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Introductory Remarks
The Ontario Geoscience Research Grants Program was initiated by the Ontario Geological 
Survey in 1978 to support geoscience research at Ontario universities. By encouraging 
mission-oriented research, the program complements the work of the Geoscience Branch, 
Ontario Geological Survey in carrying out its mandate:

to gather geoscience information on provincial geology 
and mineral resources, to stimulate and guide mineral 
exploration and development, and to plan and develop 
provincial land and water resources

The program supports applied geoscience research, for up to 3 years, in the following areas: 
identifying the characteristics of mineral deposits by studying specific occurrences, or a 
group of occurrences, selected by common mineral content or geological characteristics; 
petrologic, rock geochemistry, structural geology, stratigraphic and geochronologic studies 
leading to an improved understanding of the factors influencing the origin and localization 
of mineral deposits, and better definition of the characteristics of their environments; field 
and laboratory studies, leading to the development of new geophysical or geochemical 
concepts and techniques to assist the exploration for ore bodies concealed beneath the 
bedrock surface, a cover of younger rocks or glacial overburden; identifying, through 
engineering and environmental geology, the terrain suitable for urban and industrial 
development, transportation routes, subsurface storage and waste disposal, or identifying 
geological characteristics of potentially hazardous terrain in Ontario; and developing 
methods of interpreting and improving the automated or manual processing of geoscience 
data.
To be eligible to receive funding, researchers must forward applications to the Geoscience 
Branch, Ontario Geological Survey by November 15. Project proposals are subject to review 
by a committee reporting to the Director of the Geoscience Branch. This committee advises 
the Minister of Northern Development and Mines concerning geoscience research priorities 
at Ontario universities and of the scientific merit and relevance of the proposals submitted. 
The committee consists of 3 representatives from the private sector geological community, 
3 representatives from Ontario universities, 4 representatives from the Ontario Survey and 
a chairperson from industry. Members of the 1991-1992 committee were:

Dr. I.G.L. Sinclair, Chairperson; Minscan Consulting Ltd.

Dr. J.M. Morganti; Placer Dome Inc.

Mr. B.R. Krause; Inco Exploration and Technical Services

Ms. L.B. Bloom; Citadel Gold Mines, Inc.

Dr. H.H. Helmstaedt; Queen's University
Dr. R.S. James; Laurentian University

Dr. MJ. Risk; McMaster University

Mr. C.L. Baker; Ontario Geological Survey

Dr. R.H. Sutcliffe; Ontario Geological Survey
Dr. J.A. Fyon; Ontario Geological Survey

Mr. R.B. Barlow; Ontario Geological Survey
Successful grant recipients are required to submit progress reports for publication in the 
annual Summary of Research and to participate in the Ontario Mines and Minerals 
Symposium held each December. Publication in other scientific journals is encouraged, and 
a final report summarizing the research results will be released as an Ontario Geological 
Survey Open File Report.



During 1991-1992,22 projects were funded under this program; of these, 12 were renewal 
projects.

University Value of Grants No. of grants

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

S 18,650.00
S 50,380.00
S 35,050.00
S 39,500.00
S 30,98 1.00
S 14,500.00
S 74,510.00
Si 19,486.00
S 14,000.00
S 99,427.50
S 11, 000.00

1
1
1
2
1
1
4
5
1
4
1

Total S507,484.50 22

I would like to thank Dr. I.G.L. Sinclair, Committee Chairperson, and the review committee 
members, all of whom gave freely of their time. The efforts of the researchers are of course 
fundamental and are acknowledged. The following are also acknowledged for their 
participation in producing this volume; T. C. Miller, Grants Administrator and Secretary to 
the Committee; staff geologists who reviewed the papers; and Future Grafix Inc. who edited 
and co-ordinated the production of this publication.

V.G. Milne
Director, Geoscience Branch
Ontario Geological Survey
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Grant 375 Archean Sedimentology and Stratigraphy: 
Dore Metasediments, Michipicoten Greenstone Belt; 
Timiskaming and Porcupine Metasediments, Abitibi 
Greenstone Belt

R.J. Rice, P. Born and J.A. Donaldson
Ottawa-Carleton Geoscience Centre, Department of Earth Sciences, Carleton University, Ottawa, Ontario.

Dore metasedimentary successions in the Goetz and West Andre lakes area were deposited in 
upper to lower submarine fan environments. The upper fan deposits are poorly organized 
associations of polymictic pebble conglomerates and minor sandstone; on-lobe mid fan deposits 
are sandstone with minor conglomerate and mudstone. Mid-to lower f an lobe-fringe and off-lobe 
deposits are AE/ACE turbidite sequences that locally are interstratified with intermediate 
pyroclastic flows. At northern Mildred Lake, the Dore succession is represented by opposite- 
facing thrust-separated sequences, one representing braided fluvial deposition and the other 
representing off-lobe, thin-bedded, deep-sea-fan turbidites and mafic pyroclastics. At Tremblay 
Flats, the Dor6 succession consists of poorly organized, polymict, pebble and cobble conglom 
erates with minor sandstone representing fluvial deposition.

At South Porcupine, in the Timmins area, older deep-sea-fan turbidites of the Porcupine 
Group are separated from younger, fluvial Timiskaming group sediments by a prominent 
unconformity. Basal Timiskaming sediments at other locations in the Timmins area, however, 
represent channellized upper submarine fan deposits incised into thin-bedded turbidites of a 
mid- to lower fan setting. The conformably overlying Three Nations formation contains 
hummocky cross-stratification and evidence of tidal currents, suggesting a shallow-marine 
depositional setting.

INTRODUCTION
This report summarizes the results of field investigations 
of Archean basin evolution in the Michipicoten (R. Rice) 
and Abitibi (P. Born) greenstone belts, Superior Prov 
ince, during the 1991 season. Previous work in the 
Michipicoten greenstone belt associated with this grant 
was reported in Rice and Donaldson (1991).

MICHIPICOTEN 
GREENSTONE BELT
The Michipicoten greenstone belt is the largest of several 
greenstone belts in the Wawa Subprovince (Figure 375. l). 
It was chosen as the focus of Archean basin evolution 
studies in this subprovince because it has been subjected 
to several intensive interdisciplinary geologic studies. 
Previous sedimentological, structural and stratigraphic 
work in the Michipicoten greenstone belt are summa 
rized in Rice and Donaldson (1991).

The Dore sedimentary assemblage comprises pre 
dominantly epiclastic metasediments in association with 
volumetrically minor pyroclastic flows and non-volcanic 
sediments, which rest unconformably (Arias and

Helmstaedt 1990, Figure 343.2) on top of other 
supracrustal rocks in the Michipicoten greenstone belt 
(Figure 375.2); the Dore strata reflect erosional removal 
of the felsic volcanic top of the underlying volcanic 
"cycle". Stratigraphy of the underlying volcanic succes 
sion in the Michipicoten greenstone belt has been consid 
ered to consist of 3 mafic-felsic "cycles", but the apparent 
cyclicity is now attributed (Williams et al. 1991; Arias 
and Helmstaedt 1990) to structural repetition (see Fig 
ure 375.2). The structural complexity of the Michipicoten 
greenstone belt precludes regional, and in most areas 
local, correlation within the Dore metasediments; for 
mations have not been defined despite the recognition of 
regional and local variations in depositional settings 
(Neale 1981; Thomas 1984; Rice and Donaldson 1991, 
1992). U-Pb zircon geochronology (Corfu ancl Sage 
1992) indicates a range in age for the Dore metasediments 
from 2.698 Ga in the southern belt to 2.680 Ga in the 
middle belt and 2.682 Ga in the northern belt; whether 
the metasediments were deposited in a single basin, or 
within several temporally distinct and structurally de 
fined smaller basins, has not yet been resolved.

Dore metasediments were examined at four loca 
tions during the 1991 field season: 1) Goetz Lake, 2) 
West Andre Lake, 3) Mildred Lake, and 4) near Tremblay 
Hats (see Figure 375.1).
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Figure 375.1. Generalized geology of the Michipicoten greenstone belt. Wawa Subprovince, showing the distribution of Dore" metasediments and the 
location of meusedimenury successions examined during the 1991 field season.
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Goetz Lake, Corbiere Township
A 540 m succession of Dore metasediments was exam 
ined between the Algoma Central Railway tracks at the 
northeast end of Goetz Lake and the south end of an 
unnamed lake immediately north of Goetz Lake (Figure 
375.3). Detailed structural geology of the Goetz Lake 
area is provided in Arias and Helmstaedt (l 990, Figure

343.3) who show Dore metasediments unconformably 
overlying mafic metavolcanics of "cycle" three, which in 
turn structurally overlie the metasediments due to re 
peated thrust faulting (see Figure 375.2).

