 
sulphides have been enriched subsequent to their initial 
segregation from the host magma. Deposits of this type 
are found in many of the 'classic' large layered intrusions, 
including the Buchveld and Stillwater complexes and the 
Great Dyke. We are reluctant to propose that these intru 
sions of widely different age were formed by magma dif 
ferent from all other known magmas in PGE content and 
incline to the view that due to their large size, a process of 
secondary enrichment of PGE occurs that cannot occur 
to the same extent in smaller intrusions. This process 
could also result in fractionation of the PGE among them 
selves and could account for the variability of the 
(R + PcO/fRu + lr + Os) and Pt^Pt + Pd) ratios observed in 
ores of this type.

New Results from Sudbury
Results from our study of the Strathcona and Falcon 
bridge deposits are compared with previous results from 
the Little Stobie No. 1 and No. 2 and Levack West depos 
its (Typical Sudbury' in Figure 4).

The Strathcona Mine is made up of three main ore 
types (Naldrett and Kullerud 1967; Cowan 1968) and one 
less extensive but still important type (Abel et al. 1979). 
These are as follows.
1) The hanging-wall ore zone consisting of sulphides 
disseminated within a neritic host rock.
2) The main ore zone consisting of disseminations, 
stringers, and fragments of sulphides in a breccia con 
sisting of gneissic country rock, ultramafic inclusions, 
and certain noritic rocks.
3) The deep ore zone consisting of massive sulphide 
stringers filling fractures in the gneissic footwall.
4) The less extensive Cu-rich ore zone consisting of 
massive chalcopyrite together with subsidiary pentlan 
dite filling fractures that extend several hundred metres 
away from other ore zones.

Two remarkable aspects have emerged from the 
Strathcona study. The first is the very low overall concen 
trations of PGE in comparison with the levels observed in 
a deposit, the Levack West orebody, of almost identical 
geological setting only 6 km to the west (average of 400 
ppb Pt and 380 ppb Pd at Strathcona versus 1150 ppb Pt 
and 1250 ppb Pd at Levack West). The second is the 
strong variation in (Pt + Pd^Ru + lr + Os) ratio found 
across the deposit with the ratio increasing from an aver 
age of 1.6 in the hanging-wall ore to 34 in the main zone 
ore to 132 in the deep zone ore in the footwall. The Cu/Ni 
ratio shows a parallel but much less pronounced in 
crease from 0.12 to 0.37 to 0.57. A similar zoning of PGE 
in separates of discrete sulphide minerals was reported 
by R.R. Keays and J.H. Crocket (1970).

The variation in PGE between the ore zones is illus 
trated in Figure 5 where data for individual samples are 
shown. Here it is seen that samples from the main ore ex 
hibit a wide range of ratios, overlapping with those char-

0.001

Figure 4—New data on the Falconbridge and Strathcona 
deposits compared with previous data on Sud 
bury ('Typical Sudbury').

acteristic of both the hanging-wall and deep zone ores. 
We have studied the variation in ratio across the main 
zone to see if the change from hanging-wall to deep zone 
is accompanied by a progressive change in metal ratios 
of our main zone samples but this is not present either for 
the PGE or Cu and Ni. On the basis of many thousands of 
analyses, both J.C. Cowan (1968) and A.J. Naldrett and 
G. Kullerud (1967) have drawn attention to the progres 
sive increase in Cu/Ni ratio from hanging-wall to footwall 
across the main zone. The absence of such zoning in the 
relatively few analyses that it has been practical to make 
for our study should therefore not be regarded as demon 
strating that it does not exist.

Reasons for the difference between different ore 
zones, such as that demonstrated for Strathcona, have 
been discussed recently with respect to Levack West by 
E.L. Hoffman et al. (1979). At this stage we have little to 
add to their conclusion that it is most likely the result of 
thermal diffusion in response to a thermal gradient pro 
duced by the Sudbury Nickel Irruptive. The very much 
lower PGE values in the Cu-rich ore in comparison with 
the deep zone ore would suggest that this is not merely 
an extreme case of the process responsible for the deep
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HANGING-WALL ORE

MAIN ZONE ORE

DEEP ZONE ORE

640

Figures—Frequency diagram showing variation of 
(Pt + Pdj/fRu + lr + Os) ratio for 34 samples of 
different ore zones in the Strathcona Mine.

zone but has formed by a different mechanism - possibly 
hydrothermal transport.

Falconbridge Mine is unusual in its low 
(R + Pd^Ru + lr + Os) ratio. In this respect, and in its low 
Cu/Ni ratio and high Co content, it resembles the Strath 
cona hanging-wall ore (see Table 1). The ore is now 
mainly localized along and close to a shear along which 
post-ore movement has occurred. Our data raise the 
question of whether a complementary Cu, Pt, and Pd-rich 
orebody, analogous to the main zone and deep zone at 
Strathcona, existed originally and has been separated by 
faulting, to become eroded subsequently or perhaps re 
maining to be discovered.

PGE Content of Ores in Relation to Host 
Magma Type
With one or two exceptions, our recent data have confi 
rmed earlier conclusions that komatiite-related deposits 
are characterized by low (R + PdXfRu + lr + Os) ratios 
and gabbro-related deposits by much higher ratios. Nal 
drett and Cabri (1976), using a limited data base, sug 
gested that there is a negative linear relationship be 
tween the Cu/fCu + Ni) and Pt/fR + Pd) ratio of ores 
associated with tholeiitic magmas but that komatiite-re 
lated deposits are characterized by both low Pt^R + Pd) 
and Cu7(Cu + Ni) ratios. New data obtained by us on 9 ko- 
matiite-and 12 tholeiitic-related ores (Figure 6) confirm 
this suggestion, as long as one is concerned with sul 
phide-rich and not weakly disseminated (Merensky Reef- 
type) mineralization. Figure 6 also illustrates the high

Cu/Ni and low Pt/Pd compositions characteristic of ores 
associated with flood basalts. As indicated previously, 
these ores are also marked by high values of the 
(Pt + Pd)7(Ru -f Ir H- Os) ratio and high overall values of Pt, 
Pd, and Au.

Summary of Most Important 
Points
1) Earlier findings that deposits related to Archean koma- 
tiites have lower ratios of (Pt + Pd^Ru + lr + Os) than 
those related to gabbros are confirmed, with the excep 
tion of the Alexo deposit which has a gabbro-type ratio. 
Younger komatiite-related deposits have intermediate 
ratios, attributed to their host magmas being the result of 
less extreme mantle melting than the host magmas of Ar 
chean deposits.
2) Deposits associated with flood basalts have higher 
(R + PdJ/fRu + lr + Os) ratios and lower Pt/Pd ratios and 
distinctly higher absolute levels of Pt, Pd, and Au in the 
sulphides than most other sulphide-rich deposits. The 
Great Lakes Nickel deposit is an example.
3) The Lac des Iles deposit has an extremely low Pt/Pd 
ratio and high (Pt 4- PdV(Ru + Ir + Os) ratio.
4) The Strathcona deposit is unusually low in overall PGE 
content for a Sudbury deposit and is marked by a pro 
nounced zoning with Pt and Pd concentrated in footwall 
orebodies and Ru, Ir, and Os much richer in the hang 
ing-wall ore.
5) The Falconbridge ore is characterized by an unusually 
low (Pt + PdXfRu + lr + Os) ratio. The data suggest that a 
complementary ore zone with a much higher ratio may, at 
one time, have been associated with the present ore 
body.
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Lignitic Strata, Southern Moose River Basin, Ontario.
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Abstract
Preliminary palynologic analyses of 259 Cretaceous sam 
ples from eight drill holes and one outcrop section along 
the southern margin of the Moose River Basin have al 
lowed tentative correlation of these lignitic strata with the 
Mattagami Formation in the central and eastern parts of 
the Basin. Three zones have been recognized in the sub 
surface, spanning part of the Middle and Late Albian and 
some have been recognized in outcrop along Adam 
Creek. Some lignites from this area correlate with the 
commercially significant lignites in the Onakawana field 
to the northeast whereas other lignites are younger. Red- 
and orange-coloured oxidized facies of the Mattagami 
Formation are prominent in certain areas but yield sparse 
palynofloras if any at all compared with the drab, unal 
tered facies.

Introduction
The Cretaceous Moose River Basin is a low-lying region 
in the James Bay Lowlands (Figure 1). Little was known of 
the Mesozoic basin fill outside the Onakawana lignite 
field (Figure 2) until relatively recently. As a result of drill 
ing programs initiated by the Geological Branch, Ontario 
Division of Mines (and continued later by the Ontario Ge 
ological Survey) in 1975, the stratigraphy and paleontol 
ogy of the Moose River Basin, particularly the Cretaceous 
Mattagami Formation, is now known in more detail (Tel 
ford and Verma, in press; Verma, Telford and Norris, 
1978).

The present report covers the drill holes put down in 
1978 by the Ontario Geological Survey along the south 
ern part of the Basin (Figure 2) and includes preliminary 
results of strata that are exposed along Adam Creek 
which intersects the line of drill holes.

A tentative palynologic zonation for mid-Cretaceous 
strata in the Moose River Basin was erected by G. Norris 
(1979). This report documents the zonation southward 
and westward from Onakawana, to another area rich in 
lignite (Telford and Verma 1978).

A total of 259 samples was macerated using stan 
dard techniques. Eight drill holes were examined: 78-01, 
78-02, 78-03, 78-04, 78-05, 78-06, 78-07, and 78-08. 
Spores and pollen were obtained from all except drill hole

78-04 which was barren. All others yielded relatively rich 
palynofloras except drill hole 78-07 which was virtually 
barren. Drill hole 78-01 yielded the best palynofloras and 
to date has been studied most thoroughly. All other locali 
ties and palynofloras are known in less detail.

Results and Discussion
Preliminary analyses suggest that the zonation proposed 
by Norris (in press) can be applied with modifications to 
the study area. Palynostratigraphic correlations among 
the 78 series of drill holes, outcrops, and other drill holes 
are shown in Figures 3 and 4. In the following discussion, 
Norris's zonal nomenclature and age determinations are 
used, although they may require modification later as the 
result of more detailed work. Authors of taxa are listed in 
Norris (in press).

Zone I
Reticulatasporites-Concavissimisporites 
Zone (Early Middle Albian)
This zone is defined (from previous work) on the basis of 
abundances of certain species and presence of charac 
teristic species (see Norris, in press). In drill hole 78-01 
this zone appears to occupy the interval 412 feet to 532 
feet. Gymnosperm species such as Alisporites bilateralis, 
A. grandis, Cerebropollenites mesozoicus and spores 
such as Cyathidites minor, Gleicheniidites senonicus, 
Taxodiaceaepollenites hiatus, and Stereispohtes 
antiquasporites are relatively common. Species which 
define the zone such as Microreticulatisporites uniformis, 
Osmundacidites wellmanii (very common in some sam 
ples), and Cyathidites australis, were also present.

Reticulatasporitessp. (Norris, in press) is character 
istically present commonly in abundance in this zone. 
This study has shown that although Reticulatasporitessp. 
is present in Zone l, it is also present in other zones in the 
southern Moose River Basin. It may be an algal cyst and 
therefore its distribution might be sensitive to facies - per 
haps fluvial or lacustrine - rather than to time.
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Zone l is shown (Figure 4) to thicken from drill hole 
78-08 in the east to drill hole 78-01 in the west. The pres 
ence of Zone l farther west in 78-06 and 78-02 is tenta 
tive. In drill hole 78-06, Devonian spores are present at 
approximately 400 feet depth and lower: the drab clays 
occupying the bottom 90 feet of this drill hole are different 
from typical Cretaceous sediments and a different 
palynoflora was anticipated prior to analysis.

Some significant species with range tops in Zone II 
are Aequitriradites spinulosus, Appendicisporites bilater 
al is, A. spinosus, A. crimensis, Baculatisporites comau- 
mensis, Circulina parva, Classopollis torosus, Cyathidites 
australis, Tigrisporites reticulatus and Trilobosporites 
humilis. Many others are present but are not listed in this 
preliminary report.

Zone II
Tigrisporifes- TriVobosporifes h umi/is
Zone (Late Middle Albian)
This zone is characterized by the.presence of a number 
of species not found in Zone l. Zone II is present in all the 
1978 drill holes except the barren holes, 78-04 and 78- 
07. The Cretaceous section thins to the west of drill hole 
78-01 but Zone II becomes relatively thicker whereas 
Zone l disappears. Only Zone II is present in the most 
western drill hole 78-05 (Figure 4).

Zone III
/mpard/cispora purverulenta- 
Cicafri'cosisporifes annulatusZone (Late 
Middle to Early Late Albian)
Local range tops for the following species characterize 
this zone: Biretisporites potoniei, Camarozonosporites in- 
signis, Clavatipollenites hughes/, Eucommiidites minor, 
and Platysaccus megasaccus. Some other species are 
restricted to this zone - Cyathidites punctatus, Impardi- 
cispora purverulenta, Impardicispora marylandensis, Ly-
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copodiumsporites marginatus, Todisporites major. Other 
species with range tops in this zone or restricted to this 
zone are present but are not listed in this preliminary re 
port. Norris (in press) has presented a more complete list 
of characteristic species for this zone.

Zone III has been found only near the top of drill hole 
78-01. Its presence in drill hole 78-06 (see Figure 4) is 
tentative only.

Only one sample from the entire 1978 series of drill 
holes has yielded tricolpate angiosperm pollen. These 
grains are present in the 485-foot to the 487-foot interval 
of drill hole 78-03. A large part of drill hole 78-03 is com 
posed of oxidized red and mottled clays, interbedded 
with unconsolidated presumably fluvial quartz sands. 
Zone II occupies the interval in drill hole 78-03 from ap 
proximately 500 feet downwards. Thus, the interval from 
approximately 200 feet to 500 feet may represent Zone

III. Several early angiosperm pollen species were re 
ported by G. Norris, P.G. Telford and A.M. Vos (1976) 
and G. Norris (in press) in Zone IV which is exposed near 
Long Rapids in the Mattagami Formation and tentatively 
dated Late Albian. The record of tricolpate grains in drill 
hole 78-03 may extend their earliest record in this region 
back to the late Middle Albian. However, the stacked 
fluvial sands and oxidized red clays characterizing drill 
hole 78-03 are generally unpalyniferous precluding fur 
ther precise work on the zonation and age determination 
of these strata necessary to confirm this palynostrati- 
graphic scheme.

A single sample of lignite from an outcrop on Adam 
Creek (Telford and Verma 1978) has been studied (see 
Figure 4). Tentative analysis of the palynologic assem 
blage of this sample indicates that it is probably Zone l. 
The Onakawana lignite located in the eastern part of the
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Basin (see Figure 2) has been dated as part of Zone l 
(Hopkins and Sweet 1976; Norris, in press). Lignite oc 
curs in all of the drill holes in the 1978 series except for 
78-03 and 78-04. The seams are generally thin except for 
those in 78-06 (see details in Telford and Verma 1978). 
Palynologic analysis had demonstrated that the lignites 
are not coeval (see Figures 3 and 4). Lignites occur in 
both Zones l and II in the 1978 series of drill holes. The 
thick 20-foot section of lignite in drill hole 78-06 is part of 
Zone II whereas the lignites in the Onakawana field are 
Zone l (Norris, in press). The small amount of lignite en 
countered in the 1975 series of drill holes extend roughly 
north-south across the basin (see Figures 2 and 3) ap 
pears to be Zone II. Lignites have not yet been reported 
from either Zone III or Zone IV. The latter zone is de 
scribed by Norris (in press).

Summary and Conclusions
Palynologic analyses of subsurface and surface strata 
along the southern margin of the Moose River Basin indi 
cate a phase of clastic and lignite deposition in the Mid 
dle and Late Albian. These strata span four palynologic 
zones previously recognized here and also farther north 
and east in the Moose River Basin. Lignites deposited 
near the southern margin of the Basin are partially coeval 
with the Onakawana lignites but some have a later gene 
sis. Red- and orange-mottled facies of the Mattagami 
Formation are rarely palyniferous, perhaps due to oxida- 
tive diagenesis associated with channel-sand litho- 
somes. Where spore-pollen assemblages are present, it 
is possible to erect a correlation network between sec 
tions, but this is tentative until more detailed taxonomic 
and stratigraphic work has been completed. Palynologic 
studies are thus providing a means of correlating non- 
marine strata exhibiting a variety of lithofacies which 
would otherwise remain undated. In particular, it can be

shown that lignite deposition appears to be limited to the 
lower two spore-pollen zones in the Middle Albian in this 
Basin.
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Abstract
In the Timmins area, the structural architecture is con 
trolled to a large degree by volcanic linear domes and 
troughs. The Porcupine Syncline is at the position of a for 
mer volcanic trough that received turbidite-type sedi 
ments. The trough was bounded on the north and south- 
west by linear domes, the positions of which are now 
occupied by the Central Tisdale Anticline and the South 
Tisdale Anticline.

The trends of the two domes converge at an angle of 
approximately 60 degrees. The trend of the Central Tis 
dale dome is parallel to the present regional trend, and it 
appears to have had a comparatively simple volcanic his 
tory. The complexities of the South Tisdale dome are due 
to a series of movements, leading ultimately to its col 
lapse, on axes of rotation parallel to the regional trend. 
These axes transect the earlier trend of the dome. These 
later volcanic movements are reflected in the Timiskam- 
ing-Keewatin unconformity. The first tectonic deformation 
D! was imprinted on these volcanic, D0 , structures.

The gold-bearing units consist of two components: a 
carbonate-rich unit which may be a sedimentary rock or 
an altered volcanic rock, and a quartz vein system which 
has a direct spatial association with the carbonate-rich 
unit. The formation of the altered volcanic units predates 
DT. The association of altered (carbonatized) volcanic 
units with carbonate-rich sedimentary rocks suggests 
that the carbonatization was a volcanic (near-surface) 
process. The quartz veins postdate the emplacement of 
the carbonate-rich units.

Introduction
The objectives of this project are to describe the volcanic 
setting of the gold deposits of the Timmins area and the 
nature of the alteration of the volcanic rocks associated 
with the deposits. The following is a progress report on 
the geological aspects of the project. The evidence for 
the volcanic-tectonic history of the area summarized be 
low was obtained from mapping in Tisdale and adjoining 
townships, and in the Dome mine.

Terms such as Keewatin and Timiskaming are used 
for convenience, to identify well established sedimentary 
rock units.

Structures of the Timmins 
Area
Major Structures
The major structures of the Timmins area are illustrated in 
Figure 1. The dominant structure is the Porcupine Syn 
cline which closes in the southwest and plunges to the 
northeast. It is flanked on the northwest by the Central 
Tisdale Anticline and on the southwest by the South Tis 
dale Anticline. The trends of these two anticlines con 
verge at 60 degrees.

The Burrows-Benedict Fault is the most prominent of 
a number of late faults, all of which strike northwest. They 
transect the fold structures and are consequently the 
least controversial faults of the area. The Burrows-Bene 
dict Fault is vertical, and the probable movement was 
east block down.

The Destor-Porcupine Fault occupies a zone of sedi 
mentary rocks and serpentinized ultramafic rocks. The 
fault separates volcanic rocks of the Tisdale Group and 
sedimentary rocks of the Porcupine Group, from rocks of 
the Deloro Group to the south. The proposed fault is par 
allel to the strike of the rock units, and consequently, its 
precise location is the subject of debate.

The Hollinger Fault occurs at about the position of 
the axial surface of the Central Tisdale Anticline.

Other faults have been proposed (Davies 1977; Fer 
guson et al. 1968), but will not be described here.

Minor Structures
Minor or mesoscopic structures (structures on the scale 
of a hand specimen up to an outcrop) may be ascribed to 
specific periods of deformation, and their crosscutting re 
lationships serve to establish the chronology of the peri 
ods of deformation. They are described below in chrono 
logical order.

DO Deformation
The earliest minor structures are prelithification or slump 
folds in bedded greywacke-argillite units. The F0 folds oc 
cur typically as isolated fold structures confined between 
apparently nonfolded beds. They may be associated with
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P Porphyries
S Sedimentary rocks
Fb Felsic pyroclastic (krist)
V Mafic flows
D-m Ultramafic rock

Figure 1—Major structures and attitudes ofS 1 and L 1 in the Timmins area. N.T.A. - North Tisdale Anticline; C.T.A. - Cen 
tral Tisdale Anticline; P.S. - Porcupine Syncline; S.T.A. - South Tisdale Anticline; D.P. - Destor-Porcupine 
Fault; B.B. - Burrows-Benedict Fault.

locally brecciated beds and with discontinuities that have 
the appearance of unconformities but are probably the 
result of sliding during the D0 deformation. The folds do 
not have an associated fabric. Younger foliations may 
transect the F0 folds or be deflected by them.

west. The attitude of S2 is reasonably constant throughout 
the area. Mesoscopic F2 folds include crenulations, kinks, 
and flexural folds. Folds plunge to the north at steep to 
moderately steep angles. Both bedding and ST are fold 
ed.