This succession consists of roughly 440 m of sand 
stone with local minor interstratified mudstone, con 
glomerate and intervals of sandstone-mudstone flning-

(\y polymict conglomerate 
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Figure 375 3. Dor6 metasedimentary sequences examined at Goetz Lake, Corbiere Township, eastern southern metasedimentaiy belt (location l, Rgure 
375.1) and West Andre* Lake, Corbiere and Musquash townships, southern middle metasedimentary belt (location 2, Figure 375.1). Inset showing local 
geology modified from Arias and Helmstaedt (1990, Figure 343.3) based on the mapping of Sage et al. (1982b,c, 1984).
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upward couplets representing thin-bedded turbidites, 
followed by roughly 100 m of interstratified conglomer 
ate and sandstone (see Figure 375.3). The sandstone is 
light to dark brown weathering, predominantly fine- 
grained and locally carbonatized; most of the strata are 
very thin- to thin-bedded, the bedding being defined by 
normal grading and/or several millimetre-thick horizons 
of silt or mud. Some stratification in the sandstone is 
defined by thicker (tens of centimetres) lenses of gran 
ule- to pebble-size conglomerate and mudstone. Most 
clasts in the conglomerate lenses are well-rounded quartz, 
and less common subangular to subrounded mafic 
metavolcanic clasts. Primary structures in the sandstone 
are limited to common micro trough cross-lamination 
and occasional sets of large-scale (10 to 20 cm) trough 
cross-bedding. Well-defined trends in grain size and 
bedding thickness were not observed in the sandstone. 
Some turbidite intervals in the sandstone sequence reach 
25 m in thickness, consisting of individual fining-upward 
AE couplets 5 to 20 cm thick. The conglomerate domi 
nated sequence in the upper 100 m of the succession is 
well exposed. Subordinate lensoid sandstone horizons, 
tens of centimetres to several metres thick, and tens of 
metres in lateral extent, consist of coarse- to very coarse- 
grained texturally and compositionally immature detri 
tus. Primary structures are not plentiful in these sand 
stones; normal grading and small to large scale trough 
cross-stratification occur occasionally. Clast content in 
the conglomerate units is estimated at 50 to 6096 with 
the median clast size estimated to be about 4 cm. Most of 
the conglomerate units are clast supported with local 
areas of matrix support; they show no organization other 
than local size grading. Clasts are predominantly rounded 
to well rounded; rare turbidite clasts 15 to 20 cm in size 
are angular. Clast types include: felsic intrusive and 
extrusive igneous rocks (dominant), intermediate to 
mafic metavolcanic rocks (second in abundance), white- 
weathering chert, iron formation and rare turbidite clasts. 
Felsic intrusive clasts reached 30 cm in size (a axis). 
Structural stretching of the clasts is minimal to absent. 
Occasional concave upward (northward) erosional basal 
contacts to the sandstone and conglomerate lenses re 
flect channelized flow and confirm the northward strati 
graphic younging indicated by the small-scale primary 
structures. As was the case for the underlying sandstone 
sequence, thicker trends in either bedding thickness or 
grain size were not observed.

West Andrg Lake, Corbiere and 
Musquash Townships
A 350 m succession of Dore metasediments was exam 
ined at the southeastern corner of West Andre Lake 
straddling the Musquash-Corbiere township boundary. 
Primary features in turbidite intervals of this succession 
indicate north to northeast stratigraphic younging. De 
tailed structural analysis of this area is provided in Arias 
and Helmstaedt (1990, Figure 343.3); as for the Goetz 
Lake area, the Dore metasediments lie unconformably 
above mafic metavolcanics of "cycle" three.

This succession contrasts with that at Goetz Lake in 
consisting predominantly of thin-bedded AE/ACE tur 
bidites with minor interstratified mudstone, conglomer 
ate and metavolcanic rocks. Representative couplet thick 
nesses for the turbidites are 2 to 20 cm. Sandstone bases 
are grey-weathering and consist of very fine- to fine 
grained, quartz-rich detritus. They are characteristically 
non-stratified, but can display normal grading and micro 
trough cross-lamination and be parallel laminated to 
very thin-bedded. Mudstone tops are highly cleaved and 
display no primary features. Rare thicker sandstone beds 
in the turbidites reach 0.5 to l m in thickness and are 
non-stratified to locally parallel laminated or very thin- 
bedded. The base of some beds show local loading 
suggestive of rapid deposition. Metavolcanics in this 
succession consist of a pillowed mafic unit near the base 
and a felsic pyroclastic flow unit near the top. Contacts 
between the mafic volcanic rocks and the metasediments 
are not well exposed, and possibly this unit was sheared 
into the sedimentary succession. The pyroclastic flow, 
however, appears to be in depositional contact with the 
enclosing sediments; it is poorly sorted and shows no 
organization. Clast compositions are dominated by grey- 
weathering, poorly sorted, subangular to well-rounded 
intermediate volcanic clasts that contain euhedral quartz 
and feldspar phenocrysts. Similar euhedral crystals also 
occur in the matrix. Clast size averages 4 to 6 cm, 
reaching a maximum of 20 to 30 cm; a few slightly 
deformed mudstone clasts up to 0.5 cm occur in the 
pyroclastic flow. The conglomerate near the top of the 
succession is grey-brown-weathering and polymict. Ex 
tensive deformation precludes reliable estimation of 
clast-to-matrix ratio, and also may be responsible for its 
non-organized appearance. Most clasts are moderately 
sorted and rounded to well-rounded, with an estimated 
mean size of l to 2 cm and a maximum of 3 to 4 cm. Felsic 
volcanic clasts predominate; sedimentary clasts (sand 
stone and mudstone) are less abundant. The mudstone 
unit underlying the conglomerate in this succession is 
highly cleaved and displays no depositional features.

Mildred Lake, Chabanel Township
The metasedimentary succession examined just north of 
Mildred Lake, Chabenal Township, is roughly 340 m 
thick and consists of two opposite facing sequences 
separated by thrust faults (Figure 375.4). The area has 
been mapped at both regional (Sage et al. 1982a) and 
detailed (G. McGill, unpublished, University of Massa 
chusetts, Amherst) scales. Dore metasediments at this 
location are commonly highly sheared, locally intruded 
by ultramafic rocks (see Figure 375.4), and characteris 
tically carbonatized.

The thicker (280 m) north-facing sequence consists 
entirely of compositionally and texturally variable sand 
stone. A prominent facies in the upper half of the 
sequence is a light brown-weathering, moderately to 
poorly sorted, medium-grained quartz-rich sandstone 
typically interstratified with moderately sorted fine-
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Figure 375.4. Dore" metasedimentary sequence investigated at northern Mildred Lake, Chabanel Township, eastern southern metasedimentary belt 
(location 3, Figure 375.1). Inset showing local geology from Sage et al. (1982a).

grained feldspathic sandstone, and locally interstratified 
with moderately to well sorted, very fine-grained 
greywacke (see Figure 375.4). Second in abundance is a 
very fine- to fine-grained, moderately to well sorted, 
compositionally homogeneous quartz-rich facies occur 
ring near and at the base of the sequence. Third in

abundance is a very fine- to fine-grained, moderately 
sorted, feldspathic facies that occurs near die middle of 
the sequence. All 3 facies are most commonly non- 
stratified, but locally display a restricted suite of primary 
features consisting of micro trough cross-lamination, 
normal grading in 2 to 20 cm sets, and occasional sets of
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large-scale trough and planar tabular cross-bedding. 
Where present, stratification is typically defined by size 
grading; however, where the dominant facies is 
interstratified with feldspathic sandstone, stratification 
is also defined by occasional thin (2 to 15 cm) lenses of 
granule to lower pebble-grade quartz clast conglomer 
ate. Intervals displaying trends in either bedding thick 
ness and/or grain size were not observed, possibly due in 
part to the sheared nature of the outcrop.

A thinner (roughly 60 m) south-facing sequence lies 
north of, and in thrust fault contact with, the sequence

previously described. It is also in thrust fault contact with 
pillowed mafic metavolcanics to the north (see Figure 
375.4). Much of this sequence consists of highly sheared, 
thin-bedded AE turbid iles. Individual partial Bouma 
cycles range from l to 5 cm in thickness. Basal sand 
stones are typically non-stratified, but in a few places 
display normal grading and micro trough cross-lamina 
tion, and rare parallel lamination. The turbidites show no 
trends in either grain size or Bouma cycle thickness. A 
mafic pyroclastic unit, roughly 23 m thick, is interstratified 
with the turbidites in this sequence. The pyroclastic unit 
is locally stratified on a scale of l O to 40 cm, and contains

N

t
0.25 km
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\ Algoma Central Railway spur
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Figure 375.5. Dorf metasedimentary sequence investigated just west of Tremblay Flats, Lendrum Township, western southern metasedimentary belt 
(location 4, Figure 375.1). Inset with local geology from Massey and Jennings (1983).
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angular mafic fragments to 0.5 cm in size. Some frag 
ments are concentrated in layers up to 3 to 4 cm thick, 
probably representing reworking of the pyroclastic detri 
tus.

Tremblay Flats, Lendrum Township
A shott (160 m) succession of Dore metasediments was 
examined just west of Tremblay Flats, Lendrum Town 
ship (Figure 375.5). The succession youngs eastward 
and is well exposed in a hill lying immediately adjacent to 
the Algoma Central Railway spur to Michipicoten 
Harbour. Mapping at this location indicates that the 
succession investigated lies near the axial region of the 
sinistrally offset (by the Tremblay fault) nose of a steeply 
eastward plunging anticline (Massey and Jennings 1983). 
As elsewhere in the Michipicoten greenstone belt, Dore 
metasediments here overlie mafic metavolcanics; the 
nature of the contact at this location was not investi 
gated, but at other locations in Lendrum Township, an 
unconformable relationship has been proposed.

This succession consists entirely of a conglomerate- 
dominant sequence of interstratified conglomerate and 
sandstone (see Figure 375.5). The basal unit in the 
succession is a cleaved, grey- and pink-weathering, 
coarse-grained feldspathic sandstone. Clasts are absent 
near the base of this sandstone; however, as the contact 
with the overlying conglomerates is approached, clasts 
appear and gradually increase in abundance. In order of 
decreasing abundance, the clast types are: highly attenu 
ated mafic volcanic clasts and less deformed felsic volca 
nic and granitoid clasts. The maximum clast size at this 
point in the succession is roughly 30 cm (granitoid). 
Clast percentages in the overlying conglomerate are 
estimated to have been 40 to 50% at the time of deposi 
tion, but many clasts now blend with the matrix due to 
deformation. The conglomerate is polymict and prob 
ably was clast supported when deposited. Fabric in the 
conglomerate is structural. Other than local size grading, 
the only organization consists of occasional lenses of 
sandstone which appear at roughly the 30 m level. These 
sandstone lenses, 15 to 25 cm thick and 6 to 8 m in lateral 
extent, are usually non-stratified, but locally display 
normal grading. Also first appearing at this level are 
clasts of iron formation with a maximum a-axis dimen 
sion of 45 cm. Clasts throughout the conglomerate 
sequence are subangular to well rounded, depending 
on rock type and are poorly to moderately sorted. 
Estimated mean clast size is 7 cm, with a maximum a-axis 
clast size of 70 cm for granitoid clasts, and 30 cm for 
quartz-feldspar porphyry clasts. Other clast types are: 
mafic metavolcanics, quartz-phyric tuff, grey-black chert, 
white chert, iron formation and other sedimentary clasts. 
Of significance with respect to sedimentary evolution in 
the Michipicoten greenstone belt is the presence of a 6.5 
cm well-rounded sedimentary clast containing rounded 
clasts of porphyritic (quartz) rhyolite. This indicates that 
the conglomerate is separated from the underlying mafic

metavolcanics by two sedimentary cycles. Exposures of 
what is presumed to be the same conglomerate at the 
mouth of the DorS River, Bostwick Township, were 
examined by Logan (1863), and named the Dore con 
glomerate. Similar, and presumably equivalent, con 
glomerates also outcrop just off Indian Beach, on small 
islands in Dore Bay, in Bostwick and Lendrum town 
ships. Some iron formation clasts in these exposures 
show structural deformation predating incorporation 
into the conglomerate, thereby supporting evidence from 
the Tremblay Flats conglomerate that suggests the occur 
rence of several periods of uplift between extrusion of the 
underlying mafic metavolcanic rocks and deposition of 
the Dore conglomerates. The degree of clast founding, 
polymict nature and unconformable relationship with 
the underlying mafic metavolcanics all suggest that the 
conglomerate represents subaerial stream flow deposi 
tion as opposed to submarine debris flow deposition.

CONCLUSIONS
Summary interpretations of the principal lithologic asso 
ciations previously described for each of the successions 
are presented below:

Goetz Lake - submarine fan
Conglomerate and sandstone: upper fan
Sandstone with/without minor conglomerate and 
mudstone: mid-fan upper lobe - upper fan 
transition
Sandstone with/without minor mudstone: 

mid-fan lobe
Sandstone with/without minor intervals of 
AE turbidites: mid-fan lobe fringe
AE turbidites: mid- to lower fan off-lobe

West Andre Lake - submarine fan 
Conglomerate: upper fan 
AE turbidites: mid- to lower fan off-lobe 
Mudstone: lower fan

Mildred Lake
North-facing sequence - fluvial (based on correlation 

with sequence at Scott Lake several kilometres 
distant)
Sandstone facies: braided river 

South facing sequence - submarine fan
AE turbidites interstratified with mafic pyroclastics: 
mid- to lower off-lobe fan

Tremblay Flats
Conglomerate with minor sandstone: fluvial.
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ABITIBI GREENSTONE BELT
Field investigations carried out within the Abitibi green 
stone belt in the Timmins area (Figure 375.6) focussed 
on metasedimentary rocks within Whitney and Tisdale 
townships in the vicinity of the Pamour and Dome mines. 
Previous investigations by Pyke (1982) represent the 
most comprehensive stratigraphic study of metavolcanic 
and metasedimentary successions in the Timmins area. 
In Pyke* s report, the metasedimentary succession was 
separated into four informal subdivisions, namely the 
Whitney, Beatty, Dome and Three Nations Lake forma 
tions. Although our work is at a preliminary stage, it is 
clear that some modifications to these subdivisions will 
be forthcoming. More recent work by the OGS, pub 
lished in the Geology of Ontario volume, has grouped the 
metasedimentary sequences into regional assemblages 
or structural packages. Our current detailed investiga 
tions should serve to test the validity of some of the 
proposed assemblages on the basis of stratigraphic and 
sedimentological evidence, as well as to redefine Pyke's 
subdivisions in terms of a regional basinal analysis. 
Other work in progress includes the use of trace-element 
data such as rare earth elements (REE) in sandstones 
from turbidite and shelf sequences to evaluate the prov 
enance of the basin fill. These geochemical studies will be 
constrained by petrographic data from, and facies analy 
ses of, the sedimentary package.

Of 15 sedimentary sections measured and described 
in detail for the present study, the results from 4, namely 
measured sections (MS) MS-1, 2, 3 and 4, will be 
discussed in this summary.

MS-1
Preliminary interpretations of MS-1 (north of South 
Porcupine) indicate that it contains an unconformity 
which represents a major hiatus between the older 
sedimentary rocks of the Porcupine Group (2.7 Ga) and 
those of the younger (2.68 Ga) Timiskaming Group 
(Corfu et al. 1991). This previously described un 
conformity separates underlying deep-water turbidites 
from overlying alluvial-fluvial strata. In terms of the 
Mutti and Ricci Lucchi (1972) classification, the turbiditic 
sediments are mainly composed of facies B which have 
been identified as thickly bedded (0.5 to l m thick) 
sandstone facies turbidites that commonly consist of 
plane-bedded and amalgamated sandstone bodies con 
taining less than 60Xo interbedded mudstones. Capping 
these massive sandstone bodies are thinly bedded (0. l to 
0.5 m thick) turbidites of facies C which are more mud- 
rich and comparable to the classical turbidites that occur 
in many Phanerozoic deep-water basins. The facies types 
are organized in a facies association consisting of a 
repetition of 20 to 40 m thick cycles comprising facies B 
turbidites at the base of each cycle capped by a thinner 
unit of facies C turbidites made up of sandstone beds and 
6 to 1096 interbedded mudstones. Large-scale trends 
within the approximately 400 m thick turbidite section

show a thickening of the turbidite cycles toward the 
unconformity. Thicknesses of these cycles increase only 
slightly with stratigraphic height.