D! Deformation
A well developed, penetrative, planar and linear fabric 
was imprinted on the rocks during this deformation. ST is 
defined by the preferred orientation of chlorite and seri 
cite. It is axial planar to mesoscopic F, folds. The lineation 
In is defined by the plunge of FT fold axes, the intersec 
tion of bedding and SL and the elongation of pillows, var- 
iolites, clasts, and aggregates of mechanically resistant 
grains. In any one domain, the various linear structures 
have the same attitude and lie in the plane of ST (Figure 
1).

D2 Deformation
The principal mesoscopic structure of this deformation is 
a crenulation-fracture cleavage, S2 . The cleavage strikes 
northeast and dips steeply, predominantly to the north-

Da Deformation
Subhorizontal kink planes with associated fracture cleav 
age are associated with the D3 deformation. The struc 
tures are unevenly developed throughout the area. They 
are best developed in units with well developed ST folia 
tion, such as the feldspar-porphyry units and the argil- 
lites.

Relationship of Major Structures to 
Minor Structures
The mesoscopic planar and linear structures of the D, 
deformation are found in all rock units except the diabase 
dikes. Thus the Keewatin-Timiskaming unconformity pre 
dates the D, deformation and is most probably related to 
the DO deformation.
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Figure 2— The Porcupine Syncline

The attitudes of ST and 1^ are shown in Figure 1. The 
regional strike of the foliation is approximately northeast 
(040 to 070 degrees), and is invariably steeply dipping. In 
the Timmins area the attitude of the foliation changes 
such that it is approximately parallel to the trend of the 
South Tisdale Anticline; transects the trace of the axial 
surface of the Porcupine Syncline at approximately 35 
degrees; and transects the trace of the Central Tisdale 
Anticline at approximately 20 degrees. This suggests that 
these structures have a history of deformation that, in part 
at least, predates the ST foliation.

The north-trending S2 fracture cleavage is not geo 
metrically related to the major structures since it transects 
the trends of the folds at high angles. The D2 deformation 
produced mesoscopic flexural folds, particularly in rocks 
with strong ST foliation, but the variable attitude of ST 
throughout the area (Figure 1) cannot be ascribed to re 
gional scale F2 folds. It is, therefore, concluded that the 
D2 deformation did not produce major fold structures.

The Porcupine Syncline
General Statement
One of the more puzzling aspects of the structural geol 
ogy of the Timmins area relates to the dominantly east 
ward plunge of the structures. This includes the meso 
scopic L, structures, the axis of the Porcupine Syncline, 
the plunge of the porphyry units, and the unconformable 
relationships on the south limb of the Porcupine Syncline 
exposed at the Dome mine. The closure of the South Tis 
dale Anticline to the west is difficult to reconcile with the 
generally east-plunging structures. This is further compli 
cated by the eastward plunge of primary structures at the 
Edwards shaft (Ferguson et al. 1968, Section 10), which 
is located approximately at the core of the South Tisdale 
Anticline (Figure 2).
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Outcrop Pattern
In plan view (Figure 2), the Porcupine Syncline is defined 
by the Krist Formation with a hook-shaped pattern in 
which the long limb of the hook is the north limb of the 
syncline. This pattern is repeated by the conglomerate 
unit at the base of the Timiskaming sediments, and by the 
porphyry that conformably underlies the South Green 
stone unit. Consequently, in a section across the Porcu 
pine Syncline two km east of the Dome mine (directly 
west of the Burrows-Benedict Fault), the rock units expo 
sed at surface are south-facing.

Contact Relationships Exposed at the 
Dome Mine
The relationships between the volcanic flow units and 
sedimentary units in the Dome mine are illustrated in the 
geological map of the twelfth level (Figure 3). The more 
important structural relationship between rock units are 
summarized below.
1). The Krist Formation grades to the east from a felsic 
unit containing breccia fragments to a unit of fine-grained 
tuff and lapilli-sized fragments that contains approxi 
mately 15 percent carbonaceous material. It then passes 
to a carbonaceous shale.
2) There is no detectable unconformable relationship be 
tween the carbonaceous shale overlying the Krist and the 
Timiskaming conglomerate.
3) The carbonaceous shale underlying the Krist, and con 
formable with the Krist, is in faulted contact with the Timis 
kaming sedimentary rocks to the south. These sediments 
consist of beds of carbonaceous argillite and grey- 
wacke-argillite couplets. The sedimentary rocks are 
folded but carefully mapped sections through the sedi 
mentary rocks from the Krist to the carbonate-rich units to 
the south show that the sedimentary rocks are south-fac 
ing. D.T. Holmes (1968) arrived at the same conclusion.
4) The mafic flows interfinger with units of massive tuff, la 
minated cherty and sericitic units (tuff), and units of con 
glomerate. These relationships are illustrated in Figure 4. 
The contact between the flows and the conglomerate is 
therefore not an unconformity but one that may be ex 
pected at the termination of a sequence of flows.
5) The ankerite units which occur within interflow tuff ex 
tend into the sequence of conglomerate and tuff.
6) The mafic flows, laminated tuff, conglomerate, and 
massive tuff described above dip to the northeast. To the 
east, these units are overlain by the south-facing Timis 
kaming sedimentary rocks (Figure 3).
7) A zone of carbonate-rich rocks and porphyries overlies 
the Timiskaming greywacke-argillite, separating the sedi 
mentary rocks from the south-facing mafic flows of the 
South Greenstone unit (Figure 3). The carbonate-rich 
rock consists of two mappable units: "carbonate rock" 
and "highly altered" rock (Holmes 1968). The field evi 
dence indicates that the two units are the results of altera 
tion processes, but their precise origin is in doubt (Fryer 
etal. 1979). D.T. Holmes (1968) and J.F. Davies (1977)

suggest that the carbonate-rich rocks and porphyries of 
this zone define a fault separating the south-facing Timis 
kaming sedimentary rocks from the south-facing South 
Greenstone unit. Faults occur within the units but it is diffi 
cult to demonstrate that they involve major displace 
ments. The continuous nature of the sequence is sug 
gested by the fact that sedimentary rocks occur within 
the zone of carbonate-rich rocks, and "carbonate rock" 
and "highly altered" rock may occur within and towards 
the top of the Timiskaming.

Volcanic-Tectonic History of the 
Porcupine Syncline
In the following, the events that led to the development of 
the Porcupine Syncline are described. In the reconstruc 
tion, emphasis is placed on the structural events and the 
relationship of these structural events to the history of 
sedimentation. This leads to the conclusion that signifi 
cant deformation occurred during volcanism. The Porcu 
pine Syncline developed as a trough receiving turbidite 
sediments. The trough was flanked by a linear dome to 
the north (the Central Tisdale Anticline, trending N60E) 
and a linear dome to the south (the South Tisdale Anti 
cline).

Figure 8 is a right section across the Porcupine Syn 
cline, looking to the southwest. The information projected 
onto the section is obtained from the surface geological 
map and the geological map of the 12th level of the Dome 
mine. Figures 5 to 7 depict various stages of volcanic de 
formation in the development of the structure.

Stage I
At the south limb of the Porcupine Syncline, exposed at 
the Dome mine, the mafic flows terminate and interfinger 
with volcanic conglomerate, tuff, carbonate-rich chemical 
sedimentary rocks (ankerite units), and cherty laminated 
units. The Krist Formation, which throughout the area is 
underlain and overlain by carbonaceous shale, at the 
Dome mine thins and passes through a carbonaceous 
unit with tuff and lapilli-size felsic fragments, to a carbo 
naceous shale. The coincidence of the facies change in 
volving the Krist Formation with the termination of the un 
derlying flows, suggests that the South Tisdale linear 
dome controlled the topography of the turbidite basin 
(Figures).

Stage II
In order to explain the Timiskaming-Keewatin contact, 
which varies from conformable to strongly unconforma 
ble, it is necessary to postulate a turbidite basin that was 
subject to subsidence and deformation concomitant with 
sedimentation.

At Stage II (Figure 5), in the central part of the town 
ship, the form of the basin was controlled by the South 
Tisdale dome and the Central Tisdale dome. The trend of 
the South Tisdale dome converged on the North Tisdale
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Figure 5 — Development of the Porcupine Syncline. Stages l and II looking southwest.

dome at an angle of 60 degrees. The axis of subsidence 
between these two domes forms the axis of the Porcupine 
Syncline. The turbidites and Krist Formation of the basin 
wedge and thin on to the south limb of the basin (syn 
cline) where they are represented by carbonaceous and 
pyritic shale and cherty sediments.

In the northern and eastern part of Tisdale Township, 
the floor of the basin rose to a linear dome, the axis of 
which is beyond the map-area. The trend of this dome, as 
indicated by the strike of the rocks, is parallel to that of 
the South Tisdale dome.

Stage III

This stage (Figure 6) was dominated by movements of 
volcanic origin that caused rotation about axes trending 
N60E (the trend of the Central Tisdale dome, and the 
trend of the Destor-Porcupine Fault). East of the Bur 
rows-Benedict Fault (on the north limb of the basin), rota 
tion about this trend resulted in the Keewatin-Timiskam- 
ing unconformity followed by sedimentation in a trough of 
the same trend.

On the south limb of the basin, at the Dome mine, ro 
tation about the N60E trend resulted in erosion of sedi 
mentary rocks in the vicinity of the South Tisdale dome. 
This was followed by deposition of the Timiskaming con 
glomerate. The conglomerate was emplaced by mass 
transport of clasts suspended in a finer grained matrix, 
into an environment of quiet sedimentation.

Beds of sorted, clast-supported conglomerate were 
probably formed by redeposition of matrix-supported

conglomerate. Beds of matrix-free conglomerate, so 
formed, were later cemented by ferroan calcite precipi 
tated from thermal waters.

Stage IV

Rotation of the north limb of the South Tisdale dome 
(south limb of the Porcupine Syncline) about the N60E 
trend is required to form the syncline outlined by the Tim 
iskaming conglomerate unit (Figure 7). Since the syncline 
does not apparently affect the overlying units, its initial 
development, at least, is associated with volcanic-sedi 
mentary events. The trend of the axial surface of this syn 
cline transects that of the main Porcupine Syncline.

Stage V

The stage depicted in Figure 8 is a section across the 
Porcupine Syncline in its present form. The structural in 
terpretation is constrained by the south-facing Timiskam 
ing sedimentary rocks and South Greenstones unit, and 
by the structural continuity from the sedimentary rocks to 
the South Greenstones unit, through the carbonatized ul- 
tramafics and porphyry units. These carbonatized vol 
canic units host the "tourmaline vein" and "fuchsite vein" 
at the Dome mine.

The events that led up to the emplacement of the 
South Greenstones unit must have involved the develop 
ment of a trough with a N60E trend across the south part 
of the South Tisdale Anticline or dome.

191



GRANT 32

BEDS OF SORTED 

CONGLOMERATE

Figure 6 —

CONGLOMERATE

Development of the Porcupine Syncline. Stage III

\

Figure?— 

192

Development of the Porcupine Syncline. Stage IV



K. G. ROBERTS

ULTRAMAFIC ROCKS

Figure 8 —Development of the Porcupine Syncline. Stage V. Right section across the syncline in its present form; looking 
southwest. S-sedimentary rocks; ultramafic units shown by the horizontal pattern.

Summary

In volcanic terranes, a structural model based on a folded 
"layer cake" stratigraphic section is not appropriate. In 
the Timmins area the structural architecture is controlled 
to a large degree by volcanic domes and troughs. The 
history of these domes, as with the South Tisdale dome, 
may be complex. The Central Tisdale dome appears to 
have had a more simple volcanic history. The complexi 
ties of the South Tisdale dome appear to be due to a se 
ries of movements, leading ultimately to its collapse on 
axes of rotation parallel to the regional trend. These axes 
transect the earlier trend of the dome.

The first "tectonic" deformation (D^ was imprinted 
on the volcanic structures. The trend of the ST and L, 
structures is largely controlled by the two earlier dome 
structures.

The gold-bearing carbonate-rich units have a direct 
spatial relationship to the dome structures.

Gold-Bearing Units at the 
Dome Mine
The gold-bearing units examined by the author consist of 
two components: a carbonate-rich unit which may be a

sedimentary rock or an altered volcanic rock, and a 
quartz vein system which has a direct spatial association 
with the carbonate-rich unit. The carbonate-rich compo 
nents of the various gold-bearing units are described 
briefly below. The en echelon vein systems in the most 
northern flows exposed in the Dome mine (see Figure 3) 
were not examined by the author and are not included in 
the discussion.

Ankerite Units
The author agrees with the conclusions of B.J. Fryer etal. 
(1979) that the ankerite units are chemically precipitated 
rocks with associated fine-grained clastic material. The 
units typically occur in association with tuff and hyalo 
clastite beds at flow contacts, and may extend beyond 
the flows to be interbedded with the volcanic conglomer 
ate and tuffaceous rocks at the "Greenstone nose". They 
also occur in association with fine-grained, cherty sedi 
mentary rocks interbedded with the volcanic conglomer 
ate overlying the Paymaster porphyry (the "Trough" of 
Holmes, 1968). Their coincidence with flow contacts is il 
lustrated in Figure 4. The apparent crosscutting relation 
ships is simply the consequence of localized interruption 
of sedimentation by impersistent volcanic units.

The mafic flows associated with the ankerite units are 
strongly carbonatized and may contain in excess of 20
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percent ferroan dolomite, by volume.

Calcite-Cement Conglomerates
The Timiskaming conglomerate contains beds, up to 1 m 
thick, of clast-supported conglomerate in which the 
clasts are cemented by ferroan calcite (up to 85 per 
cent), quartz and minor ferroan dolomite. The beds are 
impersistent along strike (maximum strike-length of 10 
m), have well defined upper contacts, but may have ir 
regular lower surfaces. The host to the calcite-cement 
conglomerate is matrix-supported conglomerate in which 
the matrix consists of silt to gravel-sized fragments.

A maximum value of 80 ppb gold was obtained from 
the carbonate matrix. The ore consists of these units, with 
associated quartz veins.

2) There is a spatial relationship between carbonatized 
mafic volcanic flows and associated interflow sedimen 
tary rocks that contain beds and laminations of ferroan 
dolomite (ankerite units).
3) The beds of clast-supported conglomerate in the Tim 
iskaming conglomerate are cemented by ferroan, gold- 
bearing calcite.
4) The clasts of the Timiskaming conglomerate include 
carbonatized mafic volcanic rock.

The close spatial relationship of carbonate-bearing 
sedimentary rocks and carbonatized flows is good evi 
dence that they were formed by the same process. The 
most reasonable explanation is that the thermal waters 
that passed through and carbonatized the flows, also 
caused deposition of carbonate sediments at discharge 
sites on the seafloor. These or related solutions probably 
precipitated carbonates in the permeable conglomerate 
beds.

"Highly Altered" and "Carbonate Rock" 
Units
This unit is shown as "carbonate-rich" (altered) rocks in 
Figure 3. The unit is the host to two quartz vein systems 
referred to in the mine as the tourmaline vein and the 
fuchsite vein.

Time of Formation of the Carbonate-Rich 
Units
The significant observations are as follows: 
1) The carbonate-rich units formed by the alteration of 
volcanic rocks were effected by the DT deformation and 
contain ST and L1( structures (mesoscopic mineral folia 
tion and lineations).
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Grant 14 Structural Analysis of the Central Part of the 
Shebandowan Metavolcanic-Metasedimentary Belt

G.M. Stott and W.M. Schwerdtner
Department of Geology, University of Toronto

Abstract
The Shebandowan belt is characterized by three genera 
tions of regional tectonic structures. The first two genera 
tions constitute the dominant tectonic stages in the belt. 
The first deformation phase, D^ appears to have initially 
developed across the full width of the belt resulting in a 
characteristic and prominent west-plunging mineral li 
neation. The D2 phase was superimposed upon the D, 
phase only within megascopicaily discrete zones charac 
terized by weak east-plunging mineral lineations.

The belt can thus be subdivided into opposite-plung 
ing strain fields each dominated by the D 1 or D2 phase of 
deformation. The result is a complex map pattern of strain 
fields with the D2 field dominating most of the northern 
half of the belt and the adjacent structurally less compe 
tent Quetico metasedimentary terrain.

Discontinuous interfaces between strain zones have 
been observed in other areas. Three models are consid 
ered to account for the sharp discordance between adja 
cent strain fields and each is potentially viable where it is 
consistent with the field data restrictions.

Tectonic Sequence
Three generations of regional structures are distin 
guished within the Shebandowan belt. These structures 
are attributed to successive phases of regional deforma 
tion. In addition, there is a generation of structures related 
to contact strain aureoles around individual late to post 
tectonic plutons. The first two deformation phases consti 
tute the dominant tectonic stages in the Shebandowan 
belt.

D! Phase
The first recognizable deformation phase, D, is charac 
terized by consistent west- to southwest-plunging mineral 
lineations and mesoscopic fold axes. The tectonic folia 
tion, ST, is almost invariably parallel to the bedding; obli 
que bedding/foliation relationships are rarely observed. 
Megascopic FT folds are defined from lithologic patterns 
and facing directions notably east and north of Greenwa 
ter Lake and along the Quetico-Shebandowan boundary.

In addition, detailed stratigraphic mapping (Morton 1979) 
and additional facing evidence suggest a complex of F! 
fold axes south of Shebandowan Mine. D^ synclines and 
anticlines possess plunging fold axes with upright to 
steeply northward axial planes. Just east of Greenwater 
Lake they are deflected around a crescent-shaped plu 
ton and tonalitic gneiss dome.

L! mineral lineations are typically prominent and 
plunge generally 50 to 65 degrees westward. This de 
gree of plunge is consistent through the D, strain fields 
(Figure 1) except close to the late to posttectonic plutons 
where they steepen within the contact strain aureoles, 
and except close to the boundary of D2 strain fields 
where, in some places, the lineations become shallower 
in plunge.

D2 Phase
The second deformation phase, D2 is characterized by 
weakly developed east-plunging mineral lineations and 
relatively few observed mesoscopic folds except for 
those preserved in sedimentary and tuffaceous units. The 
tectonic foliation is generally more prominently devel 
oped and mineral lineation more weakly developed than 
in areas affected exclusively by Dv The plunge of mineral 
lineations within the northern half of the belt changes from 
relatively shallow, 10 to 30 degrees, in the Burchell 
Lake-Kashabowie Lake area to 55 to 65 degrees further 
east in the area north of Middle Shebandowan Lake. The 
plunge of lineations within the Quetico metasediments is 
consistently shallow. Within the core of the belt, L2 linea 
tions range from 35 to 70 degrees in plunge.

The bulk of the D2 deformation is confined to clearly 
mappable D2 strain fields shown in Figure 1. Narrow D2 
zones typically less than 300 m wide occur within the D, 
strain field close to the boundary with the major D2 field. 
These are most prominent north of Greenwater Lake but 
are too narrow to be illustrated in Figure 1. Within such 
narrow zones L, and L2 lineations are observed together 
in hand specimen. The presence of two superimposed 
mineral lineations is not an unusual phenomenon and has 
been widely observed elsewhere in the Canadian Shield. 
In addition, apparent tectonic 'inliers' of D^ strain zones 
occur within the major D2 strain field on Upper Sheban 
dowan Lake. The largest inlier is shown in Figure 1. The 
boundary between the strain fields locally crosses the 
stratigraphy obliquely.
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The D2 phase appears to have been superimposed 
upon the, at one time more regionally extensive, DT phase 
but accommodated by the belt as a whole into mega- 
scopically discrete zones. The result is a complex map 
pattern of strain fields with the D2 field dominating the 
northern one third to one half of the belt and the adjacent 
less competent Quetico metasedimentary terrain. The 
present cumulative strain fabric characterizing the D2 
field with its weak east-plunging stretching lineation and 
typically strong foliation appears to be a composite of D 1 
and D2 deformation. As a consequence, the increment of 
D2 deformation alone may have involved an element of 
strong extension with an eastward plunge to produce the 
resultant fissile planar fabric and weak L2 .

Later Deformation
Subsequent to the D2 deformation phase, the rise of late 
to posttectonic plutons deflected the stratigraphy and im 
posed contact strain aureoles typically less than 600 m in 
width. The most prominent contact strain envelopes en 
close the Greenwater Lake and Kekekuab Lake plutons.

The effect of the D3 phase of deformation is generally 
confined to kink folding of well foliated supracrustal units 
within the northern half of the Shebandowan belt and the 
southern part of the Quetico metasedimentary terrain. 
This phase is locally imposed upon, and thus postdates, 
the otherwise posttectonic syenitic-trachytic dikes that 
transect the stratigraphy.

Discontinuous Strain 
Boundaries
Discontinuous interfaces between contrasting strain 
zones have been observed in other areas: the Trout Lake 
area in Saskatchewan (Schwerdtner 1970) and the 
Larder Lake area in Ontario (Downes 1980). Both W.M. 
Schwerdtner and M.J. Downes have suggested for their 
respective areas that rotational faulting may account for 
the discordance in the plunge values of the fold axes and 
mineral lineations between the adjacent strain zones.

Two other models should be considered. 
1) The concomitant developmentoi two contrasting strain 
fields creates a discontinuous interface (typically a fault) 
where these fields meet. In this setting, simple mega 
scopic folds of the same apparent generation have con 
trasting plunge directions on opposite sides of the fault. 
There is no local interaction of one strain field upon the 
other; the boundary between the two is sharp. The differ 
ence in the stretching direction on each side of the fault 
may be related to 'mega-release' directions on a large 
scale, possibly governed by the position of batholiths and 
the corresponding slip movement during horizontal com 
pression. The concomitant movement on the fault itself 
would be dip-slip (the resultant of the strains on each side 
of the fault), but this may not be evident in the field if later

G.M. STOTT fr W.M. SCHWERDTNER
strike-slip movement has occurred. The structural setting 
in the vicinity of the Larder Lake "break" in the Abitibi belt 
(Downes 1980) appears to be consistent with this model. 
2) where the evidence for fault discontinuities is lacking 
and the regional pattern of strain fields is complex, a 
sequential development of strain fields is proposed as 
described above for the Shebandowan area. In this set 
ting, D2-imposed strain, typically confined to more ductile 
lithologic suites within the DT strain field, would result in a 
simple tightening of the FT folds and rotation of the F} 
hinge line. The boundary between the resulting D^ and D2 
strain fields may be sharp or there may be a set of narrow 
zones where D, is non-penetratively superimposed on DT 
adjacent to the boundary.

Each of the three alternative models may account for 
the sharp discordance observed between adjacent strain 
fields in different terrains. But each is viable only where it 
is consistent with the field data base.

Present Work
A general pattern of relative strain magnitudes is pres 
ently being established for the Shebandowan area. To 
cover the large area where suitable strain gauges in the 
rock fabric are typically absent, the magnetic susceptibil 
ity anisotropy for each of several hundred widely distrib 
uted specimens is being measured. These results are be 
ing correlated with the strain magnitudes recorded by 
available markers within the rock fabrics of a more limited 
selection of specimens. The results thus far confirm the 
contrast in anisotropy of strain between the D, and D2 
strain fields. A contrast is expected of the D2 field is a 
composite of D, plus D2 deformation and is consistent 
with the sequential development model. The absence of 
such a contrast would exclude this model from consider 
ation. However, such an anisotropy contrast between 
strain fields in the concomitant development model is 
possible but not necessary for the viability of the model.
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Grant 5 Part l Component Magnetization of the Algoman 
Iron Formation and Host Rocks, Moose Mountain Mine, 
Ontario
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Abstract
This study delimits the magnetic characteristics of the Al- 
goman-type iron formation (IF) and host rocks (HR) at the 
Moose Mountain Mine using a data base of 706 IF and 
492 HR oriented specimens. The mean specific gravity 
(SG) for the IF specimens is 3.56 compared to 3.93 g/cm3 
for ore. The low-field susceptibility perpendicular to bed 
ding (kj for IF has a lognormal mean of 6.21 x 10~ 2 
cgs/cm3 which is —1200 kH p. The correlation co-efficient 
for k1 | F = 0.0912 SG - 0.249 is + 0.84 giving k l!F for ore 
of 0.110 cgs/cm3 . Strong IF anisotropy of susceptibility 
parallel to bedding (k \\ ) yields k H 1.75 kx . The natural 
remanent magnetizations (NRM) of HR and IF are lognor 
mal with means of 2.00 x 10- 6 and 1.10 x 10~ 2 emu/cm3 
giving Koenigsberger ratios of 0.063 and 0.63 respec 
tively. In computing the magnetic anomaly, the HR NRM 
can be neglected and the IF NRM augments the induced 
magnetization by -i-24 percent. Stability tests show that 
the NRM is not laboratory-acquired viscous remanence. 
Shock tests show that blasting may have reduced the 
NRM intensity by —40 percent. Computer modelling of 
the anomaly incorporating the induced component, NRM, 
anisotropy of susceptibility, and a demagnetizing factor 
of 2ir generates type curves for the iron deposits. Com 
paring computed and known anomalies indicates that 
faulting limits the depth extent of most ore zones. AF, 
thermal, and chemical demagnetization isolate two stable 
components having both normal and reverse directions. 
The most-stable prefolding B component gives an -2.7 
Ga pole and likely dates deposition of the IF. The stable 
prefolding A component gives an —2.5 Ga pole and likely 
dates metamorphism at the start of the Algoman Oroge 
ny. Several hypotheses may explain the low stability C 
component giving a -2.2 Ga pole.

Introduction
In this study four Algoman iron formation (IF) deposits 
and their host rocks (HR) are being examined. Following 
the original schedule, the Sherman Mine was reported on 
last year (Symons and Stupavsky 1979). The Moose 
Mountain Mine is reported on here. The Adams Mine has 
been collected and measured, and will be reported on

next year along with The Griffith Mine which will be 
started this summer. The purpose of the study is twofold: 
1) to provide reliable averages for the magnetic proper 
ties of these rocks so that their air and ground magnetic 
anomalies may be reasonably interpreted, and 2) to ana 
lyze their paleomagnetic properties so that their ore gen 
esis may be better understood.

The Moose Mountain Mine is located near Capreol, 
Ontario (Figure 1). The deposits were discovered in the 
1890s (ODM 1967). This was followed by attempts at pro 
duction between 1901 and 1920. Subsequently The 
Hanna Company produced approximately 650,000 tons 
of magnetite concentrate annually from 1959 to 1979.

Geology
The Moose Mountain Mine is located in a window of Ar 
chean rocks of the Superior Structural Province sur 
rounded by unconformably overlying Proterozoic rocks.

The Archean strata consist of Keewatin mafic and 
felsic metavolcanics with metasedimentary schist, tuff, 
and iron formation units (Markland 1966). The strata dip 
steeply to the northeast and, based on the mafic to felsic 
volcanic stratigraphy only, are thought to face to the 
northeast. The IF is Algoman-type or banded magnetite 
oxide facies with silica, amphibole, or grunerite gangue. 
The IF deposits occur along a northwest-trending strike- 
length of 8 km in eleven discontinuous lenses with an 
-50 m average width and a strike-length ranging from 90 
to 1200 m. The Algoman Orogeny produced steep isocli 
nal folding with associated faulting generating a set of 
subparallel longitudinal bedding faults and intense 
shearing. A second cross-folding event yielded steep 
north-northeast plunges to the folds. This may be related 
to emplacement of the large Algoman plutons of pink 
massive granite and granite gneiss with minor late peg 
matite dikes which give radiometric age dates of -2.55 
Ga (Card 1978). A later tensional event produced north 
east-trending faults along some of which the few —2.50 
Ga Matachewan Diabase dikes were emplaced (Mark 
land 1966; Wanless et al. 1965; Gates and Hurley 1973). 
Regional metamorphism of the Keewatin strata ranges 
from mid-greenschist to epidote-amphibolite facies and it 
is related to the Algoman Orogeny (Markland 1966). Re-
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Figure 1 — Location and geology of the Moose Mountain Mine after Markland (1966) with host rock site locations.

crystallization of the IF chert and magnetite increased the 
crystallinity of the latter up to the submacroscopic -0.3 
mm size. Hematite occurs as specularite bands, as rims 
around magnetite crystals, and as a martinization prod 
uct. The IF is classed by G.D. Markland (1966) as vol 
cano-sedimentary in origin.

Sampling
At least five cores were drilled several metres apart at 
each of 37 HR sites (Figure 1) and oriented in situ using a

solar compass. Two 2.54 cm right-cylindrical specimens 
were sliced from each core. A further 115 hand samples 
of IF were collected from around the mine pits (Figures 1 
and 2), and they were oriented topographically using an 
inclinometer and mine maps. Four 1 cm right-cylindrical 
specimens were drilled in the laboratory from each hand 
sample. Additional specimens were cut for thermal,' 
chemical, and large-core anisotropy tests to give a total 
data base of 492 HR and 706 IF specimens.

In this report only overall values are given for the 
measured magnetic properties. Data for the individual 
sites and analyses for the various pits are given in D.S. 
Walley (1980).
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Specific Gravity
The specific gravity (SG) of 403 IF specimens was mea 
sured to an accuracy of ±0.01 g/cm3 using a modified 
picnometric method. The SG ranges from lean IF with sil 
ica values of —2.75 g/cm3 to massive iron ore approach 
ing magnetite and hematite values of 5.20 and 5.26 
g/cm3 respectively. The SG has a normal distribution 
about a mean of 3.56 ±0.42 g/cm3 (i.e., ± standard devi 
ation) (Figure 3a) which is less than ore value because of 
the inclusion of lean IF from the pit walls.

Magnetic Susceptibility
The low-field magnetic susceptibility perpendicular to 
bedding (kx ) was measured on a toroid bridge (Christie 
and Symons 1969) for 454 HR and 460 IF specimens. The 
HR k j. values show a lognormal distribution with a lognor 
mal mean of 5.00 x 10- 5 cgs/cm3 (Figure 3b). After re 
jecting 67 barren specimens with values below the level 
of instrumental sensitivity, the IF k± values also have a 
lognormal distribution about a mean of 6210 x 10~ 5 
cgs/cm3 (Figure 3c). Because k i(F ^ 1200 kxHR , it is valid 
to neglect k lHR for the background in calculating the IF

magnetic anomaly. The regression fit between SG and k x 
for IF (Figure 4) has an excellent correlation co-efficient of 
-i-0.84 and gives the relationship:

1^=0.091280 - 0.249
Economic ore at Moose Mountain Mine averages 20.6 
percent Fe in magnetite, 7.8 percent Fe in hematite, and 
0.1 percent Fe in iron silicates and carbonates. This com 
bination gives a mean SG of 3.93 g/cm3 and a mean k 1)F 
of 0.110 cgs/cm3 using the above equation.

Computations of most of the magnetic properties 
were done using existing laboratory programs, of popula 
tion normal and lognormal means with limits and histo 
gram plots using the BMDP5D program (BMDP-77), and 
of regression fits with limits and plots using the BMDP6D 
program.

Anisotropy of Magnetic 
Susceptibility
The matrix elements of the magnetic low-field susceptibil 
ity ellipsoid of the 460 IF specimens were computed from 
nine axial measurements on the toroid bridge. The ele 
ments were used then to compute the principal suscepti 
bility axial directions and magnitudes. Predictably the
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Figure 5 —Frequency (F) distribution of: a) intermediate to minimum magnetic susceptibility ratio for IF; b) maximum to 
minimum susceptibility ratio for IF; c) NRM intensity for HR; d) Koenigsberger ratio (J/J,) for HR; e) NRM inten 
sity for IF; f) Koenigsberger ratio for IF.

minimum direction (kmin = kx ) is about perpendicular to 
bedding with a mean direction after bedding tilt correc 
tion of 2570 , 81", a95 = 30 (declination, inclination, radius 
of cone of 95 per cent confidence [Fisher 1953]). Simi 
larly the intermediate (kjnt) and maximum (kmax) directions 
are approximately in the bedding plane with a mean di 
rection after correction of 3050 , 16 , a95 = 7Jo for kmax . 
The mean magnitude ratio of kin,/^^ is 1.58 (Figure 5a) 
and of kmax7kmin is 1.72 (Figure 5b). Thus the mean bed 
ding plane susceptibility (k y) is:

k || ((kjnt "t" kmaxX2)k min
= 1.65kl

The 1.65 kx value may reflect more anisotropy than reality 
because of field bias favouring the sampling of banded IF

rather than massive IF. Conversely, many small cores will 
be confined to one band and hence appear less aniso 
tropic than the IF as a whole. To test this, the anisotropy of 
susceptibility was measured on 26 large 2.54 cm right- 
cylindrical specimens which do give a greater value of 
1.75 kx which may well be too low also. Balancing these 
offsetting factors, the accepted value for the Moose 
Mountain Mine is 1.75 kx which is greater than the com'- 
parable 1.70 ^ value for the Sherman Mine (Symons and 
Stupavsky 1979) because of the higher metamorphic 
grade at Moose Mountain. Unlike the Sherman Mine, the 
kmax direction is -30" off the strike-trend. This divergence 
is likely caused by a metamorphic stress-induced fabric 
superimposed on an intrinsic depositional fabric.
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TABLE i. VARIANCE TESTS

Fold
Fold

Gps .

Gps.

Fold

Units

test
test

XN VS

2 vs 
N

test

compared

NRM HR
NRM IF

-

-

AF
A compo

3^ IF AF
R

4R IF AF

cleaned
nent

pilots

pilots

HR;

N

37*
132*

17

19

6*
o coiTtponc;n L. /"*

Fold

Fold

Gps.

Gps.

test
Group
Group
Group
Group

test

1N VS

2 vs
N

AF' pilots
AF pilots
AF pilots
AF pilots

AF
1
2
3
4

cleaned IF:

model analysis C component

. 3 IF Thermal pilots
R

. 4 IF Thermal pilots R

VS

vs
vs
vs

. Thermal

. Thermal

. Thermal

. Thermal

pilots, Gp. 1
pilots, Gp. 2N
pilots, Gp. 3
pilots, Gp. 4* R

29*
44*
14*
7*

27

9

11

16
21
11
8

V

2.
1.

2.

1.

1.
2.

1.
2.

2.64
3.

1.

1.

1.

2.
1.
1.
1.

20
02

05

84

45
12

98
09

45

72

17

47

22
31
17
12

F o

1
1

2

2

-s

2

1
1
1
2

1

3

3

3
2
4
3

.05

.51

.20

. 77

.69

.98

.69

.58

.48

.94

.69

.61

.58

.07

.15

.19

.00

.84

R F
c

N
p

P 1.08

P 1.39

P
P

N
N
N
N

N

P 3.86

P 7.32

P 0.58
P 1.45
P 0.46
P 2.78

P P 
"0.05

3.32 P

3. 30 P

3.74 N

3.55 N

3.34 P
3.24 P
3.55 P
3.89 P

Notes: N is the number of specimens except where * indicates the number of site 
or sample mean directions.

V is the variance ratio / ^ of the two units compared.
AS

F is the statistic defined bv Watson (1956) . 
c

is the theoretical statistic (F , .2(N -1), 2(N -1), 0.03 (i.e., 95%
A o

0.05
confidence level).

R is the result of the test where P is positive and N negative.
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Natural Remanence 
Magnetization
Host Rock
The natural remanent magnetizations (NRM) of the speci 
mens were measured on a Schonstedt SSM-1A spinner 
magnetometer using a 3-spin or 6-spin mode. The 443 
HR specimens exhibit a lognormal distribution from 2 x 
10~ 8 to 1 x 10- 2 emu/cm3 with a lognormal mean of 1.99 
x 10~ 6 emu/cm3 (Figure 5c). Thus the Koenigsberger ra 
tio (Q) of remanent to induced magnetization also has a 
lognormal distribution with a lognormal mean of 0.063 
(Figure 5d). The induced IF magnetization is -18,000 
times more intense than the HR NRM so that the latter can 
be omitted from the magnetic anomaly calculation. A fold 
test run on the 37 site mean NRM directions shows that 
the NRM is postfolding at -i- 4-95 percent confidence (Ta 
ble 1) (Larochelle 1969) thereby suggesting that it is ei 
ther a secondary metamorphic or viscous remanence 
(VRM). In a storage test, 14 "average" HR specimens 
were stored for one month with their NRM direction op 
posed to the Earth's magnetic field (EMF) direction and 
measured weekly. These specimens showed ^ percent 
change in NRM intensity and *C1 0 in NRM direction over 
the period which implies that laboratory VRM is unimpor 
tant.

Iron Formation
The 460 IF specimens show a bimodal lognormal distri 
bution of NRM intensity (Figure 5e) with barren or hemati- 
tic IF giving the lower 3.9 x 10- 6 emu/cm3 peak and mag 
netite IF giving the higher 4.8 x 10~ 2 emu/cm3 peak. The 
latter is —12,000 times more intense and controls the 
anomaly. Therefore, excluding the low peak data, the 423 
magnetite IF specimens give a lognormal mean NRM in 
tensity of 1.1 x 10~ 2 emu/cm3 . The O ratio for the IF also 
has a lognormal distribution (Figure 5f) with a lognormal 
mean of 0.63. The IF NRM intensity (J r!F) has a linear rela 
tionship with kx of:

J r IF = 0.439k1 + 0.023 
with a good correlation coefficient of 0.55.

The IF NRM direction of 2640 , 690 , a95 = 140 has a 
deviation angle (6) of — 260 from the (EMF) direction of 
3520 , 760 . The ratio of the vector resultant (R) to the num 
ber of block mean directions (N) in the NRM population 
gives an effective Koenigsberger ratio (Q,) of Q, = (R/N) 
x Q Thus the NRM augments the induced magnetic in 
tensity (J|) by (Qe x cos 0)Jj to give an augmenting factor 
of 0.24 X The fold test is inconclusive at 95 percent confi 
dence suggesting the presence of both prefolding and 
postfolding NRM components. A storage test on 20 IF 
specimens showed ^ percent change in NRM intensity 
and <^° in direction over four weeks implying that labora 
tory VRM is unimportant. A shock test using five IF speci 
mens was tried to look for possible blasting effects. After

D.T.A. SYMONS, D.S. WALLEY, &M. STUPAVSKY
measuring their NRM, the specimens were struck 20 
times on an aluminum block with their NRM direction op 
posed to the EMF direction and again 20 times parallel to 
the EMF direction. The NRM intensity dropped an aver 
age -25 percent after the first set of shocks and a further 
-15 percent after the second set as soft domains were 
randomized, but the NRM direction did not change. Thus 
pit wall IF may have a 40 percent less intense NRM than 
virgin IF.

Magnetic Model
The computer model for the magnetic anomaly used in 
this study for the Moose Mountain Mine IF uses modified 
magnetic sheet equations for infinite strike-length (Gay 
1963) which include the following:
1) the EMF direction (3520 , 760) and intensity (59,300 y) 
(COM 1961);
2) the strike, dip, thickness, and depth extent of the IF;
3) the IF susceptibility (kx ) of 0.110 cgs/cm3 ;
4) the IF anisotropy of susceptibility of k g 1.75 kx ;
5) a realistic demagnetizing factor of 2ir (Gay 1963);
6) the NRM augmenting factor of 0.24 J| or 24 percent in 
crease (Strangway 1965); and
7) the terrain clearance of 305 m (1,000 feet) for airborne 
and 50 m for near-surface magnetic surveys.

In the past most IF models have used only items 1), 
2), and 3), and give poor results (Grant and West 1965). 
Type curves for Moose Mountain using a 50 m wide IF of 
infinite depth extent are given for airborne (Figure 5a,b) 
and near-surface (Figure 6c,d) magnetic anomalies.

When the infinite depth extent model is used for 
Moose Mountain data on the various pits, the predicted 
ground (5 m) anomalies agree but the airborne (305 m) 
anomalies proved to be 1 x to 3x greater than the mea 
sured anomalies. The airborne anomaly of Pit 11 (Figure 
7a), for example, has —Va of its expected peak. To get the 
peak to fit, the depth extent must be limited to -150 m. 
Flank anomalies in the ground data (Figure 7b) suggest 
that the IF has been offset at depth by the longitudinal 
faults. Some mine cross sections given by H. Meyn 
(1970) show the discontinuous lensing of the IF both 
down dip and along strike. Pits 2S and 10 give depth ex 
tents of 400 and 70 m respectively.