The overlying conglomerates of MS-1 are generally 
thickly bedded (0.5 to l m thick) and exhibit abundant 
trough cross-bedding (traction features) that records 
transport mainly from the west, but also from the east. 
Typically, the clast-supported (Gm facies) to matrix- 
supported conglomerates (Gms facies) consist of boul- 
der-to cobble- to pebble-sized clasts within a 12 m thick 
succession of amalgamated beds (Figure 375.7); the 
maximum clast size is a 3 m boulder derived from the 
Krist formation at the base of the unit, in direct contact 
with the unconformable erosion surface. Both normal 
and reverse graded bedding of the coarse-tailed fraction 
(framework clasts) occurs in the moderately to poorly 
sorted conglomerates. As a result, megaclasts (20 to 40 
cm) mixed with poorly sorted pebble-sized clasts occur 
near the upper bed contact. The conglomerates also lack 
interbedded sandstones which are so typical of conglom 
erates deposited in fluvial environments. The upper part 
of MS-1 consists of a 20 m thick section of thickly bedded 
(0.5 to l m thick) and clast-supported conglomerates 
(Gm facies) capped by matrix-supported conglomerates 
(Gms facies). Common sedimentary features within the 
latter facies include poorly developed tabular bedding, 
whereas low-angle bedding and amalgamated bedding 
contacts are ubiquitous in both facies types; the maxi 
mum clast size is 10 cm (see Figure 375.7). Other 
sedimentary features in the upper conglomerates include 
the incision of several l to 3 m thick channels and low- 
angle crossbedding that shows apparent transport pre 
dominantly from the west, but also from the east.

Interpretation
The turbidite facies association can be interpreted as a 
channel facies or mid-fan facies (represented by sand 
stone bodies of facies B) capped by a series of trendless 
turbidites (facies C) that possibly represent deposition 
on the slope or a deep-water plain. Switching of distribu 
tary mouth channels caused by either avulsion or a 
gradual abandonment of the channel onto the lower 
slope face can also be inferred.

The conglomerates appear to represent alluvial 
stream-dominated rock types which lack intercalated 
sandstone beds but which contain abundant pebbly 
horizons. The presence of coarse-tailed reverse graded 
bedding within the lower part of the conglomerate 
section suggests repeated surging flow as opposed to the 
predominant coarse-tailed, normal graded bedding in 
the upper part of the section which suggests repeated 
waning flow.

Elsewhere within the Timiskaming strata (as in MS- 
2,3 and 4), generally conformable stratigraphic relation 
ships suggest that most of the conglomerates are not 
fluvial deposits (Figures 375.8, 375.9, 375.10), but 
represent depositional lobes or parts of subaqueous

10



R.J.RICEetaL

ultramafic volcanics 

undifferentiated volcanics cs

Night Hawk Lake

E3 Beatty formation 
2 mi d Whitney formation

l l |9 Dome formation
l l ~r~2 km " Three Nations formation

location of measured section including #

OPATICA 
80 C

CHIBOUGAMAU 
75 (

50C t

Scale

480

Sediments

Mafic and felsic lavas

Paragneiss and migmatite

_ | | Granitoid Rocks   460

Post -Archean Grenville Front Tectonic Zone

Figure 375.6. Timmins area (top) and Abitibi greenstone belt (bottom).

11



Grant 375

channels incised into turbid i tic sandstones. The 
Timiskaming-aged turbidites (see Figure 375.8) mainly 
consist of thinly bedded sandstone bodies containing 
10 to 2007o intercalated mudstones with only minor 
amounts of sandstone facies (less than 696 mudstone). 
These represent typical rock types of facies C which 
are analogous to classic turbidite packages previously 
described here and elsewhere. Compared to the older 
Porcupine turbidites in MS-1, many differences can 
be used to distinguish the younger Timiskaming turbid 
ites from the Porcupine turbidites such as: the 
younger Timiskaming turbidites predominantly consist 
of facies C or regular turbidites, form thinner (6 m) 
recognizable sedimentary cycles, exhibit bedding 
features that mainly range from thinly to very thinly 
bedded, and commonly contain trendless sequences rep 
resented by repeated thinning-up trends over vertical 
distances of l to 2 m; only rarely do thickening-up trends 
occur within the turbidites. By contrast, turbidites of the 
older Porcupine group contain a predominance of sand 
stone facies rock types, exhibit thick to very thick beds 
comprising characteristic massive, amalgamated sand 
stone beds, and are arranged in 20 to 40 m thick 
sedimentary cycles.

MS-2
All conglomerates in MS-2 (see Figure 375.8) are thickly 
bedded (0.5 to l m thick) and consist of generally 
massive c last-supported beds (2 m thick) at the base (Cm 
facies) overlain by matrix-supported and weakly strati 
fied conglomerates (Cms facies) intercalated with minor 
sandstone beds in the upper 5 m. In this sequence, 
amalgamated bedding surfaces are common, with the 
grain size variations and arrangement of beds indicating 
general fining-up and thickening-up trends. A pebbly 
sandstone unit directly overlies the uppermost matrix- 
supported conglomerate bed and represents a transi 
tional unit between the underlying conglomerates and 
the overlying and presumably conformable, trough cross- 
bedded marine sandstones of the Three Nations forma 
tion. Significant sedimentary features of this marine 
sandstone include the occurrence of compound bedforms 
as illustrated by thinly bedded (0.1 to 0.5 m thick) to 
thickly bedded (0.5 to l m thick) trough and lesser planar 
crossbeds with fairly prominent reactivation surfaces, 
clay drapes, normal graded bedding, several zones with 
opposing sediment transport directions suggestive of 
tidal currents, and several l to 3 m deep erosional

Legend for Timmins area (Figure 375.6 top) and measured sections 1,2, 
3 and 4 (Figures 375.7, 375.8, 375.9 and 375.10).

Mafic volcanic: pillowed (formation IV - Tisdale group)

Volcanic breccia - probable epiclastic rock type "agglomerate"

Siltstone - FI facies

Sandstone - horizontally bedded: Sh facies

Turbidites: mainly sandstone facies

Turbidites: thinly bedded ^50 cm)

Turbidites: thickly bedded ^50 cm) 

Conglomerate - matrix supported: Gms facies 

Conglomerate - clast supported: Gm facies 

Pebbly sandstone facies: pS facies

K

Sedimentary cycles 

Transport directions

Krist boulder

(/X/K/X/) Fault

THU thinning up cycles

TKU ^Thickening up cycles

RS Reactivation surfaces

MD Mud drapes

Sandstone - horizontal and low angle bedding-HCS storm beds: Si facies 

Sandstone - trough crossbeds and thickly bedded facies: ^50 cm): St facies 

Sandstone - trough crossbeds and thinly bedded ^50 cm) facies: St facies 

Sandstone - planar crossbeds and thickly bedded ^50 cm): Sp facies
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channels. Grouping of common sedimentary features 
and grain-size resulted in the recognition of several 
larger-scale sedimentary subdivisions (average of 6 m 
thick) which may represent sedimentary cycles within 
the shelf sequence.

INTERPRETATION
Timiskaming turbidites represent typical facies C rock 
types described by Mutti and Ricchi Lucci (1972); these 
are typical of slope break rock types with no distinctive 
thinning-up or thickening-up trends within the 70 m 
section. The general conformable stratigraphic relation 
ship of conglomerates in these sections to the underlying 
turbidites suggests that they represent subaqueous chan 
nel-fill or incised channels into turbiditic sandstones. 
The lack of traction structures such as trough crossbeds, 
scoured contacts and other fluvial features, as well as an 
abundance of amalgamated bedding contacts, renders a 
fluvial origin unlikely. Overlying the conglomerates in 
MS-2 are the youngest strata of the Timiskaming group, 
namely arkose and quartz arenite that exhibit the previ 
ously mentioned crossbeds and compound bedforms 
which appear to represent marine sedimentation in an 
upper to lower shoreface environment. This type of 
depositional environment reflects a moderately stable 
shelf setting.