AF Step Demagnetization
Using a Schonstedt GSD-1 AF Demagnetizer, 37 HR pilot 
specimens taking one per site and 37 IF pilot specimens 
taking a representative suite were alternating field (AF) 
step demagnetized at peak intensities of 5,10,15, 20, 30, 
40, 60, 80, and 100 ml.
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Host Rock
Fifteen of the 37 HR show very erratic directional 
changes. The remaining 22 pilot specimens fall into four 
directional groups (Figure 8a) with relatively high direc 
tional stability. Their NRM decays rapidly up to 15 mT and 
thereafter decreases slowly (Figure 8b). Groups 1 and 3, 
and 2 and 4 are antiparallel and may be combined to 
form two populations: A to the north horizontal, and B to 
the east horizontal (Table 2). The Paleomagnetic Stability 
Index (PSI) values (Symons and Stupavsky 1974) fall be 
tween 30 and 70 deg/dT indicating moderately high re 
manence stability above 15 mT. Above 60 mT the addi 
tion of anhysteretic remanent magnetization (ARM) 
components is noted. The optimum AF demagnetizing 
field generally occurs between 30 and 60 mT.

Iron Formation
Excluding one erratic, the remaining 36 IF pilots also mi 
grate into four directional clusters (Figure 8c). Groups 1 
and 3, and 2 and 4 are antiparallel at the 95 percent confi 
dence level (Table 1) and may be combined to form A 
and B populations (Table 2). The NRM intensity decays 
rapidly to ~15 percent of its initial value by 30 mT (Figure 
8d). Above 20 mT the PSI values average —20 deg/dT in 
dicating high remanence stability. Acquisition of ARM at 
high fields is minor. The optimum AF demagnetizing field 
for IF generally occurs between 40 and 80 mT. J.D.A. Zi- 
jderveld (1967) plots and least squares model analysis 
(Stupavsky and Symons 1978) were tried to better define 
the component directions. Model analysis (model 5) re 
veals the A and B components clearly (Table 2) plus a 
third C component. The B component has a median de 
structive field (Hy2 ) for its coercivity spectrum of 52 mT in 
dicating that it resides in relatively small "hard" domains 
of magnetite or hematite. Hy2 for the A component is 26 
mT indicating it resides in somewhat larger "softer" do 
mains. Hy2 for the C component is 4 mT indicating that it 
resides in relatively large "soft" magnetite domains. Any 
combination of A, B, and/or C components can be found 
in a given specimen.

AF Demagnetization
Host Rock
The remaining specimens from the 37 sites were AF de 
magnetized at their optimum field. The data from 33 of 
185 cores in which the two cleaned specimen remanence 
directions diverged by ^O0 were rejected as inhomoge- 
nously magnetized. Four sites had only one acceptable 
core and these were also rejected because of insufficient 
data. Data from one or two cores from 18 sites were re 
jected because they deviated from the site mean by 
^O0 . Site mean directions for which a95^00 were also 
rejected because of inhomogenous magnetization. Thus 
only 13 of 37 sites — 11 of 27 mafic volcanics, 1 of 8 tuffs, 
and 1 of 2 diabase — gave acceptable means. These 13

fall into the four group directions and define A and B com 
ponents (Table 2). Fold tests (Table 1) performed on the 
site means shows that both A and B are prefolding com 
ponents at ^5 percent confidence.

Iron Formation
All remaining specimens from the 115 samples were AF 
demagnetized at their optimum fields. In 11 samples the 
remanence was too weak to measure reliably. In 57 of the 
remaining 104, one or two specimen directions diverged 
by ^O0 from the sample mean. However, in 16 of these, 
both A and B component directions were recognized and 
grouped separately. Thus 81 samples with a95^00 were 
accepted. As before, these fall into four groups defining 
normal (N) and antiparallel reverse (R) directions (Table 
1) for the A and B components (Table 2). Fold tests com 
paring: the north, central, and south limbs of the 2N-25 
ore zone; and, all the data by component show with 
-i- -t- 95 percent confidence that the A and B are both pre 
folding in origin (Table 1).

Thermal Demagnetization
Thermal step demagnetization was carried out on repre 
sentative suites of 20 HR and 20 IF specimens in a 
shielded non-inductive oven at temperatures of 100, 200, 
300, 400, 450, 500, 550, 600, 650, and 7000C. Cooling 
components from partial thermal remanence (pTRM) 
were detected by using alternate specimen orientations 
in the oven. A further 60 IF specimens were cleaned at 
5000C and 6000C.

Host Rock
Only nine of the twenty HR specimens exhibit sufficient 
remanence directional stability to yield reasonable end 
points. Of these nine, two give a poorly defined A compo 
nent direction and seven give a poorly defined B direc 
tion (Table 2).

Iron Formation
All 20 IF specimens show a rapid drop in remanence in 
tensity up to ~3000C, a general flattening to ~5000C, and 
a rapid drop to zero by 6000C (Figure 9). Zijderveld plots 
show the removal of large vertical VRM components up to 
3000C. The remanence directions migrate into the same 
four group directions, retain the direction to ^500C, and 
shift erratically on the 6000C step (Figure 9). Variance 
tests (Table 1) fail at the 95 percent confidence to show 
that the N and R groups are antiparallel for the A and B 
components perhaps because of the small populations 
involved or the incomplete cleaning, but do show that the 
thermal step A and B components are the same as the AF
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Figure 8 —AFstep demagnetization remanence directions plotted on equal-area stereonets (down are solid symbols and 
up are open symbols) and intensity decay curves from O to 100 mT for directional groups for: a) HR directions; 
b) HR intensities; c) IF directions with their cone of 95^0 confidence; d) IF intensities.
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TABLE 2. REMANENCE DIRECTIONS

Group

NRM HR
NRM IF

AF pilots HR:
A component
B component

AF pilots IF:
A component
3 component

IF model analysis directions:
A component
B component
C component

AF cleaned HR:
A component
B component

AF cleaned IF:
A component
B component

Thermal pilots HR:
A component
B component

Thermal pilots IF:
A component
B component

Thermal cleaned 5 500 0C IF:
A component
B component

Thermal cleaned @ 600 0C IF:
A component
B component

Chemical cleaned IF:
A component
B component

N

37*
132*

11
11

17
19

38
25
27

6*
7*

43*
52*

2
7

9
7

38
42

38
42

13
17

26.
57.

8.
9.

14.
16.

33.
23.
20.

4.
5.

36.
45.

1.
5.

8.
6.

29.
35.

28.
32.

11.
15.

Mean

R

269
089

321
684

854
409

742
146
074

919
896

267
482

610
972

157
152

060
671

077
452

317
297

remanenc

Decl.

217
263

353
103

360
84

354
79

278

3
81

3
80

10
78

6
92

356
79

358
88

9
79

.9

.5

. 6
. 6

ri

.4

.3

.1
• 4

.1

.9

.7

. 6

.7

.1

.1

.3

.8

.2

.1

.1

.4
r\

e dii•ection

Incl .

79.
69.

5 .
4.

5.
6.

2.
1.

77.

4.
2.

5.
6.

25.
24.

7.
11.

11.
11.

6.
-3.

4.
11.

5
1

••j
2

-7 
l

Q

9
4
7

8
6

4
1

8
0

4
6

2
3

2
3

5
0

K

3.
1-

") d

116.

7.
6.

8.
12.
3.

4.
5.

8.
10.

2.
21.

9.
7.

4.
6.

3.
4.

7.
9.

4

6
7

5
9

7
9
3

6
4

5
8

6
2

5
2

1
5

7
3

1
4

a 9

15.
14.

52.
23.

14.
13.

8.
8.

16.

34.
38.

8.
6 .

^9.
57.

17.
27.

13.
9.

14.
12.

16.
12.

5

3
2

3
3

Q

7

4
4
7

9
5

2
4

9
3

6
2

1
4

0
1

7
3
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Notes: N is the number of specimens except where indicated other-vise 
* refers to the number of site or sample mean directions. 
R is the length of the vector resultant. 
K is Fisher's (1953) precision parameter. 
395 is the radius of 95% confidence (Fisher 1953) in degrees.
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Table 3 ?O i- G

Pole Position

A

B

C

Group

component

component

component

Long.

253.

343.

115.

1

5

1

Lat.

44.

3.

45.

4

0

1

4

4

29

d 
p

.2

2

.4

d 
m

3.4

3.4

31.3

Notes: Pole positions are determined from the directions 
isolated by component analysis (Table 1).

Reversed vectors A are in their antiparallel 
position.

Longitude and Latitude are in degrees west and 
north respectively.

d and d are semi-axis of the oval of 95 \ confi- p rn
dence along and perpendicular to the site-pole 
great circle i* c

step A and B components. The thermal coercivity spec- 
trums and directions of the A and B components are con 
sistent with their residing in relatively pure magnetite with 
a broad range of grain sizes. The isolation of A and B 
components is also found when the directions of all 80 IF 
specimens are examined at both 5000C and 6000C (Table 
2). The isolation of A and B above the 5850C Curie Tem 
perature of magnetite at 6000C is attributed to the pres 
ence of hematite.

ponentially with an initial rapid drop in the first 200 hours. 
Zijderveld plots show that steep vertical remanence com 
ponents are being removed. Visual examination shows 
that the coarse and fine magnetite in the magnetite-rich 
bands is dissolved initially with the hematite and the fine 
grained magnetite encased in the siliceous bands surviv 
ing. The isolated Group 1 and 2 directions (Figure 9d) 
define the A and B components which are co-incident 
with those found by AF and thermal cleaning methods.

Chemical Demagnetization
Recent discussions on the methods and potential of 
chemical step demagnetization (Roy and Lapointe 1976; 
Henry 1979) prompted this first attempt to step demagne 
tize 40 IF specimens using 6N HCI at room temperature in 
mu-metal nested shields to cancel the EMF. The speci 
mens were remeasured after 50, 96, 256, 312, 410, 506, 
626, and 962 hours, and resubmerged in fresh acid. 
Seven specimens disintegrated before the end of the 
test, and three specimens appeared to isolate Group 3 
and 4 directions but were insufficient to define them and 
hence were rejected. The remanence intensity of the 
Group 1 and 2 populations (Figure 9c) decays about ex-

Ore Genesis
The paleomagnetic analysis isolates three components 
by AF, thermal, and chemical demagnetization. The 
least-squares model directions from AF demagnetization 
data are used to calculate the pole positions (Table 3) be 
cause they have the greatest precision. These are shown 
in Figure 10 on the polar wander (APW) path for North 
America in the 2.9 to 2.1 Ga interval (Irving 1979). The 
pole for the highest-coercivity prefolding B component 
falls at ~2.7 Ga on the path, and it is believed to date the 
time of deposition of the IF. The high-coercivity prefolding 
A component falls at ~2.5 Ga on the path, and it is be 
lieved to date prefolding metamorphism during the onset
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Figure 9—Thermal (in 0C) and chemical (in hours) step demagnetization of IF remanence intensities and direction con 
ventions as in Figure 8) for directional groups for: a) thermal intensities; b) thermal directions; c) chemical in 
tensities; d) chemical directions.
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EARLY APHEBIAN 

ARCHEAN

Figure 10 —APW path of Irving (1979) showing ages in 
Ma with the pole locations for the B compo 
nent at the Moose Mountain (M1) and Sher 
man Mines (SM1), the A component at the 
Moose Mountain (M2) and Sherman Mines 
(SM2), and the C component at the Moose 
Mountain Mine (M3).

of the Algoman Orogeny as recrystallization led to coar 
sening of the magnetite in the magnetite-rich bands. The 
presence of N and R directions for both the A and B com 
ponents is attributed to periodic reversals of the EMF dur 
ing slow deposition and metamorphism of the IF analo 
gous to what would happen during Cenozoic time. The A 
and B poles are close to those determined for the Sher 
man Mine. Both mines have contrasting regional atti 
tudes, structural interpretations, and metamorphic 
grades, and therefore the coincidence of poles provides 
independent evidence in support of the genetic interpre 
tation. The origin of the low coercivity C component is un 
certain. Its pole lies at ~2.2 Ga with its large oval of 95 
percent confidence equivalent to ~±0.15 Ga. Likely the 
marginally positive fold test is truly negative permitting 
acquisition of a postfolding: 1) pTRM originating during 
Matachewan intrusion, Huronian burial, or Nipissing intru 
sion; or 2) a VRM acquired since Pleistocene noting that 
its 95 percent oval encompasses the present EMF direc 
tion.
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Grant 5 Part 2 Magnetic Anomaly Type Curves and 
Paleomagnetism of the Algoman-Type Iron Formation 
near Temagami, Ontario

D.T. A. Symons and M. Stupavsky 
Department of Geology, University of Wiindsor

Abstract
This brief report provides the computed magnetic ano 
maly type curves for the Algoman-type iron formation (IF) 
of the Sherman Mine deposit and paleomagnetic data for 
the IF and Archean volcanic host rocks (HR). The type 
curves are computed for airborne (305 m) and near-sur 
face (50 m) elevation assuming a 100 m IF thickness and 
infinite depth extent. They incorporate IF attitude, the am 
bient Earth's magnetic field, the IF magnetic susceptibil 
ity and its anisotropy, the remanent magnetization contri 
bution, and the demagnetizing factor. Computed and 
measured anomalies agree closely. Paleomagnetism iso 
lates two stable components by alternating field and ther 
mal demagnetization. The very stable prefolding B com 
ponent of the IF gives an ~2.8 Ga pole position and is 
believed to date primary deposition. The stable prefold 
ing A component gives an ~2.5 Ga pole and likely dates 
the onset of the Algoman Orogeny. The HR remanence is 
less stable but gives comparable pole position.

Introduction
Details of the geology, sampling, experimental methods, 
and most of the magnetic measurements for the iron for 
mation (IF) containing the Sherman Mine near Temagami, 
Ontario, are given in the initial report (Symons and Stu 
pavsky 1979). Only additional data and analysis related 
to the magnetic anomaly and the paleomagnetism are 
given here. The experimental and analytic methods used 
for the latter aspects are similar to those given in D.T.A. 
Symons efaA(1980).

Magnetic Anomaly
The computer program constructed to generate the theo 
retical magnetic anomaly profiles for airborne and ground 
response over the IF deposits incorporates the following 
factors:
1) the attitude (9.70 declination, 76.20 inclination) and in 
tensity (59,760-y) of the Earth's magnetic field (EMF);

2) the attitude of the IF having an ore grade of 25.0 per 
cent Fe and a mean susceptibility perpendicular to bed 
ding (k j.) of 0.096 cgs/cm3 ;
3) the geometry of the IF assuming for the type curves 
(Figure 1) that its thickness is 100 m and that its strike and 
depth extents are infinite;
4) the orientation and elevation of the measurement 
profile using 305 m (1000 feet) for airborne and 50 m for 
near-surface surveys;
5) the natural remanent magnetization (NRM) component 
(J r) which augments the induced magnetization (J,) by an 
effective 22 percent, i.e. J r = 0.22 Ji;
6) the viscous remanent magnetization (VRM) which stor 
age tests indicate is -O O percent of the NRM, i.e. 0.02 J ( ;
7) the anisotropy of magnetic susceptibility whereby the 
susceptibility parallel to bedding (ky) measures ku 
1.60 k n; and
8) the demagnetizing factor of 2ir (Gay 1963) required for 
such high concentrations of magnetite.

The type curves for the Sherman Mine ore deposits, 
which are Algoman-type banded IF of the magnetite ox 
ide facies, illustrate some significant characteristics for 
anomaly interpretation of IF. For airborne anomalies 1) 
the effect of strike is relatively minor on the peak or shape 
of the anomaly except at very low dips ^300) (Figure 1 b); 
and 2) the effect of dip on the peak and shape is dramatic 
(Figure 1a), e.g. an IF deposit dipping at ^50 will appear 
to be caused by vertical lean IF and therefore is likely to 
be ignored for exploration. The latter is true because the 
effects of anisotropy and remanence mask the shape as 
ymmetry typical of a dipping sheet which is normally 
used to interpret the dip angle, so that all IF appears to 
dip very steeply. At the same time, the peak anomaly is 
greatly reinforced for steeply dipping IF and suppressed 
for flatly dipping IF so that IF aligned parallel to the EMF 
gives very high peak anomalies whereas IF perpendicu 
lar to the EMF gives approximately 1/4 of the response as 
an edge effect. The obvious conclusion is that approxi 
mately vertical IF deposits will be found in high latitudes 
whereas approximately horizontal deposits will be found 
in equatorial areas using conventional airborne magnetic 
anomaly interpretation. This conclusion is borne out by 
exploration experience in Ontario where almost all Algo 
man-type IF deposits discovered by magnetics to date 
are approximately vertical. The anomaly modifications 
found for ground magnetic surveys (Figure 1c,d) are 
even more noticeable. The obvious consequences of 
conventional interpretation for Algoman-type IF are that:
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1) a wrong interpretation is inevitable for any IF anomaly 
analyzed; and 2) many significant IF anomalies are likely 
to be passed over.

Demagnetized Remanence
.One pilot specimen from each of the 71 HR sites and 100 
of the 204 IF hand samples was alternating field (AF) step 
demagnetized in 5 and 10 ml increments to 100 ml. The 
remanence intensity ratio and paleomagnetic stability in 
dex (PSI) plots were analyzed to select an optimum field 
for AF demagnetization of the remaining specimens.

Host Rock
Using the NRM data, 39 HR sites had accepted mean di 
rections with a95O00 (Fisher 1953) after screening (Sym 
ons et al. 1980). A fold test shows with ^5 percent confi 
dence that their remanence is prefolding giving a tilt- 
corrected mean direction of 3480 , - 90 , a95 = 80 (declina 
tion, inclination, and radius of cone of 95 percent confi 
dence). Only 37 of the 71 pilot specimens had PSI lows of 
^0 mdeg/dT on AF cleaning. These form four directional 
groups after tilt correction with 16 to the NNW horizontal 
(AN), 11 to the antiparallel SSE horizontal (AR), 3 to the E 
horizontal (BN), and 7 to the antiparallel W horizontal (BR). 
Reversing the antiparallel directions or reverse ( R) direc 
tions to the normal ( N ), the two component directions are 
A at 3490 , - 20 , a95 = 130 and B at 880 , 40 , a95 = 18". Dur 
ing the final AF cleaning of the remaining HR specimens, 
a malfunction in the power supply of the AF demagnetiz 
ing apparatus subjected the specimens to a high -200 
mT uncontrolled field. As a result, only the specimens 
from the first 19 sites were not magnetically destroyed. Of 
these, 10 sites gave reliable AF cleaned site mean direc 
tions after screening. All gave the A component direction 
with a component mean direction of 3480 , - 100 , a95 ^ 190 .

Iron Formation
For the IF only 61 of the 100 pilot specimens had rema 
nence intensities which were sufficiently intense ^5 x 
10- 7 emu/cm3) for reliable remanence measurements on 
AF cleaning. These also defined four directional groups 
with 18 AN specimens averaging 3530 , 60 , a95 ^ 11 0 , 30 
AR , specimens averaging 1790 , O0 , a95 = 90 , 6 B N speci 
mens averaging 950 , 170 , a95 = 260 , and 7 BR specimens 
averaging 289C , 30 , a95 = 230 . Variance tests show that 
AN and AR , and B N and B R are antiparallel groups and 
their directions may be validly combined to give a mean

D.T. A SYMONS fr M. STUPAVSKY
direction for A of 3570 , 20 , a95 ^ T and for B of 1030 , T, 
"95 = 160 . These directions are given after tilt correction 
because a fold test shows that the A and B components 
predate folding with ^9 percent confidence. The results 
also imply that the EMF was switching polarity during ac 
quisition of the components. After AF cleaning on all 
specimens and screening, 135 IF hand samples give reli 
able mean directions. Of these 116 carry the A direction 
with a component mean direction of 3500 , O0 , a95 ^ 50 , 
and 19 carry the B direction of 96", -70 , a95 = 90 . After 
thermal step demagnetization was done on 16 speci 
mens, 123 specimens were cleaned at 5500C to give a 
magnetite A component direction of 1800 , 1 0 , a95 = 9" for 
85 specimens and a B component direction of 980 , - 20 , 
ct95 = 150 for 38 specimens. These component directions 
survive to 6500C to give a hematite A component direc 
tion of 1800 , -40 , a95 = 90 for 85 specimens and a B 
component direction of 960 , - 20 , a95 = 140 for 38 speci 
mens indicating that the remanence is carried in both 
magnetite and hematite. A fold test also shows that A and 
B are prefolding in origin.

Pole Positions and Ore Genesis
The pole positions for the prefolding A and B components 
are given in Table 1. The B component pole using the AF 
IF block mean data indicates an age of ~2.8 Ga using the 
apparent polar wander curve for the North American 
Shield (Irving 1979) (Figure 2). It is believed to date the 
age of deposition of the IF and HR in the Archean vol 
canic sequence, and to reside in very fine grained mag 
netite and hematite. The dominant A component pole in 
dicates an age of -2.5 Ga, and it is thought to record the 
onset of the Algoman Orogeny when low greenschist 
level metamorphism recrystallized some of the magnetite 
and hematite to increase their grain size. The fold tests in 
dicate that the two limbs of the Sherman Mine IF contain 
ing the East and South and the North and West pits re 
spectively form the south and north limbs of a syncline 
rather than two thrust sheets (Boyum and Hartviksen 
1970). The polarity reversals in the IF and HR strata also 
indicate that the deposition and metamorphism occurred 
over relatively long time spans in the order of tens of mil 
lions of years based on known Cenozoic rates of polarity 
reversals (Cox 1968; Irving and Pullaiah 1976).
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Table 1. POLE POSITIONS

Pole Position

Iron

A

B

Host

A

B

Data Source

Formation

- AF pilot specimens

- AF block means

- thermal @ 550 0 C

- thermal @ 650 0C

- AF pilot specimens

- AF block means

- thermal @ 550 0C

- thermal @ 650 0C

Rock

- NRM site means

- AF pilot specimens

- AF site means

- AF pilot specimens

Number

48

116

85

85

13

19

38

38

39

27

10

10

Long. 
ow

256

246

260

260

1

352

355

351

245

246

246

350

Lat. 
0N

44

42

43

45

- 6

- 6

- 6

- 7

37

41

37

3

d 
P
o

3

3

4

5

8

5

7

7

4

7

10

9

d 
m

o

7

5

9

9

16

9

15

14

8

13

19

18

Note: d and d are the semi-axes of the oval of 95* confidence 
p m
along and perpendicular to the site-pole great circle in 

degrees.
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Figure 2—Apparent polar wander path of Irving (1979) 
showing ages in Ma with the pole locations for 
the A and B components.
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Zones, Puddy Lake-Chrome Lake Area, and Chromite 
Chemistry
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Department of Geology, Carleton University

Abstract
Detailed mapping of the metamorphosed host rocks to 
chromite occurrences at Puddy Lake-Chrome Lake indi 
cate that the chromite zones are enclosed by dunite, with 
the exception of the B-zone peridotite. Remnant textures 
and mineral assemblages in the serpentinites reveal that 
most chromite occurs just south of a contact between 
dunite and pyroxene-bearing cumulates (peridotite and 
orthopyroxenite). No dunite was recognized north of the 
chromitites. B-zone chromitite is 85 percent small cumu 
lus chromite grains with Cr2O3 contents averaging 47.3 
percent whereas 21 A, D, and E-zone chromites are 
richer in Cr203 averaging 53.5 percent and contain both 
cumulus and massive chromite. They have high Cr/AI and 
low Mg/Mg + Fe ratios compared to podiform or alpine- 
type chromites. They commonly have pull-apart textures, 
and are variably folded, foliated, boudinaged, and 
sheared, as is common in podiform deposits.

Comparisons with chromites from accepted ophioli 
tic, and stratiform chromite occurrences show that the 
distinction often made between these types of deposits 
may not be valid. Puddy Lake-Chrome Lake chromites 
have high Cr/AI and low Mg/Mg + Fe ratios and contain 
solid inclusions (serpentine, talc, chlorite, sulphides, par- 
gasitic amphibole, albite, sodic layer silicates) and fluid 
inclusions as do chromites from the Bay of Islands, Thet- 
ford Mines, Bird River, Big Trout Lake, Shebandowan, 
and Muskox intrusions which suggests (in addition to 
some secondary inclusions) that sodic fluids are involved 
in the early history of chromite genesis. This may result: 
from assimilation of crustal material (Irvine 1975); from in 
congruent melting of chromium-bearing phases (diop 
side, pargasite, Johan and LeBel 1978); or from transfer 
of chromium in sodic fluids (incorporated seawater) to 
upper parts of crystallizing magma, subsequent precipi 
tation and accumulation during major changes in the evo 
lution of the magma.

Introduction
This study of chromite occurrences in Ontario (Watkinson 
and Mainwaring 1979a,b) involves detailed examination 
of the geology, petrology, and mineral chemistry of the

chromite concentrations in the Puddy Lake-Chrome 
Lake, Shebandowan-Loch Erne, Big Trout Lake, and 
Crystal Lake (Great Lakes Nickel) areas, Ontario, and is 
meant to complement the comprehensive study of P.J. 
Whittaker (1979). In this report of activities the data on 
Puddy Lake-Chrome Lake are presented, including 
chromite chemistry from that locality and Big Trout Lake. 
The results of work in the Shebandowan-Loch Erne area 
form part of a Ph.D. thesis presently being written by P. 
Morton of Carleton University.

The chromite-rich rocks from four zones at Puddy 
Lake-Chrome Lake are shown in this report to be rather 
similar and they have similarities to both the classical 
stratiform-type and podiform-type chromites (Dickey 
1975). In fact, as this and complementary studies on 
other Canadian chromite occurrences in Newfoundland, 
Quebec, Manitoba, and British Columbia are leading us 
to believe, the distinctions between these two classes of 
chromite deposits are not clear. It appears to us that from 
the study of chromite chemistry, petrology, and espe 
cially the detailed study of sodium-rich solid and fluid in 
clusions in chromite, the concentration of chromite in 
mafic-ultramafic rock complexes has involved entrap 
ment of the following:
1) one or more of partly digested, assimilated wall-rock 
(Irvine 1975),
2) relics of sodic chromiferous silicates yielding chromite 
as they underwent peritectic magmatic reactions (Johan 
and Le Bel 1978), and
3) fluids that transported chromium and associated sodic 
hydrous silicates, stable in the upper part of magma 
chambers.

Puddy Lake-Chrome Lake 
Area
Zones of chromite mineralization in the Chrome Lake- 
Puddy Lake area (Kustra 1967) occur in a lens-shaped 
body of serpentinite bounded on the north by granite and 
gneiss and on the south by a belt of metavolcanics, met- 
asediments, and intrusive rocks (Figure 1). The area is lo 
cated 48 km southwest of the town of Armstrong and is 
only accessible by aircraft or canoe.

Bedrock is poorly exposed, being largely covered by
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Figure 1— Geological map of the Puddy Lake-Chrome Lake area.
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bouldery tills. Most of the outcrop occurs along the 
shores of Puddy Lake and the northern end of Chrome 
Lake, and in an area about 300 m east of Chrome Lake. 
Outcrops of serpentinite are generally angular, steep-sid 
ed, and strongly weathered. The only fresh exposures are 
those which have been bulldozed or trenched and 
blasted during exploration work in the 1960s.

The highly metamorphosed and deformed nature of 
the rocks has made difficult the interpretation of protoliths 
in the complex (Graham 1930; Hurst 1931; Kidd 1933; 
Simpson and Chamberlain 1967; Whittaker 1979). Al 
though no fresh ultramafic rocks remain, the original rock 
types in some areas can be inferred with some confi 
dence by comparison with the results of recent detailed 
studies on known types of serpentine pseudomorphs 
(Wicks and Whittaker 1977), and by the present meta 
morphic mineral assemblage. Details of the geology are 
in preparation; this report will deal only with the zones of 
chromite mineralization.

from 0.03 mm to 0.5 mm in diameter and averaging about 
0.1 mm, compose about 85 percent of the rock. Some 
chromium appears to have been remobilized into sec 
ondary, mauve Cr-chlorite fracture-fillings. The interstitial 
minerals in this chromitite have less serpentine and talc 
but more chlorite and amphibole than other occurrences. 
It is uncertain from the textures what the primary minerals 
were. Round silicate inclusions in some chromite grains 
are too small for positive optical identification, but elec 
tron microprobe analysis indicates the presence of am- 
phiboles.

It is concluded from the textures illustrated in Figure 
5 that chromite precipitated as a primary cumulate. In 
terstitial serpentine, chlorite, and amphibole appear to be 
pseudomorphs of post-cumulate minerals rather than dis 
crete, cumulus grains.

The "C" Zone

Chromite Mineralization
Narrow zones of chromite concentrations, referred to as 
the A, B, C, D, and E Zones by M.E. Hurst (1931), occur in 
the northeastern part of the serpentinite. Massive chromi 
tite layers vary from 1 mm to 2 to 3 m in thickness and 
may be traced where exposed for as much as 20 m in 
length. Disseminated chromite has only been observed 
adjacent to these massive layers. Strong deformation has 
produced drag and ptygmatic folds, shearing, boudi 
nage, and brittle fracturing in the layers.

The "A" Zone Chromitite
The "A" zone at the northern end of Chrome Lake is multi- 
layered chromitite, disseminated chromite, magnetite, 
and serpentinite. The thickest chromitite layer (approxi 
mately 3 m thick) is exposed in trenches on the two large 
islands (Figure 2). In thin section, the chromite is highly 
brecciated and in places has been ground to a fine dust. 
Rare, minute sulphide blebs are included in the chromite 
and regular pockets of magnetite occur along fractures 
and in the matrix. Interstitial, very fine grained chlorite 
and -y-serpentine define a foliation. Carbonate and mag 
netite veins are common.

Massive chromitite was mined in the early 1930s 
from a mine shaft on the west shore. Structural evidence 
suggests that this chromitite was a continuation of the lay 
ers exposed on the islands (Figure 2).

The "B" Zone Chromitite
The best preserved primary textures of chromitite occur 
in the "B" zone. The layer apparently behaved as a single 
competent unit during deformation, resulting in very little 
internal disruption. Discrete chromite grains, ranging

Chromite accumulations were not found in the area de 
scribed by Hurst (1931) as the "C" zone.

The "D" Zone

Chromite of the "D" zone occurs as fine, cumulate grains 
interstitial to coarse serpentine pseudomorphs after oli 
vine (Figure 3), grading abruptly to massive chromitite, 
then to interstitial chromite in metaperidotite. The massive 
chromitite is 1 to 1.5 m thick, highly brecciated, and many 
of the corroded chromite fragments are rimmed with 
magnetite (Figure 5). Minute sulphide blebs form trains 
and irregular masses in the chromitite. Carbonate veins 
are abundant in these rocks.

The "E" Zone

"E" zone chromitite was mined in the early 1930s from un 
derground workings and is not exposed on surface. How 
ever, specimens of chromitite and its enclosing serpen 
tinite are available from ore dumps near the headframe.

Superficially the chromitite looks coarse grained but 
on close examination it is fine grained, the granularity be 
ing the result of brecciation of massive chromitite (Figure 
4). At least two stages of brecciation may be observed in 
thin section. The first is an even coarse fracturing result 
ing from fairly uniform expansion during serpentinization. 
The subsequent fine brecciation in narrow zones proba 
bly resulted during shearing. These zones have been off 
set by later deformation. Chromite is altered along some 
fractures to ferritchromite or magnetite.

Disseminated euhedral to subhedral chromite grains 
0.03 to 0.7 mm in diameter occur on oval pockets within 
the massive chromitite, as illustrated in Figure 4. Irregular 
sulphide blebs some of which were identified as chalco 
pyrite are included in chromite. Flame-textured 
^-serpentine and chlorite form the interstitial material.
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Figure 2— Geological map of the northern part of Chrome Lake and locations of chromite zones and specimens.
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Ultramafic host rocks
The ultramafic rocks have been completely altered to ser 
pentine, talc, chlorite, carbonate, magnetite, and amphi 
bole. The serpentinite is green, blue, yellow, red, black, 
grey, and rusty orange. Variation in colour appears to be 
due to differential oxidation and does not correspond to 
the primary magmatic units indicated from pseudomorph 
textures. Serpentine is both the a and y varieties. Flame- 
textured -y-serpentine has formed by recrystallization of 
serpentine in zones of intense deformation and is proba 
bly antigorite. Chrysotile veins are rare. Fine-grained to 
aphanitic chlorite is intimately intergrown with serpentine 
especially with the flame-textured variety. It is colourless 
to pale green in plane polarized light and has anomalous 
olive-grey and rarely prussian blue interference colour.

Talc is most abundant in highly sheared rocks and 
adjacent to the borders of the serpentinite. It is generally 
patchy and irregular but occurs as foliated fine flakes in 
sheared rocks and as medium to coarse pale green 
flakes in secondary veinlets. In most of the serpentinite, 
talc does not appear to have replaced specific minerals: 
pseudomorphs in some thin sections are similar in both 
serpentine and talc-rich areas. Talc coronas around ser 
pentine pseudomorphs may represent replacement of 
serpentine by talc. Rocks along the southern boundary of 
the serpentinite bear abundant talc. Some appears to 
have replaced medium to coarse prisms of amphiboles; 
others form a pseudospinifex texture with serpentine (Fig 
ure 3c).

Magnetite is ubiquitous in the host rocks, being a co- 
product of the serpentinization process (Simpson and 
Chamberlain 1967). Primary, euhedral oxides are rare. 
Magnetite most commonly occurs finely and irregularly 
distributed through the serpentine. It generally shows 
some sign of remobilization into clusters or along string 
ers. Veins of coarse magnetite vary from delicate dendri 
tic offshoots from a main fracture-filling to diffuse blotch 
es.

Chlorite occurs as fine, randomly oriented grains 
commonly rimming oxides. It occurs as flakes with both 
normal and abnormal interference colours. A few large 
deformed flakes of chlorite, evidence of a previous meta 
morphism, occur in some sections.

Patches and veins of calcite and dolomite are most 
common along the northern boundary of the serpentinite. 
They generally fill regular fracture sets which postdate or, 
less commonly, are intergrown with serpentine and other 
minerals. Carbonates are rare in chromitite. Fibrous am 
phibole is pseudomorphic after pyroxene and is areally 
restricted.

Pseudomorph Textures
Although no primary magmatic minerals remain, primary 
textures may be interpreted from pseudomorphs in some 
parts of the serpentinite. Pseudomorphs after olivine have 
either mesh or curtain textures. The mesh texture is com-

DAVID H. WATKINSON b PAUL R. MAINWARING 
posed of veins of fibrous serpentine along fractures in the 
original olivine grains, enclosing areas of randomly ori 
ented microscopic to submicroscopic serpentine. Mag 
netite generally occurs as microscopic dust in the vein 
lets and as clusters in the enclosed areas. In a few places 
it occurs as a dusting of the interveinlet areas. It outlines 
the shape of some individual olivine grains, which in hand 
specimen may be the only visible indication of pseudo 
morphs. The pseudomorphs can be very difficult to dis 
cern in hand specimen because some of the original oli 
vine grains were so abundantly fractured that a random, 
knobby texture resulted, obscuring the outline of grains. 
Curtain texture (Wicks, Whittaker, and Zussman 1977) is 
composed of subparallel bipartite serpentine veinlets 
with magnetite partings. The veinlets are orthogonal to 
outlines of original elongate olivine grains, indicating a di 
rectional stress which would have fractured the olivine 
prior to or during incipient serpentinization.

In pseudomorphs after pyroxene, serpentine veinlets 
formed along cleavage planes. Transposition along these 
planes is indicated by the oblique to nearly parallel orien 
tation of fibres in some of these veinlets. Areas enclosed 
by the veinlets are generally mesh-textured, but may be 
composed of further layers of veinlets. Single 
a-serpentine plates also occur as replacements of pyrox 
ene or chlorite. Magnetite occurs in very small quantities 
in the pseudomorphs after pyroxene mostly along cleav 
age traces or outlining the grains. Their scarcity is useful 
for distinguishing pseudomorphs after pyroxene from 
those after olivine.

Pseudospinifex textures (Figure 3c) occur in a band 
along the south shore of Puddy Lake, with white talc nee 
dles enclosing green areas of serpentine, or black ser 
rated needles of serpentine enclosing areas of buff fine 
grained talc. These are interpreted to be of metamorphic 
origin.

Primary ultramafic rock types can thus be recog 
nized from these textures. Dunite and peridotite (proba 
bly harzburgite) are the most abundant types with minor 
pyroxenite, both as coarse-grained orthopyroxenite and 
as websterite. The area defined by recognizable rock 
types are lenses and thin layers. Contacts are mostly 
eroded but both sheared and gradational types have 
been observed.

Structural Geology
Contact Relationships, Folding, and 
Faulting
Because the serpentinite is rich in magnetite, compass 
measurements are unreliable. In places, the position of 
the outcrop with respect to a landmark on airphotos was 
used to estimate structural directions. Overall, any mea 
surements plotted on the map within the serpentinite 
mass should be considered to have an uncertainty of ±5 
degrees. However, it can be seen that structural features

227



GRANT 46
within the serpentinite are similar to those in adjacent or 
included country rock.

Deformation in the serpentinite is concentrated in 
shear zones, some of which are marked by strongly foli 
ated steatite.

The serpentinite contact with the country rock is vari 
ably offset in a somewhat imbricated manner, perhaps 
related to small thrust faults. There are several inclusions 
of granitized gneiss, granitoids, and amphibolite with nar 
row sheared zones composed of talc, chlorite, and clay 
minerals separating them from the serpentinite. A few 
have internal, southwest-plunging isoclinal folds.

The serpentinite is faulted against the gneissic coun 
try rock at the north end of Chrome Lake. North-south 
block faulting is superimposed on a conformable 
sheared fault. The gneisses have a cataclastic texture.

Fracture lineations and foliations within the serpen 
tinite are generally conformable with the structures in the 
adjacent country rocks. They plunge southwestward, 
steepening from almost horizontal plunges at the north 
end of Chrome Lake to moderate or steep plunges at the 
west end of Puddy Lake. Foliation planes are generally 
very steep; whether they indicate an isoclinal fold or a ho 
mocline is not determinable from the present data. 
Whichever structure it is, a domal structure producing the 
change in lineation is superimposed upon it. Doming is 
seen in one outcrop just east of the large peninsula on the 
north shore of Puddy Lake.

Shear zones and faults cutting the overall lineation at 
a high angle are common in the serpentinite and adjacent 
rocks. They represent a late stage deformation.

Chemistry of Chromite
Chromite was analyzed by electron-microprobe at Carle- 
ton University and Bureau de Recherches Geologiques 
et Minieres, Orleans, France. Both cores and rims of 
grains were analyzed; however, no ferritchromite or alter 
ation rims were analyzed. Na, Ca, K, and Si were moni 
tored in an attempt to avoid generating spurious X-ray 
counts from the numerous silicate inclusions in many of 
the chromite grains. These data have been omitted from 
Table 1 since values were much lower than those re 
ported in Table 2 for chromite from Big Trout Lake. Analy 
ses were performed on chromites from four previously 
known occurrences in the Chrome Lake area (Graham 
1930, Zones A, B, D, E).

As indicated by the analyses in Table 1, all chromites 
analyzed from Chrome Lake are substantially more 
Cr203-rich than those from other Archean chromitites in 
the Canadian Shield such as Big Trout Lake (Table 2), 
Shebandowan and Loch Erne occurrences (Watkinson 
and Mainwaring 1979; Morton and Watkinson, unpub 
lished data), and Bird River Sill (Watkinson, unpublished 
data). In fact, the data show that Puddy-Chrome Lake 
chromite is even more chromiferous than the previous 
early literature indicates (Graham 1930) in that Graham's 
cited analyses were from the B-zone, the zone with the
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lowest Cr values and Cr/Fe ratio in chromite (Table 1, 
analyses 8-10).

Excluding the B-zone chromite, the chromite has a 
consistently high Cr203 content, averaging 53.3 percent 
Cr2O3 (±1.05To, n = 21). Podiform chromite deposits in 
Cyprus typically have chromite compositions which 
range between 39 and 58 percent Cr2O3 (Panayiotou 
1978) whereas those from the Great Dyke, Rhodesia and 
the Stillwater Complex, Montana range between 50 to 59 
percent Cr203 and 38 to 48 percent Cr2O3 respectively 
(Thayer1970).