MS-3
Section MS-3 illustrates a depositional setting in which 
turbidites of the Timiskaming group (see Figure 375.9) 
unconformably overlie Mg-tholeiitic pillowed volcanics 
of Formation IV (Pyke 1982). This temporal relationship 
is complicated by extensive tectonic events that may 
either predate, post-date or be contemporaneous with 
deposition. Original depositional contacts are difficult to 
recognize and interpret because of extensive shearing, 
deformation, and zones of high strain. Directly overlying 
the volcanic rocks is a problematic rock unit known as 
the "agglomerate" which represents a highly strained and 
fault-bounded zone of probable matrix-supported con 
glomerates with l to 2 cm clasts of mafic volcanic 
detritus in a similar chlorite-rich matrix. This l to 8 m 
thick "agglomerate" unit, which probably was derived 
directly from the underlying unit, is transitional to the 
overlying deep-water mudstones and muddy turbidites 
which form 2 coarsening-up and thickening-up cycles 
over an interval of 18 to 30 m. The contact between 
conglomerates and the underlying deep-water turbidites 
is not channellized, but is conformable and in part 
exhibits soft-sediment deformation where conglomerate 
lenses were loaded into the fluidized mudstones. Bed 
ding in the conglomerate can be characterized as thickly 
bedded (0.5 to l m thick) amalgamated beds which 
commonly exhibit low-angle to planar bedding features. 
This unit consists of three larger subdivisions: a 2 m thick 
section of matrix-supported conglomerates forming a 
fining-up and thinning-up trend capped by a sandstone 
bed, overlain by a 2 m thick section of matrix-supported 
conglomerates that exhibit a coarsening-up trend as

illustrated by coarse-tailed reverse graded bedding in 
which some of the larger clasts were rafted to the top of 
the unit. The upper part of the conglomerate section 
consists of clast-supported conglomerates (3 m thick) 
exhibiting some reverse graded bedding in the coarse- 
tailed fraction (framework clasts) that illustrates a coars 
ening-up trend. The upper 52 m of section MS-3 consists 
of normally graded, deep-water tiubidites that can be 
grouped into l O sedimentary cycles which have an aver 
age thickness of approximately 5 m. The lower 3 m 
represents a coarsening-up and thickening-up cycle from 
laminated mudstones to regular thinly-bedded (0.1 to 
0.5 m thick) turbidites with 1 QVo intercalated mudstone, 
overlain by a 7 m cycle of thinly bedded (0.1 to 0.5 m 
thick) turbidites containing several smaller repeated 
thinning-up cycles over a vertical distance of l to 2 m. 
Four cycles (3 to 6 m thick) consist of basal sandstone 
facies turbidites (facies B) capped by a thin unit of 
regular turbidites (facies C). On the basis of both similar 
and differing grain size and sedimentary features, the rest 
of the section can also be grouped into sedimentary 
cycles. The four cycles thus occur within regular turbid 
ites (facies C) and represent stratigraphic units exhibit 
ing several repeated thickening-up cycles (2 examples), 
a unit containing several repeated thinning-up cycles and 
another unit containing several repeated thinning-up 
cycles as well as a fining-up trend and a corresponding 
increase in the mud-content.

INTERPRETATION
As in MS-2, Timiskaming turbidites of MS-3 represent 
facies C rock types typical of a slope-break depositional 
setting, and do not contain any consistent thinning-up or 
thickening-up trends within the 70 m section. The units 
of thickly bedded (0.5 to l m thick) sandstone facies 
represent facies B rock types that may record mid-fan 
deposition of sandstones bodies, or larger sandstones 
beds that were part of a prograding lower fan deposi 
tional environment. Conglomerates generally exhibit a 
conformable stratigraphic and non-channeUized rela 
tionship with the underlying turbidites, which probably 
indicates deposition as subaqueous channel-fill into 
turbiditic sandstones at or near the shelf-slope break.

MS-4
MS-4 (see Figure 375.10) details sedimentary features of 
the Three Nations Lake formation (Pyke 1982), which 
represents marine deposition in a stable shelf environ 
ment. The lowest part of the section represents a chan 
nel-fill conglomerate similar to those observed in MS-2 
and 3, cutting into thickly bedded (0.1 to 0.5 m thick) 
turbidites typical of facies B. Overlying these conglomer 
ates and separated by a 30 m covered interval, are thickly 
bedded (0.5 to l m thick) and trough crossbedded 
sandstones of the Three Nations Lake formation (Pyke 
1982). As with similar rock types identified in MS-2, this 
300 m section of marine sandstones contains diagnostic 
sedimentary features such as compound bedforms made
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up of thinly bedded (0. l to 0.5 m thick) to thickly bedded 
(0.5 to l m thick) trough cross-bedded strata displaying 
fairly prominent reactivation surfaces, clay drapes, nor 
mal graded bedding, and several zones with opposing 
sediment transport directions suggestive of tidal cur 
rents. Also present are several l to 3 m deep erosional 
channels, 2 to 3 m thick gravel bars, and locally abundant 
hummocky cross-stratification. Grouping of common 
sedimentary features and grain-size resulted in the recog 
nition of numerous larger scale sedimentary sub-divi 
sions which may represent sedimentary cycles within the 
shelf sequence; in total there are 40 divisions averaging 
6 m thick in this 300 m section. Throughout the strati 
graphic section, sedimentary cycles range in thickness 
from 8 m near the base (O to 100m), to 4 m (100 to 160 
m height), to 3 m (160 to 210 m height), to 6 m at the top 
of the section (210 to 300 m).

INTERPRETATION
Sedimentary structures such as the hummocky cross- 
stratification (HCS), compound bedforms, abundant 
reactivation surfaces and clay drapes are of particular 
significance in identifying this sedimentary sequence as 
a product of deposition in a stable marine shelf environ 
ment. The HCS and gravel bars probably were a direct 
product of major storm surges similar to those that 
commonly occur on modern-day storm-dominated and 
tide-dominated shelves. The conglomerates directly over 
lying turbidites at the base of the section suggest that the 
conglomerates may represent channel-fill deposited at or 
near the shelf-slope break. Thus, MS-4 represents a 
section through the deep-water basin onto the shallow 
marine shelf, with the conglomerates marking the shelf 
slope transition. If these interpretations are correct, then 
the Three Nations Lake formation represents a new 
depositional environment for sediments of the 
Timiskaming group that has not been previously identi 
fied in the Timmins or Kirkland Lake areas or in the type 
location near New Liskeard. This shelf sequence also 
represents deposition during a time of relative tectonic 
stability which is contrary to deposition of the turbidite/ 
conglomerate fan facies and or the alluvial-fluvial con 
glomerate facies which accumulated during periods of 
active tectonism.

From an economic standpoint, the Timiskaming 
sedimentary strata are important because a substantial 
percentage of lode gold mineralization within the Timmins 
Mining Camp (i.e., at both Pamour and Dome mines) is 
either hosted within the basal strata or associated with 
the basal unconformity. The primary lithologic facies 
distribution and geometry of the conglomerate lenses 
relative to other sedimentary facies (as determined by 
detailed mapping) are therefore important factors con 
trolling the continuity, distribution and location of the 
system of go Id-bearing quartz veins. Furthermore, prov 
enance and alteration studies of different conglomerates 
provide powerful tools for unravelling the complex geo 
logical history of the late structurally controlled mineral 

ization. Within the conglomerate, the occurrence of 
numerous porphyry, vein-quartz and fuchsitic clasts 
suggests that intrusion of at least some porphyries, 
quartz veins and associated hydrothermal alteration 
predate those lode gold veins that were emplaced during 
the main mineralization event (less than 2.68 Ga). To 
quantify the distribution of clasts within conglomerate 
horizons, numerous outcrop-scale modal, size and shape 
analyses (100 counts per station) were carried out at 12 
localities in sections MS-1,2, 3 and 4. Fifteen different 
clast types are present, and the 5 most abundant of these 
are characterized below in order of decreasing abun 
dance of various combinations of these 5 clast types (the 
number in bracketss represents the frequency of the 
contribution): (1) Krist, sandstone and mafic volcanic 
clasts, (2) sandstone, Krist and felsic volcanic clasts in 
MS-1; (l) Krist, sandstone, mafic volcanic and felsic 
volcanic clasts in MS-2; sandstone, mafic volcanic, Krist 
and sandstone clasts in MS-3; and sandstone and mafic 
volcanic clasts are the only clast types within the basal 
conglomerate in MS-4, whereas ultramafic and vein- 
quartz vein clasts occur within a gravel bar higher in the 
shelf sequence of MS-4.