In terms of the Cr16-AI 16-Fe?6 triangular classification, 
the Chrome Lake chromites fall well within the field of 
"chromian spinel" since all chromites have in excess of 8 
Cr cations per unit cell. These chromites are also charac 
terized by very low TiO2 content which is typical of "podi 
form" types (Thayer 1970). Figure 6 shows the Chrome 
Lake chromite compositions plotted on the standard 
Johnson spinel prism projections. 
Mg/Mg + Fez + ^XMg) ratios range from about 0.1 to 
0.75 which is a substantially greater range than that re 
ported either for chromite from the Troodos ophiolite or 
the Bay of Islands Complex. The average XMg value for 
the Chrome Lake chromites is about 0.5 with most values 
between 0.4 and 0.6 whereas the averages for the Troo 
dos ophiolite and Bay of Islands Complex are about 0.68 
and 0.60 respectively. Chromite-bearing ultramafic rocks 
from eastern Newfoundland, so-called "mantle diapirs" 
(Malpas and Strong 1975) have an average XMg value of 
about 0.5, similar to that of Chrome Lake chromites. Val 
ues of Cr/Cr-i-Al in Chrome Lake chromites are generally 
greater than those from both Troodos, and Bay of Islands, 
Newfoundland, ranging between about 0.7 and 0.85. Fig 
ure 6B shows the Chrome Lake chromite compositions in 
terms of Fe^/Fe^+AI + Cr. The relatively high magne 
tite component compared to that of other chromites is 
noteworthy. This may be related to the effects of oxidation 
during serpentinization on emplacement of the Puddy- 
Chrome Lake serpentinite. N.W. Bliss and W.H. MacLean 
(1975) and J. Malpas and D.F. Strong (1975) have docu 
mented the changes in chromite composition with ser 
pentinization and metamorphism. The two main effects of 
these processes are: the increase in Fe3 *, and the de 
crease in Mg/Mg 4- Fe ratio. The data presented in Figure 
6B can be interpreted to indicate similar changes in the 
Chrome Lake suite.

Cr/AI ratios in the Chrome Lake chromites (range 
about 2 to 4) contrast strongly with Cr/AI ratios in the Big 
Trout Lake chromites (range about 1 to 2, Table 2). The 
latter occur in a complex which includes plagioclase dif 
ferentiates and has been formed by crystal-liquid frac 
tionation. In Newfoundland, Malpas and Strong (1975) 
have attempted to differentiate between "obducted 
ophiolites" and "mantle diapirs" based on their Cr/AI rat 
ios in accompanying chromite. These authors report 
"mantle diapirs" have Cr/AI ratios consistently higher 
than the "obducted ophiolites" which range in composi 
tion from ultramafic to gabbroic. With further study it may 
be possible to decide if the Puddy-Chrome Lake intrusion 
can be classified as a "mantle diapir" or merely the de 
tached ultramafic part of a precursory mafic-ultramafic 
complex.
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Table 1: Electron Microprobe Analyses of Chromite from Puddy Lake-Chrome Lake Chromitites

Ti0 2

A1 2 0 3

Cr 2 0 3

Fe 2 0 3

FeO

MgO

MnO

NiO

Sum

Cr/Cr+Al :

Mg/Mg+Fe :

Fe^/ZS* :

T102

A1 2 0 3

Cr 2 0 3

Fe 2 0 3

FeO

MgO

MnO

NiO

Sum

Cr/Cr+Al :

Mg/Mg+Fe :

Fe 3 Vr3* :

1. Z. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12.

0.16 0.22 0.29 0.26 0.13 0.19 0.17 0.36 0.16 1.67 0.24 0.21

13.0 13.2 13.5 12.6 13.4 13.1 8.98 14.4 13.6 13.1 13.7 13.4

53.2 54.1 53.4 52.6 53.7 54.3 54.6 47.4 47.1 47.3 51.6 53.2

5.34 4.09 4.42 4.55 3.02 3.39 7.99 7.40 7.45 5.03 5.38 4.56

21.0 19.6 19.6 20.3 16.6 18.0 19.8 19.9 21.0 21.0 17.1 17.7

8.71 9.43 9.59 8.57 10.9 10.3 8.93 8.91 7.67 8.37 10.9 10.6

0.46 0.63 0.53 0.66 0.43 0.49 0.32 0.73 0.83 0.86 0.35 0.45

0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.02 0.00 0.00

101.87 101.28 101.33 99.54 98.18 99.77 100.79 99.10 97.84 97.35 99.27 100.12

0.733 0.733 0.726 0.737 0.729 0.735 0.803 0.688 0.699 0.708 0.717 0.726

0.425 0.461 0.466 0.429 0.539 0.505 0.445 0.444 0.394 0.415 0.532 0.517

: 0.060 0.050 0.054 0.057 0.037 0.042 0.101 0.093 0.095 0.066 0.066 0.056

15. 16. 17. 18. 19. 20. 21. 22. 23. 24.

0.20 0.16 0.20 0.17 0.17 0.11 0.28 0.18 0.21 0.23

13.2 12.9 10.7 9.70 9.16 14.1 13.3 13.7 13.9 13.6

54.7 53.3 54.9 54.2 54.4 54.0 53.7 53.1 51.4 52.1

4.62 4.70 8.85 9.88 10.4 4.28 4.51 4.89 4.93 5.71

17.3 16.9 9.79 10.0 10.1 16.8 17.4 17.0 16.1 16.2

10.7 10.6 15.1 14.7 14.6 10.9 10.2 10.7 10.9 11.0

1-12 0.84 1.04 1.02 1.06 0.76 0.98 0.70 0.85 0.83

0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.00

101.84 99.50 100.58 99.67 99.89 101.05 100.37 100.27 98. 26 99.67

0.736 0.735 0.771 0.789 0.799 0.719 0.730 0.721 0.713 0.721

0.525 0.528 0.734 0.722 0.719 0.535 0.512 0.529 0.545 0.548

0.056 0.058 0.106 0.120 0.127 0.051 0.055 0.059 0.061 0.070

13. 14.

0.27 0.21

13.7 13.4

52.4 54.7

4.34 4.44

16.9 16.3

10.9 11.4

0.67 1.08

0.00 0.00

99.18 101.53

0.719 0.732

0.536 0.555

0.054 0.054

1-4; centre of grains in P-143, E zone. 5, 6; outside and inside concentric inclusion train from CL-4, E zone. 7; centre of 
large grain with inclusions from chromitite P-177, D zone (Figure 5d). 8-10; centres of three large euhedral grains from 
chromitite P-170, B zone (Figure 5c). 11, 12; cores of chromite from mine dump, E zone. 13-16; cores of grains (16-margin 
of unaltered grain) from CL-6, A zone. 17-19; core and margins of shattered chromite CL-9, A zone. 20-24; cores (except 
21-rim) of grains from CL-8, E zone.
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Table 2. Electron microprobe analyses of chromite from Big Trout Lake.

Na 2 0
Si0 2
FeO
Fe 2 0 3
CaO
MgO
A1 2 0 3
NiO
K2 0
ZnO
Ti02
Cr 20 3
MnO

1
0.01
0.00

21.50
14.94
0.00
8.23

16.29
0.26
0.00
0.00
1.28

38.43
0.48

2
0.00
0.00

28.06
13.74
0.02
3.22

15.31
0.03
0.00
0.05
i:33

36.68
1.00

3
0.00
0.00

26.40
13.39
0.04
4.99

16.02
0.05
0.02
0.00
1.37

38.79
0.82

4
0.00
0.09

29.39
14.24
0.00
2.44

15.59
0.19
0.00
0.33
1.30

36.30
0.96

5
0.00
0.00

22.38
14.90
0.00
7.16

15.72
0.21
0.00
0.09
1.53

36.73
0.41

6
0.02
0.00

29.72
27.98
0.00
0.46
3.07
0.00
0.00
0.00
1.71

34.04
1.03

7
0.03
0.01

30.20
23.61
0.00
0.76
7.07
0.15
0.00
0.00
1.32

35.19
1.06

8
0.00
0.00

29.76
26.91
0.03
0.55
4.45
0.15
0.01
0.00
1.52

34.01
1.04

9
0.00
0.36

29.13
67.82
0.38
0.65
0.06
0.00
0.00
0.00
0.00
0.04
0.00

10
0.02
0.00

29.01
11.14
0.00
1.92

14.93
0.00
0.00
0.13
2.50

35.80
0.98

11
0.00
0.03

29.29
12.70
0.00
1.95

14.95
0.00
0.01
0.58
2.78

35.40
0.94

12
0.02
0.10

29.51
31.52
0.00
0.27
0.95
0.00
0.00
0.00
0.63

33.91
1.18

Total 101.41 99.44 101.90 100.83 99.13 98.03 99.38 98.44 98.44 96.42 98.63 98.09 

13 14 15 16 17 18 19 20 21 22 23 24

Na 2 0
S10 2
FeO
Fe 2 0 3
CaO
MgO
A1 2 0 3
NiO
K2 0
ZnO
Ti0 2
Cr 2 0 3
MnO

Total

Na 2 0
Si0 2
FeO
Fe 2 0 3
CaO
MgO
A1 20 3
NiO
K2 0
ZnO
Ti0 2
Cr 20 3
MnO

Total

0.00
0.00

29.66
11.92
0.00
1.74

16.01
0.10
0.00
0.55
0.96

36.70
1.06

98.71

25

0.00
0.00

27.77
15.27
0.00
3.26

13.88
0.01
0.00
0.00
1.38

36.54
0.95

99.06

0.00
0.00

29.25
29.09
0.00
0.51
3.07
0.27
0.00
0.64
0.41

35.25
1.10

99.61

26

0.00
0.00

28.57
36.94
0.10
0.62
0.33
0.17
0.00
0.44
2.77

27.65
0.79

98.38

0.01
0.00

29.75
12.38
0.03
2.11

16.54
0.00
0.00
0.21
0.99

36.14
0.97

99.14

27

0.05
0.00

28.80
37.48
0.00
0.61
0.31
0.28
0.00
0.00
3.06

26.52
0.70

97.80

0.03
0.10

29.69
32.70
0.04
0.30
0.72
0.00
0.00
0.25
0.52

33.61
0.83

98.77

28

0.00
0.47

20.54
13.96
0.00
8.29

16.30
0.09
0.00
0.00
1.68

36.17
0.50

98.00

0.01
0.00

25.21
9.86
0.00
5.29

17.55
0.18
0.00
0.05
0.54

40.32
1.21

100.22

29

0.16
1.27

27.97
29.12
0.00
0.62
2.70
0.03
0.00
0.24
1.51

30.31
1.07

94.99

0.04
0.01

27.45
8.68
0.00
3.26

17.38
0.00
0.00
0.07
0.44

38.83
1.27

97.44

30

0.00
0.67

27.50
14.17
0.00
2.79

15.57
0.34
0.00
0.00
1.74

32.31
0.98

96.09

0.00
0.00

25.84
7.68
0.04
4.58

17.58
0.04
0.01
0.16
0.53

40.44
0.94

97.83

31

0.00
0.25

27.42
13.18
0.00
3.40

16.14
0.00
0.00
0.00
1.28

34.37
0.78

96.81

0.03
0.04

28.11
8.06
0.00
2.96

18.28
0.00
0.00
0.19
0.52

38.39
1.26

97.84

32

0.00
0.15

29.53
8.90
0.03
1.93

18.22
0.11
0.00
0.14
0.53

36.36
1.10

97.01

0.04
0.06

28.08
8.17
0.00
3.14

17.96
0.00
0.00
0.15
0.54

39.38
1.31

98.82

33

0.00
0.30

29.06
11,94
0.01
0.74
9.01
0.00
0.00
0.14
0.39

41.94
1.36

94.88

0.04
0.01

28.95
8.96
0.02
2.26

17.62
0.07
0.00
0.28
0.70

38.03
1.33

98.27

34

0.05
0.17

29.28
7.76
0.06
2.05

18.13
0.06
0.03
0.00
0.57

37.34
1.05

96.54

0.00
0.03

29.42
33.67
0.00
0.67
0.33
0.13
0.00
0.00
2.62

32.11
1.00

99.98

35

0.08
0.11

29.46
7.98
0.03
2.09

18.82
0.15
0.00
0.00
0.52

37.43
1.29

97.94

0.00
0.00

27.86
15.52
0.00
2.96

14.01
0.03
0.00
0.52
1.36

36.29
0.98

99.52
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Figure 6— Projections of chromite compositions from Puddy Lake-Chrome Lake.

Certainly the occurrence of large quantities of chromite 
with high Cr/Fe and Cr/AI ratios together with the proba 
bly originally anhydrous silicate assemblage set this in 
trusion apart from other ultramafic rocks in northwestern 
Ontario.

In summary, the Puddy Lake-Chrome Lake chrom- 
ites are similar to those occurring in many other chromi- 
tites except they have a generally higher Cr/Cr + AI ratio 
and a somewhat lower Mg/Mg + Fe2 * ratio than most 
other "podiform" or "alpine-type" chromite deposits.

Inclusions in Chromite
The occurrence of abundant inclusions, especially oli 
vine, pyroxenes, and their serpentinous and other altera 
tion products, have been widely recognized in chromite. 
T.N. Irvine (1975) discussed the occurrence of phlogo 
pite, its sodic equivalent, and other potassic inclusions in 
chromite from the Muskox intrusion relating them to assi 
milation of country rock.

Z. Johan and L LeBel (1978) described not only 
sodic amphibole among the solid inclusions in chromite 
from EI Ays, Saudi Arabia but also primary fluid inclu 
sions. The latter are dominantly H2O but contain the 
equivalent of 5 weight percent NaCI and some carbon 
species. Fluid and solid inclusions have been found in 
chromite from seven Canadian occurrences (Watkinson, 
unpublished data) both stratiform and podiform, Archean 
and Phanerozoic.

Chromite from Puddy Lake-Chrome Lake is no ex 
ception. Abundant inclusions, both solid and liquid, have 
been found in chromite in this study. Most are serpentine, 
talc, or chlorite (Table 3) and are presumably the altera 

tion products of normal magmatic inclusions trapped in 
growing chromite. The fluids may well be secondary 
fluids trapped during a variety of post-igneous process 
es. However, pargasitic amphiboles and sodic micas or 
clays (Table 4; Figure 5) are very similar to those de 
scribed in unmetamorphosed, unaltered chromite by Ir 
vine (1975) and Johan and LeBel (1978 and personal 
communication, 1980). Watkinson's unpublished chemi 
cal data on Cr-bearing pargasitic amphiboles in chromite 
with fresh olivine (Fo96) from Thetford, Quebec are simi 
lar to those of Table 4, but are slightly more sodic. Parga 
sitic amphibole inclusions in chromite have now been an 
alyzed from five chromite occurrences in Canada (Bay of 
Islands, Thetford, Bird River, Big Trout Lake, and three 
different zones from Puddy Lake-Chrome Lake). Sodic 
micas or clays (Table 4) have been documentd in chrom 
ite from four of these complexes. Variable Na/Na-i- K val 
ues have been found, but a very limited range of 
Mg/Mg -f Fe exists. Calculated as mica, the structural for 
mula for the data in Table 4 is (Na! 76K0 o4Ca0.o3)i.83 
(Mgs.s/Feq.ioNio.oaCro.ssko? (Ti0. ^2.35215.49)7.99022 (OH)4 . 
These "micas" may be hydrates, as are quenched syn 
thetic sodium phlogopites (Carman 1974). The additional 
H2O would bring the analytical total in Table 4 close to 
100 percent.

These inclusions may represent assimilated material 
(Irvine 1975) or relics of sodic chrome-bearing phases at 
one time stable in the upper parts of magma chambers, 
but later in its history undergoing peritectic reaction, such 
as pargasite = clinopyroxene 4- olivine -f chrome spinel 
-i- L -f- V (Johan and LeBel 1978). At high to moderate 
pressures pargasitic amphiboles are involved in reac 
tions of this type in the temperature range of 900 to 10600 
C (Oba 1980).

Another possibility, and the working hypothesis at 
the present stage of this research, is that the sodic solids
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Table 3. Mineral assemblages associated with chromite zones at Puddy Lake--Chrome Lake.
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and fluids trapped in chromite result during fairly rapid 
precipitation of chromite in the upper part of the magma 
chamber. Water, perhaps magmatic but more likely sea 
water percolating into rocks being invaded by the intru 
sive bodies, gains access to the magma and transports 
chromium (and other species) to the upper part of the in 
trusion.

Sodic solids such as pargasite would be stabilized in 
this hydrous environment. Fracturing of the roof of the in 
trusion might cause a rapid decrease in pH^O and 
change in f02 with incorporation of foreign material. This 
might destabilize the hydrates and break down metal- 
brine complexes causing precipitation of chromite and 
permit its accumulation in early olivine-rich cumulates. 
Perhaps the common location of chromite accumulations 
at a major change in proportions and kinds of cumulus 
phases, such as has been well described by Irvine 
(1975), and which seems to be the situation at Puddy 
Lake-Chrome Lake, is a corollary of this.

If indeed the sodic phases are primary inclusions 
and if a brine is involved in the chromium concentration 
process, then the possibility exists that this hot brine may

cause alteration of the roof of the magmatic intrusion as it 
escapes. This might then be located directly over con 
centrations of chromite within the cumulate succession 
below. This then suggests that exploration for chromite 
accumulations might be concentrated below sodic rocks, 
such as albitites, and at horizons where a change of cu 
mulus silicates occurs such as at dunite-peridotite, dun- 
ite-pyroxenite, or peridotite-pyroxenite contacts.
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Grant 8 Interpretational Support for Electromagnetic 
Prospecting

G. F. West
Department of Physics, University of Toronto

Abstract
The purpose of this program is to use computer and ana 
logue scale modelling methods to improve the capabili 
ties of electromagnetic mineral prospecting methods. 
Specifically, the aim is to make it possible for the methods 
to search more deeply for conductive mineralization and 
discriminate better between prospective targets and ge 
ological noise. The Research can be divided into three 
categories: 1) creating the modelling facilities; 2) using 
the facilities to study various EM prospecting problems 
and devise interpretation methods to solve them; 3) stud 
ying typical field cases in detail to verify the proposed in 
terpretation methods. At the end of the second year of the 
project, we have completed several projects in each cat 
egory. An analogue scale modelling facility has been 
constructed for time- and frequency-domain EM systems. 
A versatile computer program package has been com 
pleted for modelling plate and sphere-shaped conduc 
tors. Reports have been published on the HLEM (horizon 
tal loop EM) response of uniform and irregular 
overburden. A compilation of new surveys at the Cavend 
ish Township test site has been completed. An investiga 
tion of interpretation procedures for drill hole EM surveys 
is underway, as are a number of other projects.

Introduction
The purpose of this three-year research program is to use 
computer and analogue scale modelling methods to im 
prove the capabilities of electromagnetic prospecting 
methods. Specifically, the aim is to make it possible for 
the methods to search more deeply and to discriminate 
better between prospective conductors and "geological 
noise". The program consists of a number of related pro 
jects which fall into one of three categories:
1) creating modelling facilities;
2) using the facilities to study various EM prospecting 
problems and devise interpretation methods to solve 
them;
3) studying typical field cases in detail to verify the pro 
posed interpretation methods.

The research has been carried out by A. Dyck, T. Ea- 
die, S. Holladay, J. Macnae, A. Tejero-Andrade, M. Val- 
lee, C. Villegas-Garcia, and P. Walker, graduate students 
in the Geophysics Laboratory, Department of

Physics. Assistance was given by computer scientist M. 
Bloore, and electronics engineer A. Wieckowski.

We are now at the end of year two of the program 
and have completed some specific projects in each cate 
gory. Several additional projects are underway. The de 
tailed results are being initially published in the report se 
ries "Research in Applied Geophysics", from the 
Geophysics Laboratory, University of Toronto.

Modelling Facilities
Scale Model Laboratory
(G.F. West, A. Wieckowski, M. Bloore, C.
Villegas-Garcia, J. Macnae)1
A complete laboratory for analogue scale model studies 
has been established (Figure 1). The electrolyte tanks, 
mechanical positioning system, and microcomputer con 
trolled traversing and data logging system were com 
pleted last year. The facility was then put into operation 
with electronics for modelling frequency-domain systems 
in the 0.1-30 kHz (laboratory) frequency range. During 
1979-1980, a new wideband (0.01-500 kHz) electronic 
system for modelling time-domain and frequency-domain 
EM systems has been designed, constructed, and in 
stalled (Figure 2). The first model studies with the new 
electronics (of the Crone PEM drill hole system) were run 
in April. Several modelling projects are now underway.

Plate, Sphere Computer Models 
(A. Dyck)
Prior to the beginning of this research program, it had 
been demonstrated that model EM data for plate-like and 
sphere-like conductors could be successfully calculated 
on a computer (Annan 1975; Nabighian 1971). However, 
the computer programs were awkward and expensive to 
use. We have now completed a flexible and economical 
set of programs for these models operating on the Uni 
versity of Toronto, Department of Physics, VAX computer. 
Model profiles for a great variety of EM systems can be

1 Names in parentheses are the persons responsible for the 
work of that section.
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Figure 1 — Physical layout of the EM modelling facility.

calculated with the program in either an interactive or a 
batch mode of computing. Detailed instruction manuals 
for use of the program have been completed and the pro 
grams are now available to any industry who can come to 
the Geophysics Laboratory to use them. A wider distribu 
tion of the programs is planned.

taining time-domain results from the frequency-domain 
programs. This avoids use of the FFI algorithm and the 
very awkward linear sampling of frequencies which it re 
quires.

As part of an associated NSERC research program, 
a carefully controlled inversion program for fitting multi 
layer earth models to observational data has been devel 
oped. An example of its use is shown in Figure 3.

Stratified Space Programs 
(T. Eadie, S. Holladay)
Solutions and computer algorithms for this program exist 
in the literature, but require some adaptation for specific 
practical uses. We have tested several different algo 
rithms and now have a variety of programs for frequen 
cy-domain cases. A general purpose program has been 
written, based on Y. Lamontagne's (1975) method forob-

Variable Overburden Program 
(A. Tejero-Andrade).
A numerical method devised by R. Mathon and R. L. 
Johnson (1977) offered the promise of a straightforward 
modelling program for the EM response of a layer of vary 
ing thickness. After much effort, we have found the
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TRANSFORMER

TX

Figure 2—Block diagram of the transmitter and receiver electronics and the data logger and motion control for the EM 
analogue modelling facility.

method to be suitable for solving resistivity problems, but 
unsuitable for EM modelling (Tejero-Andrade 1980). No 
immediate further work is planned with it. If circum 
stances permit, we shall try another approach based on a 
thin sheet of variable conductivity thickness. The exist 
ence of a numerical model for this problem would be very 
helpful in sorting out any interpretation problems.

3d Numerical Models
Work was started on a finite element model for an arbi 
trary two-dimensional conductivity model and three-di 
mensional sources (21/2d). It was planned to adapt the 
2d finite element program developed by E. Kisak and P. 
Silvester (1975). The modification concept was devel 
oped by J-C. Mareschal (1978). However, after gaining 
some experience with the K and S program, we now feel 
that it is not a satisfactory two-dimensional finite element

package for the purpose.
Our experience to date indicates that integral equa 

tion methods such as those used by J. J. Lajoie and G. F. 
West (1976) offer the most promise for solving practical 
EM interpretation problems. We therefore plan construc 
tion of a new 21/2 or 3d integral equation model during 
1980-1981 to handle problems of the type, such as con 
ductive inhomogeneity in a stratified space.

Interpretation Studies
Overburden Interpretation 
(T. Eadie)
If a conductive overburden exists, it must be taken into 
account when interpreting bedrock features. Convenient, 
simple methods of estimating the average overburden 
conductivity and thickness are therefore necessary. A 
convenient set of interpretation nomograms has been
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Figure 3 —Example of fitting a layered earth model to EM frequency sounding data obtained with the Geoprobe system. 
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prepared for the Horizontal Loop EM system and for layer 
and halfspace models (Eadie, RAG 9). The material is 
much simpler to use than F. C. Frischknecht's (1967) ta 
bles and is more comprehensive in its scope. An exam 
ple of the data is shown in Figure 4.

Variable Overburden
(C. Villegas-Garcia)
The first step in discriminating between overburden- and 
bedrock-generated anomalies is to determine the full 
characteristics of the overburden-generated anomalies. 
A comprehensive analogue model study has been car 
ried out of the HLEM (horizontal loop EM) response of an 
overburden of variable thickness. Step, ridge and valley

238

features in the base of the overburden layer have been 
studied. Several diagnostic characteristics of the over 
burden anomalies have been identified (Villegas-Garcia, 
RAG 10). An example of an interpretation is shown in Fig 
ure 5A and 5B.

The results of the variable overburden project are 
being examined in conjunction with case history data and 
additional scale model studies of overburden features 
combined with bedrock conductors, to establish criteria 
for discriminating between overburden anomalies and 
prospective targets. Several sets of HLEM case history 
data have been received from J. Betz and we have sev 
eral other data sets in our own files. These and the model 
work demonstrate that discrimination is possible by ex 
amining how the anomaly behaves as the frequency is re 
duced.
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Figure 4 — Example nomogram for the HLEM response of a conducting layer (from Eadie, RAG 9).

239



GRANTS

rocyo)
HLEM SURVEY, 
PINAWA.LINEC 20-

f*888

50T

0+

-501

-40

s*
f*3555

5OOm

-20-

-40-

-60-

-80-

-100-

1=3555

Figure 5A —

-I2O-1-

Profiles and phasor diagram showing HLEM response of an overburden at Pinawa, Manitoba.

Drill Hole Interpretation
(A. Dyck)
Results of the Geological Survey of Canada's extensive 
field program of testing drill hole EM exploration methods 
have been studied using the plate-sphere modelling pro 
gram and laboratory scale models. By far the most prom 
ising EM method is the surface source, drill hole receiver, 
time-domain method. Papers on the subject have .been 
presented at the Society of Exploration Geophysicists

meeting in November, 1979 in New Orleans, the Cana 
dian Institute of Mining and Metallurgy meeting in April 
1980 in Toronto, and the Canadian Exploration Geophysi 
cal Society/American Geophysical Union meeting in May 
1980 in Toronto. Interpretation of drill hole data is se 
verely complicated by the lack of any geometrical re 
straint on where the conductor(s) may be situated. How 
ever, a number of diagnostic features of drill hole EM 
anomalies have been identified and a general approach 
to drill hole interpretation is emerging from the work. A 
useful aid to sorting out geometrical ambiguities is an at-
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Figure 5B —HLEM response transition at a step discon 
tinuity, as determined by model measure 
ment (from Villegas-Garcia, RAG 10).

las of EM field maps for a large transmitter loop produced 
by J. Macnae (RAG 13).

Field Case Studies
We have obtained several interesting EM data sets, both 
as a result of our own field studies and as compilations of 
data released by exploration companies and geophysi 
cal contractors. Our own field studies have been done 
chiefly with UTEM, whereas the compiled data are from a 
great variety of EM systems. An essential requirement of 
any case study is that it include a variety of EM measure 
ments over the same target as well as "ground truth" from 
drilling, etc.

Cavendish Township Test Site
Detailed UTEM and HLEM surveys were made last year 
by J. Macnae. This data, plus a detailed magnetic survey 
and several new surveys by industry groups, have been 
compiled to give a much improved picture of the site's 
electrical structure. Because the site includes two large 
formational conductors in which a few, very small, local 
ized, good conductors are situated, it is a valuable illus 
tration of interaction effects and of how different methods 
respond to a complex zone (Macnae, RAG 12).

400

800

285 ft 
83m

HYOLITE LAPILLI TUFF BRECCIA 

GRAPHITIC TUFF

Figured—UTEM profiles on line O of the Thomas Town 
ship site, with drill section from Assessment 
Files. Research Office, Ontario Geological 
Survey, Toronto.

Thomas-Sheridan Townships
A two-loop UTEM survey was carried out at one site in 
Thomas Township (Figure 6) and a single loop survey at a 
nearby site in Sheridan Township in August and October 
1979. This area is southeast of Timmins on the Night 
Hawk Lake Road and has about 80 m of overburden. 
Data from assessment files and company records are be 
ing compiled with the new survey data. The Thomas
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Figure 7—Multifrequency HLEM profiles and Crone PEM profiles on line O of the Thomas Township site. The depth and 
width of the conductor cause the inverted polarity of response.

Township anomaly is suitably located to become a geo 
physical test site. It is a wide, highly conductive graphitic 
zone which is readily detected by most deep penetrating 
EM systems. However, the depth and width of the zone 
can lead to unusual types of anomaly (Figure 7).

Other data sets
Data from several proprietary UTEM surveys have been 
released to us for research purposes by the exploration 
companies for whom the surveys were done. Also now 
made public are several interesting UTEM case histories 
from earlier research projects (RAG 11). Included are 
surveys of base metal mineralized areas in the Northwest 
Territories and Ungava, of a formational conductor in the 
basement of the Athabaska Basin in Saskatchewan, 
some examples of irregular, conductive overburden, and 
two examples of conductive mineralization in highly con 
ductive host environments. We have also received sev 
eral interesting HLEM case studies from J. Betz. These 
data are being used to inspire modelling studies and to 
check interpretation procedures.
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Timmins Gold-Mining Area
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Department of Geology, Laurentian University

Abstract
The gold-producing parts of Tisdale and adjacent town 
ships are characterized by pervasive carbonate and al 
kali alteration and enhanced levels of As. The levels and 
patterns of CO2 , K2O, and Rb clearly distinguish prod 
uctive from nonproductive areas. Na2O and H20 are not 
useful in this respect. Levels and patterns of alteration 
appear to be structurally controlled. CO27CaO ratios in 
carbonatized tholeiites serve as measures of the intensity 
of alteration. There are distinct differences in the 
C027CaO ratios and As levels within the productive and 
nonproductive areas. CO27CaO ratios close to 2 and As 
> 10 ppm are characteristic of some specific target 
areas (around gold mines) within the tholeiitic rocks.

if the entire area embracing the gold deposits of the Tim 
mins district is characterized by patterns and levels of al 
teration that differ significantly from nonproductive areas, 
and 2) to determine if individual CO2 , alkali, and As ano 
malies correlate with particular gold occurrences. Posi 
tive results should find ready application in gold explora 
tion both at the level of area selection and in defining 
target areas for detailed investigation. Although the pri 
mary purpose of this work lies in its application to explor 
ation, the relationship of alteration patterns and gold de 
posits to structure, stratigraphy, and lithology can be 
expected to influence deductions regarding processes 
and timing of gold mineralization.

Introduction
Carbonate and alkali alteration and enrichment in trace 
metals such as As and Sb are characteristic of wall-rocks 
enclosing many gold-bearing quartz veins occurring in 
Archean mafic and ultramafic volcanic sequences. The 
association of carbonatized wall-rocks (Hurst 1935), car 
bonate in veins (Charlewood 1935), albite (Gallagher 
1940), and gold was well documented by early workers in 
the Timmins area. More recent studies attempt to relate 
gold and carbonate to specific rock types such as koma- 
tiites (Pyke 1976) or alleged volcanic exhalative units 
(Karvinen 1978,1980; Fyon and Crocket 1979,1980; Ker 
rich and Fryer 1979; Fryer era/. 1979).

Most quantitative chemical studies of carbonate and 
alkali alteration have been restricted to the wall-rocks im 
mediately adjacent to veins. Few quantitative data on re 
gional patterns of carbonate and alkali distribution are 
available for the Timmins or any other Archean gold-bear 
ing districts. The regional data of R.W. Boyle (1959,1960) 
on CO2 and other volatiles in the Yellowknife area were 
based on a single traverse. W.O. Karvinen's studies 
(1978, 1980) in the Timmins district were largely qualita 
tive. Extension of Karvinen's work by J.A. Fyon and J.H. 
Crocket (1979, 1980), although in part quantitative, was 
restricted to particular litho-stratigraphic units in the 
northeastern part of Tisdale Township and the northern 
part of Deloro Township.

The purpose of the present study is: 1) to determine

Preliminary Results
The geology and structure of the study area as. inter 
preted by J.F. Davies (1977), J.F. Davies, R.W. Grant and 
R.E.S. Whitehead (1979), and J.F. Davies and R.E.S. Whi 
tehead (1980) are displayed in Figure 1. Details of immo 
bile trace element distributions which support this inter 
pretation may be found in the latter two papers. Figure 1 
also shows the locations of sample sites for which CO2 , 
K2O, Rb, Na2O and H2O have been determined. Control 
data from unmineralized areas consist of samples from 
Zavitz and Holloway Townships.

Figures 2 to 5 are contour maps of CO2 and alkalies 
in mafic and ultramafic volcanic rocks of the Tisdale 
Group and do not include analyses of felsic schists or 
porphyries. The area bounded approximately by the Gil 
lies Lake and Destor-Porcupine Faults includes the major 
mines of Tisdale and Deloro Townships (Figure 1). This 
area is characterized by significantly higher average 
CO2 , K2O, and Rb than the nonproductive region north of 
the Gillies Lake Fault. Na2O, on the other hand, is not par 
ticularly useful in distinguishing the productive from the 
nonproductive region. The data along sections a-b and c- 
d are presented in profile form on Figure 6. Comparison 
of these with Figure 7 from the two non-mineralized con 
trol areas reveals distinctly lower average levels and 
smoother, less jagged patterns of C02 , K2O, and Rb in 
the nonproductive areas. The profiles also reveal that 
H 2O, like Na2O, does not serve to distinguish mineralized 
from non-mineralized regions.
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•tf^\^-\ ^'f

m^\ ^, \*Sfe**T i ' x \ * , X *\ \ | M U \ ^^ -*\^m.v-^A *V*~X ^^-y&S^wm

'V

-

~ Q)

^E^ ^S2 ^e-itr A52J2 cllilliilslllli
o -r- cvj co

246



R.E.S. WHITEHEAD, J.F. DAVIES, b R.A. CAMERON

Figure 2— Contours ofCO2 values.
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Discussion
Frequency plots (Figure 8) reveal rather similar distribu 
tions of CO2 , K20, and Rb for the Northern, Central, and 
Vipond Subgroups. This suggests that the somewhat dif 
fering original compositions of the three subgroups did 
not greatly influence the degree of carbonate alteration or 
of K and Rb metasomatism. An exception to this generali 
zation is the high C02 content (26 to 32 weight percent) of 
some Northern Subgroup samples. These samples are of 
ultramafic rocks from the vicinity of the Destor-Porcupine 
and Dome Faults where carbonatization is particularly in 
tense. The high degree of carbonatization is probably a 
function of original rock composition but may also be 
influenced by increased permeability related to the faults.

The distribution patterns of the Gold Centre Sub 
group differ from those of the other units. This represents 
a sampling bias. Few unaltered samples are available for 
inclusion in the plots. Most of the Gold Centre exposures 
are limited to the vicinity of the Porcupine Syncline where 
alteration is rather intense.

The Na20 distribution in all subgroups is reasonably 
normal. This supports the observation made previously 
that Na2O, because it is apparently less mobile than K2O 
or Rb, does not effectively discriminate between altered 
(productive) and unaltered (nonproductive) areas.

The C02 , K2O, and Rb distributions in the Northern, 
Central and Vipond Subgroups plot essentially as decay 
curves. With CO2 , this reflects the expected patterns in a 
series of samples ranging from relatively unaltered ( < 2 
percent C02) to those having received progressively 
greater additions of C02 . Although the K20 and Rb distri 
butions are similar to those for C02 , they probably repre 
sent both depletions and enrichments, rather than purely 
additions as exemplified by CO2 . Allowing for a wide 
range in K20 and Rb in unaltered rocks (0.1 to 0.75 per 
cent and 2 to 15 ppm respectively) numerous samples ly 
ing below and above these limits have been depleted or 
enriched.

The CO2 patterns (Figure 2) provide no support for 
the concept of stratigraphically distributed carbonate- 
rich horizons (Karvinen 1978,1980). This in itself does not 
negate the possible existence of particular stratigraphic 
horizons with which gold mineralization may be spatially 
associated. However, if such horizons exist, other zones, 
not stratigraphically controlled, are characterized by 
equally high CO2 contents. Several of the strongest C02 
anomalies, 6 to 10 percent and > 10 percent, in part cut 
across the lithostratigraphic units. Many of the areas of 
maximum CO2 content coincide with zones of intense de 
formation such as the Gillies Lake Fault, Hollinger Fault, 
Destor-Porcupine Fault, and Dome Fault or regions of 
schistosity around the noses of both major and minor 
folds. The K2O and Rb patterns also appear to be 
strongly influenced by secondary structures. Indeed the 
entire anomalous area between the Porcupine-Destor 
and Gillies Lake Faults is one of much stronger deforma 
tion and structural complexity than the non-anomalous 
areas north of the Gillies Lake Fault. Davies (1977) has 
linked this area of deformation to the development of the 
Porcupine

R.E.S. WHITEHEAD, J.F. DAVIES, fr R. A. CAMERON
Syncline which is interpreted as the synclinal part of a 
huge ruptured dragfold whose anticlinal counterpart has 
been displaced eastward by the Porcupine-Destor Fault. 
Support for this interpretation is provided by immobile 
trace element data which are consistent with the lithostra 
tigraphic distribution shown in Figure 1 (Davies and Whi 
tehead 1980).

Individual K2O and Rb anomalies (Figures 3 and 4) 
display the expected degree of correlation with one an 
other. A less well-defined correlation with gold deposits is 
suggested (Hollinger, Mcintyre, Paymaster, Delnite). 
Other K20 and Rb anomalies, however, do not correlate 
with known gold concentrations. CO2 (Figure 2) does not 
display a high degree of direct spatial correlation with 
K20 or Rb. Some of the C02 anomalies occur at or near 
gold deposits but, like the alkalies, others of comparable 
CO2 content appear to bear no relationship to gold miner 
alization. In their present form the CO2 anomalies do not 
appear particularly suitable for delimiting target areas. In 
part this arises from the fact that CO2 content, although 
useful as a general measure of the quantity of carbonate 
alteration, is not a satisfactory measure of intensity.

Thermochemical calculations and experimental data 
on silicate-carbonate reactions of the type reported by 
G.B. Skippen (1971) indicate that at a given temperature 
and fH20 calcite forms at a lower fc02 than dolomite in sys 
tems involving diopside, tremolite, and talc. Comparison 
of COyCaO molar ratios in altered rocks with the compo 
sitions of the carbonate minerals that are present sug 
gests that a similar relationship exists for carbonatized 
metabasalts and that CO27CaO molar ratios can be used 
as a measure of the intensity of alteration.

Figure 9A is a plot of C02 vs CaO in unaltered to 
moderately altered rocks from one of the unmineralized 
control areas and from the region north of the Gillies Lake 
Fault. These samples lie at or below the C027CaO ratio for 
calcite. X-ray diffraction analysis of carbonate minerals in 
several of these samples indicates the presence of only 
calcite in these rocks. For samples lying below the calcite 
line some of the CaO must remain in silicate form. Figure 
9B represents a series of moderately to highly altered 
samples from a drill hole through the wall-rocks and 
country rocks of the Pamour-Schumacher (Mcintyre) 
Mine. These plot mainly at or above the calcite line; some 
lie close to the dolomite (ankerite) ratio, 2:1. Samples ly 
ing on the calcite line are expected to contain only cal 
cite; in this case little or no CaO should remain in silicate 
form. X-ray analysis of several of the specimens with 
CO27CaO ratios close to 1 reveal calcite as the only or 
predominant carbonate species. Similarly the prediction 
that samples plotting between ratios of 2:1 and 1:1 
should contain both calcite and dolomite (ankerite) has 
been confirmed by x-ray analyses.

Figure 9B also reveals that as the overall C02 con 
tent increases the CO27CaO molar ratio increases, repre 
senting progressively less calcite and more dolomite 
(ankerite). C027CaO molar ratios, therefore, provide a 
suitable measure of the intensity of carbonate alteration 
and probably of \C02 - 't is suggested that ratios greater 
than 1, representing the initial appearance of dolomite
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Figure 4— Contours oiRb values.
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Figure 5— Contours ofNa2O values.
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Figure 6— Profiles of CO2, alkalies, H2O, Tisdale Township.

(ankerite), may be significant for target area selection.
R.W. Boyle and J.R. Jonasson (1973) report a close 

relationship between gold-bearing quartz veins and As in 
many Archean volcanic belts. T.N. Pearton (1978) found 
a well-defined correlation (coefficient = 0.94) between 
Au and As in carbonatized rocks of northeastern Tran 
svaal. The data of Fyon and Crocket (1979) suggest a 
positive correlation between As and Au in Mg-rich vol 
canic rocks of the Tisdale Group. In the present study As 
is being determined in all samples for which alkalies, 
CO2 , and CCVCaO ratios are available.