These results suggest that there is a distinct and 
different provenance for the alluvial conglomerates (MS- 
1), the channel-fill conglomerates (MS-2, 3, and MS-4) 
and the storm-generated gravel bars hosted within the 
stable shelf sequence of marine sandstones (MS-4).
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Grant 382 Genesis of Sudbury Ores by Impact Melting 
of Huronian Rocks: Pb and Os Isotope Evidence
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Department of Geology, McMaster University, Hamilton, Ontario.

Lead (Pb) isotope ratios were measured on sulphide ores from the Creighton and Falconbridge 
East mines, on the South Range of the Sudbury Igneous Complex (SIC). These data are 
compared with lead isotope analyses of selected country rocks around the complex. The ore data 
fall dose to a 1.85 Ga reference line, and rule out a substantial contribution of Superior Province 
Levack gneisses to the genesis of sulphide ores from the South Range. However, they are 
consistent with a derivation from melted Huronian Supergroup rocks. Osmium (Os) isotope data 
on the same rocks suggest an entirely crustal origin for the SIC, consistent with formation of the 
complex as an impact melt sheet. Genesis of the South Range ores from melted Huronian rocks 
is fully consistent with this model, since the Huronian Supergroup formed the upper crust at the 
time of impact, and would be expected to contribute the dominant magma fraction during impact 
melting. This study demonstrates the effectiveness of combined lead and osmium isotope 
analysis in studies of ore genesis.

INTRODUCTION
The Sudbury Intrusive Complex (SIC) is the world's 
largest nickel source. It consists of a stratified tholeiitic 
pluton, called the Main Mass, which is overlain by the 
Onaping tuff and underlain by a "Contact Sublayer" of

brecciated rock, quartz norite and platinum-group-ele 
ment (PGE)-iron-nickel-copper sulphide ore (Figure 
382. l). Various features of Sudbury geology, such as the 
widespread distribution of brecciated rock outside the 
complex, the presence of shatter cones in the footwall 
rocks, and the lopolith form of the SIC were argued by

LEGEND 
country rock sample 
mine sample 
Creighton granite 
Sudbury Intrusive Complex 
Whitewater group

Levack Strathcona 
West Mine

SOUTHERN 
AMK PROVINCE

GRENVILLE 
PROVINCE

Figure 382.1. Geological setting of the Sudbury Intrusive Complex relative to the 3 nearby geological provinces. Country rock samples: LG = Levack 
Gneiss, MK = McKim Formation, ST = Stobie Formation.
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Dietz (1964) to support an origin by meteorite impact. 
Peredery (1972) developed this model by proposing that 
the Onaping tuff was a fallback breccia generated by the 
impact

Isotopic investigations of the SIC have supported the 
geological evidence for a giant impact by demonstrating 
a very strong crustal signature in the complex, which can 
best be explained by impact melting. However, there has 
been disagreement as to whether it is necessary to invoke 
a mantle-derived component in the complex. There has 
also been uncertainty about the nature of the crustal 
component in the complex, since it is intruded along the 
present-day boundary between an Archean (Superior 
Province) basement to the northwest and overlying 
Paleoproterozoic (Huronian) platform sediments to the 
southeast.

Neodymium (Nd) isotope data for the silicate rocks 
of the SIC were presented by Faggart et al. (1985) and 
Naldrett et al. (1986). Both groups showed that the 
silicate rocks had a remarkably strong crustal signature, 
with an epsilon value at 1.85 Ga averaging about -7.5, 
but Naldrett et al. (1986) found a larger range of values 
(from -5 to -9). Faggart et al.(1985) argued that their 
data could be explained by an exclusively crustal origin 
for the SIC, while Naldrett et al. (1986) preferred a 
model involving gross crustal contamination of a mantle- 
derived magma. Dickin et al. (1992) presented a compi 
lation of neodymium isotope data for various mines and 
possible country rock sources (Figure 382.2). The data 
are age corrected to l .85 Ga, which is the established age 
of the complex (Krogh et al. 1984). These results show 
that the silicate rocks from different Sudbury mines are 
consistent with a model of 10096 crustal derivation of the 
SIC, either from the Levack gneisses or a mixture of 
sedimentary and igneous units from the Huronian suc 
cession.

Rhenium/osmium (Re/Os) analysis of sulphide ores 
from 4 Sudbury mines also revealed a very strong crustal 
signature (Walker et al. 1991; Dickin et al. 1992). Initial 
osmium isotope data from 4 mines, along with country 
rock data at l .85 Ga are presented in histogram form in 
Figure 382.3. With the exception of the Strathcona 
Mine, these data are also consistent with a 100*26 crustal 
source from either Levack Gneiss or Huronian units. 
Dickin et al. (1992) excluded the Strathcona Mine 
from consideration on the ground that gross disturbance 
of rhenium/osmium systems was evident after l .85 Ga.

The above evidence provides strong support for a 
crustal origin for both the silicate rocks and sulphide ores 
of the SIC. However, it cannot resolve components from 
the Superior Province Archean basement of the Levack 
gneisses and the overlying Paleoproterozoic units of the 
Huronian Supergroup. This is probably because the 
sedimentary strata of the Huronian Supergroup were 
largely derived by erosion of the Superior basement, 
while igneous units within the Huronian succession were 
contaminated by the Superior basement. Evidently, both

the samarium/neodymium (Sm/Nd) and rhenium/os 
mium (Re/Os) systems are largely unaffected by such 
intra-crustal differentiation processes.

However, there is one isotopic system which has 
been shown to be very sensitive to intra-crustal differen 
tiation. This is the uranium/lead system, which is frac 
tionated during high grade metamorphism to yield ura 
nium-depleted lower crustal gneisses, and a uranium- 
enriched upper crust (which can be sampled in sediment 
provenance). Over time these different elemental distri 
butions should generate distinctive lead isotope signa 
tures in the two crustal reservoirs involved in genesis of 
the SIC, namely the Levack gneisses and Huronian 
sediments.

Because lead and osmium are both chalcophile ele 
ments, their behaviour should be coupled within the ore 
mineral system of Sudbury mines. Hence, we can use

LEVACK GNEISS

n n m
HURONIAN 
SUPERGROUP

l l 

STRATHCONA

N

N N N
L S S L

LITTLE STOBIE

i l 
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\ l 
CREIGHTON

rfln
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Figure 382Jt. Histogram of calculated neodymium (Nd) isotopic data 
for silicate samples from sublayer ores and for country rocks at 1.85 Ga. 
N = Nipissing diabase, L = Huronian lavas, S s Huronian sedimentary 
formations. Stars = depleted mantle composition at l .85 Ga. After Dickin 
etal.(1992)
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Figure 382 J. Histogram of calculated osmium (Os) isotopic data for sulphide ores and country rocks at 1.85 Ga. Double boxes represent the range of 
values found in replicate analysis of ores. Crustal units are as follows: Solid boxes (Walker et al. 1991) LGs Levack Gneiss. GOW= Gowganda Formation. 
Open boxes (Dickin et al. 1992) MK ^ McKim Formation, ST = Stobie Formation.

these systems together to resolve the origin of the com 
plex. In this report, we demonstrate this approach to the 
Creighton and Falconbridge mines of the South Range.

SAMPLE SELECTION
Sulphide ores were analyzed from the Creighton and 
Falconbridge East mines (Dickin et al. 1992; Beneteau 
1991). In the latter case, several samples show gross 
open-system behaviour of osmium. These were excluded 
from consideration. Two sediment samples were col 
lected from the Huronian supergroup south of the SIC 
and two samples of Levack Gneiss were collected from 
northwest of the SIC. However, one of these (LG 10) has 
secondary sulphide mineralization and abnormally high 
osmium (Dickin et al. 1992). It has therefore been 
excluded from this study. Sample localities are shown in 
Figure 382.1.

ANALYTICAL METHODS
Ore samples were dissolved in 50*26 nitric acid, and 
silicate country rocks in concentrated HF. Samples were 
converted to the chloride form, and then dissolved in l M

HBr. Lead separation was performed on anion exchange 
columns containing l cm3 of resin. Major elements were 
eluted with l M HBr, before stripping of Pb with 6M HC1. 
Samples were normally passed through the columns 
twice (with column cleaning in between), in order to 
obtain high-purity samples for analysis. Lead was loaded 
on single rhenium (Re) filaments with silica gel and 
phosphoric acid, and analyzed at ea. 1150 0C with the aid 
of a pyrometer. The beam size was not controlled, but 
was allowed to find its own level according to the size of 
the lead sample. Samples were analyzed in duplicate to 
assure reproducibility. Uranium and lead concentrations 
were determined by isotope dilution using a mixed M5U/ 
208Pb spike. Blanks were about l ng, which is negligible 
relative to the sample size of several micrograms.

RESULTS
Ores from both Creighton and Falconbridge East mines 
cluster close to a 1.85 Ga reference line (Figure 382.4), 
implying a relatively homogeneous initial isotopic com 
position between the 2 mines. Slight scatter is attributed 
to open system behaviour after 1.85 Ga, which is also 
reflected by incoherent behaviour on a U/Pb isochron
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Figure 382A. Pb-Pb isochron diagram showing measured (present day) 
compositions of ores and country rocks (l=Creighton Mine, 2^ Falconbridge 
East Mine, 3= country rocks), along with model initial ratios at 1.85 Ga, 
distributed along a 2.7 Ga isochron line. ST s Stobie Formation, MK = 
McKim Formation, NIP = Nipissing Diabase, LG s Levack Gneiss.
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Figure 982 J. Diagram of calculated lead (Pb) venus osmium (Os) 
isotope ratios at l .85 Ga to show the similarity between the South Range ores 
(SR) and Huronian sediments (MK, ST). Mixing line between mantle- 
derived magma (M) and Levack gneiss (LG) uses the following concentra 
tions for Pb and Os respectively: M: l ppm.0.1 ppb; LG: lOppm.0.01 ppb.

diagram (not shown). Most experience in lead isotope 
studies shows that this is due to recent uranium mobility, 
which does not substantially affect the lead isotope data. 
Huronian metasediments (ST=Stobie and MK = McKim 
formations) fall relatively close to the array of ore com 
positions in Figure 382.4, along with a sample of Nipissing 
diabase (NIP) intruded into the Huronian succession. 
However, the Levack Gneiss (LG) falls well below the 
array of ores.

DISCUSSION
In order to evaluate the lead isotope data from a petro 
genetic point of view, it is necessary to estimate initial 
lead isotope ratios at l .85 Ga. Unfortunately, the open- 
system behaviour of uranium prevents direct calculation 
of these ratios. However, we can model the data quite 
accurately by projecting them back parallel to the 1.85 
Ga reference line. Since all samples were largely derived 
from a Superior basement, they should lie (at 1.85 Ga) 
along a 2.7 Ga reference line. The compositions calcu 
lated according to this model are shown as ticks along the 
2.7 Ga reference line in Figure 382.4. A similar construc 
tion was used by Taylor et al. (1980) to model initial 
ratios of the Nuk gneiss system in Western Greenland.

Calculated lead isotope ratios at 1.85 Ga can be 
conveniently expressed in terms of their ^Pb/^Pb 
ratios. These range from a low value of 14.56 in the 
Levack Gneiss to high values of 15.3 to 15.5 for Huronian 
metasediments. The range of values along the 2.7 Ga 
reference line reflects the uranium/lead ratio of the 
sample protolith between 2.7 and 1.85 Ga. Initial ratios 
for Sudbury ores represent a perfect match to the Huronian 
samples, and plot relatively near the Nipissing diabase. 
Hence, the results point very strongly to an origin of the 
South Range ores from melted Huronian strata.

No mantle-derived component has been examined in 
the above modelling, due to its exclusion on the basis of 
Re/Os data. In order to see how the Pb and Os data are 
used together to reach a conclusive model for the origin 
of the South Range ores, calculated initial Pb and Os data 
are plotted on a bivariate isotope diagram in Figure 
382.5. Data points are shown as boxes in order to convey 
a conservative impression of analytical errors. Ores from 
the South Range (SR) are interposed directly between 
the two analyzed Huronian samples. In contrast, mixing 
between a mantle-derived melt and Levack gneiss, as 
proposed by Walker et al. (1991), gives rise to a calcu 
lated hyperbolic mixing trajectory in the opposite part of 
the diagram. This is because the Levack gneisses have 
much higher lead/osmuim ratios than mantle-derived 
magmas, so that the mantle lead component will be 
swamped by crustal lead before it suffers significant 
modification of osmium isotope ratio.

CONCLUSIONS
It is concluded that sulphide ores from the South Range 
of the Sudbury Intrusive Complex had an origin more-or- 
less exclusively by melting of the Huronian Supergroup. 
This is completely consistent with the giant impact model 
for the formation of the complex, since the Huronian 
Supergroup composed the upper crust at the time of the 
inferred impact. We should expect these rocks, rather 
than the underlying Levack gneisses, to have contributed 
the bulk of an impact melt. This work demonstrates the 
great potential of combined lead-osmuim isotope data in
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petrogenetic studies, particularly involving sulphide-ore 
mineralization. Future work will examine ores from the 
North Range to see whether these have the same source.
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Onondaga Escarpment
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The Upper Silurian Cayugan Series is the host for all of Ontario's current salt and gypsum 
production (Salina Formation), and along the Onondaga Escarpment, significant crushed-stone 
production (Bertie/Bass Islands formations). In addition, the crushed-stone quarries are potential 
waste disposal sites. As mining/quarrying and waste disposal must compete with a variety of 
other land uses, determination of the relationships of stratigraphic lithofacies to commodity 
reserves is of considerable value to regional planning.

Stratigraphy and lithofacies of the Onondaga Escarpment was determined from 1:10 scale 
mapping of vertical sections at quarries near Fort Erie, Port Colborne, Cayuga and Hagersville. 
The upper shale of the Oatka Member (basal member of the Bertie Formation), and the 
petroliferous, dolomitic, algal boundstones (intertidal to subtidal) of the overlying Falkirk Member, 
display little lateral variation in lithofacies. However, the Falkirk Member contains two, previously 
unreported, features: 1) paleo-karst (rubble-filled cavities and subterranean streams) near the 
base; and 2) mud-filled tidal channels (up to 30 m across) containing small Eurypteris lacustris 
(water scorpions) at the top. Both features may have important hydrogeologic controls on the flow 
of modern groundwaters in the context of waste disposal and contaminant dispersal. The 
overlying Scajaquada Member consists of shale and thin-bedded dolostones that vary in amount 
and thickness from quarry to quarry. Locally, small salt casts and selenite discs are abundant, 
suggesting a coastal sabkha mudflat. This unit grades upward into the Williamsville Member, 
which contains a greater proportion of dolomite to shale. A basal dolostone with large eurypterids 
is overlain by laminated, then desiccated, beds: indicating subtidal to intertidal conditions. East 
of the Dunnville area, the top unit is the Akron Member; characterized by distinct wavy-bedding 
(algal mats and/or nodules) and mottling. At Cayuga and Hagersville, the Akron Member has 
thinned markedly and is overlain by the Bass Islands Formation which comprises laminated, 
upper-intertidal, algal mats displaying well-developed, supratidal desiccation features. We 
suggest that the peculiar mottled appearance of the Akron Member resulted from supratidal- 
groundwater leaching during a period of subaerial erosion that commenced in the west, just prior 
to deposition of the Bass Islands Formation, and progressively transgressed the Akron Member 
in the eastern Niagara Peninsula: the Akron Member-Bass Islands Formation contact marking 
the ancient shoreline.