Figure 10 presents some preliminary data on 
CCVCaO ratios and Ln As along section a-b (Figure 2). 
Both the CCVCaO ratios and As levels clearly distinguish 
the productive from the nonproductive regions. In addi 

tion there appears to be a general positive correlation be 
tween As and CO^CaO ratios at both the regional and 
target area levels of detail. C027CaO ratios less than 1 
(calcite) correspond to Ln As less than 7 ( < 1 ppm). In 
contrast CO2A3aO ratios of 2 or more (dolomite-ankerite) 
correspond to Ln As of 9 to 11 (8 to 60 ppm).

Although sufficient data are not yet available to pre 
pare CO27CaO and As contour maps similar to Figures 2 
to 5 it appears that three levels of alteration can be recog 
nized in the tholeiitic basalts: 1) C027CaO < 1 and As < 1 
ppm are characteristic of the nonproductive regions; 2) 
C027CaO > 1 and As > 1 ppm are general in the prod 
uctive or potentially productive regions; 3) within the 
productive region, specific target areas have CO27CaO ^ 
2 and As > 10 ppm.
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Figure 7— Profiles of CO2, alkalies, H2O, background, Zavitz and Holloway Townships

Summary and Conclusions
Tentative conclusions arising out of this study are:
1) The productive part of the study area is characterized 
by pervasive C02 , K, Rb alteration and enhanced levels 
of As, as contrasted with nonproductive regions.
2) H20 and Na20 do not serve to distinguish productive 
from nonproductive areas of tholeiitic basalts.
3) Alteration patterns appear to be structurally rather than 
stratigraphically controlled.
4) C027CaO molar ratios provide a useful measure of the 
intensity of carbonatization in tholeiitic basalts and serve

to distinguish calcite (lower fc02) from dolomite-ankerite
(higher fc02)-
5) CO27CaO ratios are superior to C02 content alone in 
distinguishing productive from nonproductive regions 
and in identifying specific target areas.
6) As contents parallel the Co^CaO ratios in general.
7) Large areas of tholeiitic metabasalts characterized by 
average CO27CaO ratios greater than 1 and As greater 
than 1 ppm can be considered potentially productive. 
(8) Target areas are characterized by CO^CaO ratios 
close to 2 and As contents of 10 ppm or greater.
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Figure 9A — CO2-CaO molar plot of rocks from unmineral- Figure 9B — C02-CaO molar plot of rocks from the miner-
ized areas. alizedzone, Pamour-Mclntyre.

Figure 10—Profile of Ln As and CO^CaO molar ratios, section a-b, Shaded bars represent "threshold" levels for the min 
eralized region within which target areas occur (peaks above the "threshold").
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Abstract
The preliminary results are presented of an examination 
of the feasibility of the direct dating of sulphide ore miner 
als. The 40Ar739Ar variant of K-Ar dating is being applied 
to pyrite, galena, chalcopyrite, and sphalerite. Samples 
from Geco, Sudbury, Renabie, and southeastern Missouri 
(Mississippi Valley Type deposit) are being analyzed. K- 
concentrations in pyrite samples range from 10 to 100 
p.p.m., whereas they are usually considerably lower in 
galena samples (*s 1 ppm). 40Ar^6Ar ratios for these two 
mineral types usually lie in the 300 to 600 range. With 
these low K-concentrations and low ^Ar/36 Ar ratios, it is 
essential to use an isochron approach to obtain age infor 
mation from the sulphides. Preliminary versions of "iso- 
chrons" are shown for the Mississippi Valley Type (MVT) 
pyrite and galena samples. Many more analyses, how 
ever, will be needed to produce a clear-cut age interpre 
tation. It does already seem clear, though, that the pyrite 
and galena from one hand specimen contain trapped ar 
gon of different isotopic composition, suggesting strongly 
that the galena and pyrite samples crystallized at quite 
different times. Two biotite samples from Geco ore give 
excellent age plateaus of about 2.62 b.y. and the two py 
rite samples analyzed are consistent with such an age. 
White mica from Kidd Creek ore yields similar, good pla 
teaus of about the same age as the Geco biotite samples. 
Slate from Kidd Creek also gives a plateau age of about 
2.6 b.y.

Introduction
The full understanding of the process of ore formation ob 
viously requires a knowledge of the chronology of the ore 
minerals. Yet this is a parameter that is usually only poorly 
known because the direct radiometric dating of (non-ura 
nium) ores is extremely difficult. This is because the con 
centration of radioactivity in such minerals is extremely 
low. Recent advances in the reliability of detection of ex 
tremely small amounts of radiogenic argon (Hall and York 
1978) have made it reasonable to attempt to apply the 
^Ar/^Ar method of dating directly to the ore minerals 
themselves. We have, therefore, begun a systematic ap 
plication of this technique to pyrite, galena, chalcopyrite,

and sphalerite.
Results are presented below of our initial 

survey of sulphides from Geco, Sudbury, Renabie, and 
southeastern Missouri (Mississippi Valley Type, 'MVT', 
deposit). In order to have reliable index ages for compari 
son, wherever we have found micaceous material in the 
ore itself, we have neutron-irradiated and step-heated mi 
cas. We have been able to do this for two biotite samples 
from different levels at Geco and for two white mica sam 
ples at Kidd Creek. We have also analyzed pyrite-bearing 
slate from Kidd Greek.

Experimentation
At the beginning of this project there was no published in 
formation available on the K- and Ar-contents of the sul 
phides. It was therefore necessary to carry out some re 
connaissance K- and Ar-analyses so that accurate 
^Ar/^Ar analyses could be planned. A rapid survey of K- 
contents was done by flame photometry and atomic ab 
sorption analysis. These preliminary measurements indi 
cated K-concentrations of 10 to 100 ppm in pyrite and 5 
to 10 ppm in galena. We found fair agreement between 
the results of flame photometry and atomic absorption if 
we passed the solutions for flame photometry through an 
ion exchange columns first. However, our subsequent 
mass spectrometric measurements of the 39Ar produced 
by neutron bombardment showed that the flame photo 
metry and atomic absorption usually significantly overes 
timated the K-content of low-K galenas. The K-values de 
termined by 39Ar measurement are shown in Table 1.

The preliminary Ar-concentration measurements (re 
ported in Table 1) on unirradiated sulphides showed that 
pyrite had total 40Ar concentrations (in units of 10~ 7 
ccstp/g) of 3 to 40, galena (same units) 0.5 to 20, sphaler 
ite (1 to 4). For comparison purposes, it should be noted 
that Geco biotite contains 20,000 of the same units of 
40Ar.

Armed with the results of these initial K-and Ar-analy 
ses, we deduced that the sulphides would require 150 
megawatt-hours of neutron irradiation in the McMaster 
University uranium enriched reactor. This corresponded 
to about three days in the reactor.

Initial irradiations were performed with a few hun-
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TABLE I 

K and Ar Analytical Data for Pyrite , Galena ,and Sphalerite

Sample K(p,p.m.) 40Ar 
(xlO-7cc7g)

40Ar7 36Ar Run No

Geco:
Pyrite

4.5 
25.2 
*:0.3
0.71

Galena

Sphalerite
0.3 ±0.3 

Chalcopyrite 14.1

Sturgeon Lake: 

Sphalerite

8.48
7.67

29.79
.86 
.76 
.41 
.67

13.64

4.22

406
398
430
453
819
615
436

1197

327

OGS5
OGS10
OGS14
OGS20
OGS33
OGS6
OGS11
OGS38

OGS4

Renabie: 

Pyrite
15.1

40.16
35.26

1272
1169

OGS2 
OGS15

M.V.T.:

Pyrite

Galena

63.0
19.0
15.9
83.0
91.3
57.8

1.1
0.48
1.1
0.69

.65

.03

.97

.42

.63

.46
14.05
0.514
0.832
1.58
0.912
0.644

610
505
434
382
567
577
428
330
304
297
303
307

OGS8
OGS17
OGS19
OGS45
OGS46
OGS92
OGS93
OGS7
OGS16
OGS49
OGS82
OGS94

Sudbury:

Pyrite n
Chalcopyrite

1.6 
2.1 
8.2

8.85
7.82

18.49

308
309

1622

OGS31 
OGS37 
OGS32
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dreds of milligrams of sulphides. However, the K-con- 
tents were so low that it became evident that samples of 1 
to 2 grams should be irradiated. This resulted in a consid 
erable increase in precision and accuracy in the later 
measurements. Unfortunately this step was accompa 
nied by a corresponding increase in health hazard due to 
the radioactivity induced in the sulphides. It became im 
perative, therefore, to reduce this effect significantly. Now 
the 39Ar, which one is aiming to produce by neutron irra 
diation, is generated by fast neutrons. An examination of 
a table of neutron-capture cross-sections showed that, in 
contrast, the health-hazardous radioactivity is generated 
mostly by thermal neutrons. We, therefore, decided to 
surround the samples with cadmium foil for the irradiation 
since cadmium has the property of acting as an effective 
absorber of thermal neutrons, while transmitting most fast 
neutrons. This step was an immediate success and re 
sulted in a dramatic reduction of the high-energy 
-y-activity of irradiated sulphides. Accordingly, all irradia 
tion is now done on cadmium-shielded samples. In order 
to carry out the usual calcium and potassium associated 
corrections for interfering isotopes, it was necessary to ir 
radiate pure calcium and potassium salts wrapped in 
cadmium and new correction parameters were deter 
mined.

The neutron-irradiated samples were fused in an ul 
tra-high vacuum system and the evolved gases were 
purified and analyzed on an MS10 mass spectrometer. 
The standard used in all irradiations was the Zartman 
Hornblende 3gr which is 1,070 m.y. old (Alexander and 
Davis 1974; Hanes and York 1979).

The extremely low K- and Ar-concentrations meant 
that mineral separations had to be performed with un 
precedented care and every grain had to be examined 
under the microscope to eliminate completely any visible 
silicate contamination.

Mica was separated from the Geco and Kidd Creek 
samples. These, along with pyrite-bearing slate from 
Kidd Creek, were irradiated and step-heating 40Ar739Ar 
analyses were carried out on them. A step-heating laser 
run was also carried out on the slate. This is the first time 
a step-heating 40Ar739Ar analysis has been performed 
with a laser.

Results
The data for the sulphides are shown in Table 1 and Fig 
ures 1 and 2. The silicate data are presented in Figures 3, 
4, and 5. The results are discussed in the sequence: 
1 )MVT samples; 2) Geco; 3) Sudbury, and 4) Kidd Creek.

MVT Pyrite and Galena
It is immediately obvious from Figure 1 that the pyrite and 
galena form two distinct families on a plot of 40Ar736Ar vs 

The six pyrite samples, separated from one

DEREKYORKETAL.

MISSISSIPPI TYPE PWTE AND GALENA

39. .36. Ar/ Ar
Figure 1—Argon correlation plots for MVT pyrite and galena.

hand specimen, show a striking linear correlation. The 
scatter of the points about the least squares line through 
the data, however, is much greater than the experimental 
errors alone would produce. Thus a straightforward iso 
chron is not found. The slope of the best-fitting line corre 
sponds to an age of approximately 700 m.y., which is sig 
nificantly higher than the upper limit set for the samples 
by the stratigraphy: the Cambrian assignment of the host 
rocks requires that ore-formation be post 550 m.y. ago. 
The MVT pyrite thus comes close to giving a meaningful 
argon isochron, but some geological factors have oper 
ated to produce scatter in the data and to tilt the average 
line a little too steeply. However, we consider these re 
sults to be extremely encouraging for future work. Un 
questionably many other pyrite samples should be ana 
lyzed both from this mine and from other MVT deposits. 
As new data are added to Figure 1 it may be that the 
average best line will shift to a more acceptable age. 
Conversely, other samples from the same mine may have 
escaped the perturbing effects operating on these first 
samples, or samples from other areas may work well and 
show much less scatter.

The intercept of the pyrite correlation line on the y- 
axis indicates that the pyrite probably trapped an initial 
argon whose ^Ar/^Ar ratio was about 370. Further, the 
analyses reveal that the 36Ar is quite uniformly distributed 
within the samples, whereas the K-content varies among 
them by over a factor of 5, which suggests that work on 
other samples will have an excellent chance of yielding 
good chronological information via the isochron ap 
proach.
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Whereas the MVT pyrite samples range in K-content 

from about 15 to 90 ppm, the galena samples are dramat 
ically low in potassium, with values varying from 500 ppb 
to 1 ppm! Despite this, reasonably accurate measure 
ments have been made (Figure 1) and some very inter 
esting deductions may be drawn.

Firstly if a least squares fit, allowing carefully for error 
correlations (York 1969), is made to the data, we find that 
the samples lie within error on a line whose slope corre 
sponds to an age of 380 ± 80 m.y. While this is clearly to 
be viewed with great reserve until far more data are avail 
able, it is obvious that this first, hesitant, exploratory in 
vestigation of MVT galena and pyrite samples very 
strongly suggests that it may well be possible to extract 
the true age of these deposits by 40Ar739Ar isochron dat 
ing.

The intercept of the galena correlation line is undis- 
tinguishable from modern day atmospheric argon and is 
significantly different from the pyrite line's intercept. This 
very clearly suggests that the pyrite and galena trapped 
argon of different isotopic composition at formation. By 
far the easiest way for this to happen is if the two different 
mineral types formed at different times in the presence of 
ambient argon of different compositions.

We will see that the results on the Ontario sulphides 
are consistent with this picture of different sulphides be 
ing characterized by apparently isotopically differing 
trapped argon.

Geco Sulphides

GECO SULPHIDES

500

400

300

200-

IOQ

Ch (I58.II7I) 
Go (0070,753.5) 
Sph (0386,548)
r t

O.I 02 0.3 04
39A .36. Ar/ Ar

0.6 0.7 0.8

Figure 2—Argon isotope ratios of Geco sulphides.

Two pyrite samples, two galena samples, one chalcopy 
rite samples, and one sphalerite sample have been ana 
lyzed (Table 1 and Figure 2). The galena and sphalerite 
have extremely low K-values and essentially plot on the y- 
axis in a 40Ar^6Ar vs ^Ar/^Ar diagram. The two pyrite 
samples, however, are not widely divergent from a line of 
slope equivalent to an age of 2.6 b.y. More pyrite sam 
ples from this deposit have been separated and it will 
soon be known whether a pyrite isochron can be con 
structed for the Geco deposit. It is clear, as with the MVT 
results, that if isochrons are to be constructed they will 
most probably only be achieved with data from samples 
of a given mineral type. Pyrite samples are here the most 
promising, having readily measurable K-contents but 
quite low ^Ar/^Ar ratios.

Minute quantities of biotite were found in Geco ore 
samples from different levels (see Figure 3). A few flakes 
were extracted and neutron-irradiated, and step-heating 
runs were performed on them. Plateaus were found for 
both samples, in good agreement at about 2.62 b.y. 
These mica samples undoubtedly became closed sys 
tems by cooling through a temperature of about 300 0C 
approximately 2.62 b.y. ago. The ore was clearly in exist 
ence at that time. Whether it had just formed then, or 
whether it had existed for quite a long time, before finally 
cooling at 2.62 b.y. ago, remains to be seen.

Sudbury Sulphides
Two samples of galena and a chalcopyrite were analyzed 
(Table 1). As with the Geco galena, their K-contents were 
so low that the data points would lie on the y-axis on the 
40Ar736Ar vs ^Ar/^Ar diagram. The chalcopyrite has a 
readily measurable K-content (8 ppm) and a large 
40Ar736Ar ratio, reminiscent of the result for the Geco chal 
copyrite.

Kidd Creek Samples
A white mica was found in a chalcopyrite ore and care 
fully separated. On close examination it proved to have 
dark and light fractions. Samples of both these types 
were neutron-irradiated and step-heating runs were per 
formed on them. As can be seen in Figure 4, excellent 
plateaus were found for both mica samples in the 2.60 to 
2.65 b.y. range, showing that at least this part of the Kidd 
Creek orebody existed 2.60 b.y. ago and it has not been 
strongly heated since.

A slate, in which pyrite ore is found, was neutron-irra 
diated and step-heated (Figure 4). The age-spectrum ap-

260



Figure 3—

2.6

2.2

Age 
(b.y.)

1.8

1.4-

DEREKYORKETAL.

Geco Biotite E645I-——
Ogs 21-28
Integrated Age s 2.6 ± .01 b.y.

Geco Biotite 1050 ———
Ogs l Is-18s
Integrated Age = 2.63 ±.01 b.y.

10 20 30 40 50 60 70 80
39 Percent Ar Released

Age spectra of Geco biotite.

90 100

3.0-
KIDV CREEK MICAS AND SLATE

2 ^

Age 
(b.y.)

2.2

1.8

1.4

1 1
1
1
1
1 
1
L 
1 
1

1
1

1 
1 

1

•••-•••••- ; ( __ ----- ___ ^•^.^.^••^•---•^-.--•--.^.^•^•^•^.r**

i ' ————————————

White Mica —— - 
Ogs 59-66 
Integrated Age = 2.60 ± .02 b.y.

White Mica
Ogs 68-75 Fe Rich 
Integrated Age * 2. 64 ±.01 b.y.

Kidd Creek Slate — — 
Ogs 84-91 
Integrated Age 2 2.64 ± .01 b.y.

10 20 30 40 50 60 70 80 90 100 
39

Figure 4— Age spectra of Kidd Creek white mica and slate.

261



GRANT 62
pears to plateau at about 2.60 b.y and confirms that the 
last severe heating occurred at this locality 2.60 b.y. ago. 
The last two gas fractions in this analysis show interest 
ingly higher ages (2.76 ± 0.02 and 3.16 ± 0.03 b.y.). 
Whether they are experimental artifacts associated with 
the small size of these fractions, or whether they indicate 
some recollection of an earlier ancient history in the area 
remains to be seen. Clearly more ^Ar/^Ar ages should 
be obtained for a variety of rocks in the Kidd Creek area.

Sulphide samples are currently being separated 
from ore provided by the mine geologist (P.P. Coad). The 
different sulphides are, however, intimately intergrown, 
making a clean separation extremely time-consuming 
and laborious. However, our earlier work on MVT and 
Geco samples makes such meticulous separations of 
one sulphide from another imperative.

In addition to the usual type of ^Ar/^Ar step-heating 
run on the Kidd Creek slate, we also performed a step- 
heating run with our new laser probe system. A small neu 
tron-irradiated chip of slate was heated to successively 
higher temperatures by the beam from a high-powered 
argon-ion laser. The age spectrum obtained (Figure 5) 
agreed well with that obtained earlier by radio-frequency 
induction heating. As the laser system is developed, it will 
greatly speed up the analysis of the silicates in this 
project.

Summary
Our measurements so far have established the following.
1) There is enough potassium in pyrite, chalcopyrite, and 
some galena to be accurately measured as 39Ar. Sphaler 
ite may be too low in potassium to be useful, but not 
enough analyses have been done.
2) There is enough argon in all these minerals for accu 
rate isotope ratio analysis.
3) The 40Ar736Ar ratios are usually quite low and an iso 
chron approach will always have to be used.
4) There is strong evidence that the different mineral 
types may trap isotopically different argon, so that one 
cannot expect the different mineral types from a deposit 
to fall on a single isochron. We predict that any isochrons 
found will probably be mineral-specific isochrons.
5) There is a strong correlation between ^Ar/^Ar and 
39Ar736Ar ratios for MVT pyrite and future work may well 
produce meaningful isochrons for this type of deposit.
6) The 40Ar736Ar ratios in MVT galena are very different 
from those in associated pyrite, which strongly indicates 
that these two minerals found in the same hand specimen 
crystallized at distinctly different times.
7) Whereas the ^Ar/^Ar ratios and K-contents are low in 
the MVT galena there is evidence that a meaningful iso 
chron may evolve with more analytical work.
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8) Whereas the 36Ar in MVT pyrite is quite uniformly dis 
tributed, the potassium varies by a factor of five among 
the samples. This is a potentially good situation for iso 
chron production and also suggests that the potassium 
may exist in small regions of high K-concentration. 
Whether these hypothesized concentrations are in fluid 
inclusions or minute totally enclosed silicate inclusions 
will be important to determine for interpretation purposes.
9) Because of the sample size and the amount of irradia 
tion required, the induced radioactivity levels must,be 
minimized by surrounding with cadmium foil all samples 
which are neutron irradiated.

We conclude that the application of the ^Ar/^Ar 
method of dating to sulphides has considerable geochro- 
nological and geochemical potential and it may well be 
come a new field of research in economic geology.
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