INTRODUCTION

The Cavuean Series constitutes the

formations between the Guelph-Niagara group [sic] and 
the base of the Devonian" (see Caley 1940, p.74). 
Notwithstanding the general acceptance of this defini- 
tion of the Cayugan Series, its stratigraphic subdivision 
and nomenclature continues to be the subject of contro- 
versy. This is because the spine of the southwestern 
Ontario peninsula is the paleogeographic location of the 
Algonquin Arch: a basement high that divided Paleozoic 
sedimentation in the Michigan Basin from that in the

Appalachian (Allegheny) Basin. Thus, the Cayugan Se 
ries of southwestern Ontario constitutes a mixture of 
Mic**gw and Appalachian basin facies. The problem is

It is generally accepted that the Cayugan Series is 
divisible into two major sequences. The lower Cayugan 
Series is a succession of evaporitic units referred to as the 
Salina Formation in Ontario, but Salina Group in Michi- 
gan, Ohio and New York states. The upper Cayugan 
Series is a succession of dolostones and shales that 
changes name and lithofacies from the Michigan Basin 
(Bass Islands Formation, in Ontario, Michigan and Ohio) 
to the Appalachian Basin (Bertie Formation, in Ontario;
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but divided into Bertie and Akron formations, in New 
York State). In southwestern Ontario, the Salina Forma 
tion is host to all of Ontario's past and present produc 
tion of gypsum (3 currently operating mines) and salt (2 
currently operating mines), while the Bertie Formation, 
which outcrops along the Onondaga Escarpment in the 
Niagara Peninsula is a major source of road and concrete 
aggregate (6 currently active quarries). Also, disused 
quarries along the Onondaga Escarpment are potential 
sites for waste disposal or rehabiLation uses such as 
recreation (e.g., the new sports complex at the Hagersville 
quarry).

The aim of this project is to document the stratigra 
phy and facies relations of the Cayugan Series across the 
Algonquin Arch, from the Michigan to the Appalachian 
basins, and determine how these relate to the distribu 
tion and commodity reserves of crushed stone, salt and 
gypsum, as well as proposals for waste disposal sites. 
Delineation of these commodity reserves is essential to 
regional land-use planning, and the urban geology of 
southwestern Ontario, because new quarries, mines and 
waste disposal sites must compete with a variety of other 
land uses such as housing, industry, agriculture, and 
preservation of areas of unique natural and/or human 
resources (e.g., Cayuga quarry is immediately adjacent to

the Taquanyah Conservation Area, Dry Lake and an 
Indian archaeological site).

In the first year of the project (this report), work 
concentrated on the outcrop belt of the Cayugan Series 
along the Onondaga Escarpment. Preliminary visits were 
made to the two salt mines that are located in the B unit 
of the Salina Formation: the Sifto Salt Company mine at 
Goderich (Michigan basin) and the Akzo Salt Inc. mine 
at Retsof, western New York State (Appalachian basin). 
Detailed studies of the Salina Formation, including both 
the Goderich mine and Canadian Salt Company's Ojibway 
Mine at Windsor (Salina Formation F unit) will be 
undertaken in 1992-93.

STRATIGRAPHY OF THE 
CAYUGAN SERIES, NIAGARA 
PENINSULA
This study demonstrates that the Cayugan Series in the 
Niagara Peninsula (Figure 396.1) includes the Salina, 
Bertie and Bass Islands formations. Lithofacies of the 
eastern part of the Niagara Peninsula are identical to 
facies of the western margin of the Appalachian Basin 
present in western New York State. These change west-

LOWER DEVONIAN 
fnl BOIS BLANC FORMATION ** l noicu-Auv c/tauATinu

Sa BASS ISLANDS FORMATION 

BERTIE FORMATION

Sc SALINA FORMATION

MIDDLE 4 UPPER SILURIAN 

GUELPH FORMATION

[S/ l LOCKPORT FORMATION

PRODUCING 
GYPSUM MINES

AGGREGATE 
QUARRIES

ONANDAGA 
ESCARPMENT

Figure 396.1. Geological map of the Niagara Peninsula with location of the Cayugan Series, gypsum mines, and crushed stone quarries of the Onondaga 
Escarpment shown.
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ward to Michigan Basin facies over the Algonquin Arch 
in the western part of the Peninsula.

The stratigraphy and gypsum deposits (Domtar, 
Canadian Gypsum and Westree; see Figure 396. l) of the 
Salina Formation A to E units in the Niagara Peninsula 
have been described by Haynes (1989, 1990), Haynes 
and Hughes-Pearl (1989, 1990a, 1990b, 1991) and 
Haynes et al. (1988,1989,1991), so are not addressed 
in this report. The stratigraphy and lithofacies of the 
Salina Formation E to G units will be determined, next 
year, from core logging of holes drilled across southwest 
ern Ontario.

Although detailed descriptions of the Bertie and 
Bass Islands formations of the Niagara Peninsula are 
presented in the next section, an overview of the conflicts 
in stratigraphic nomenclature is essential to understand 
ing this report. Historically, these units were correlated 
on the basis that, in both the Michigan and Appalachian 
basins, they represented the uppermost Upper Silurian 
strata immediately underlying the Devonian 
unconformity. Grabau (1908, 1909) and Lane et aL 
(1909) proposed the term, "Bass Islands series [sic]" for 
the Upper Silurian sequence of Michigan and Ohio 
situated between the Salina Group and the Lower Devo 
nian Sylvania sandstone; the type locality being the Bass 
Islands of western Lake Erie. Chapman (l 864) used the 
term "Bertie or Cayuga dolomite" for equivalent strata in 
Bertie and Cayuga Townships, Niagara Peninsula, re 
placing the poorly defined term, "Waterlime Group", 
employed by geologists in New York State. By the early 
1900s, the term Bertie Waterlime appears to have been 
accepted by New York geologists for the Upper Silurian 
sequence overlying the Salina Group. However, Grabau 
and Scherzer (1909) recognized the topmost Cayugan at 
Akron, New York, as a separate unit which they termed, 
"Akron dolostone"; correlated with the Cobleskill dolo 
mite (Hartnagel 1903) of eastern New York. Chadwick 
(1917) recognized the Akron dolostone and subdivided 
the underlying Bertie Waterlime into four units, from top 
to bottom: the Williamsville (previously called the Buf 
falo cement bed), Scajaquada, Falkirk and Oatka; each 
named from localities in the vicinity of Buffalo. Chadwick 
(1917) advocated that the name Bertie should be used 
either for the entire Bertie Waterlime series, inclusive of 
the Akron, or else be restricted to the Buffalo cement 
bed. Although most New York geologists since Chadwick 
distinguish Akron from Bertie, on the basis of correlation 
with units in central New York, debate continues as to 
whether: 1) the Akron Formation should be termed the 
Cobleskill Formation; and 2) the Bertie is a formation or 
a group. As group status is dependent on uncertain 
correlation with formations in central and eastern New 
York state, Buehler and Tesmer (1963) consider the 
Bertie of the Buffalo area to be a Formation, subdivided 
into 4 members: the Oatka (oldest), Falkirk, Scajaquada 
and Williamsville.

In Ontario, Williams (1919) was the first to recog 
nize, from mapping in the Fort Erie area, the Falkirk, 
Scajaquada and Williamsville units of Chadwick (1917)

and the Akron dolostone of Grabau and Sherzer (1909). 
However, on mapping westward, he was unable to 
distinguish, with certainty, the Akron dolostone in the 
Dunnville area. Further west, outcrop is sparse, but, in a 
small quarry at Innerkip (east of Woodstock, see Figure 
396.1), he found a Cayugan unit, underlying Lower 
Devonian strata, which he considered to be the Raisin 
River dolomite of Grabau's Bass Islands series; and that 
it correlated with the Akron dolostone. Further, he 
suggested that the Williamsville, Scajaquada and Falkirk 
units of Chadwick's Bertie Waterlime may correlate in 
part with the Put-in-Bay dolomite, Tymochtee shale and 
Greenfield dolostone of the Bass Islands series. Unfortu 
nately, the next major worker in Ontario, Caley (1940, 
1941, 1943, 1946), was unable to separate the Akron 
dolostone from the Bertie Waterlime, and coined the 
term, "Bertie-Akron Formation". Also, because he started 
on the Appalachian facies of the Cayugan Series in the 
Niagara Peninsula and worked west, he retained the 
name Bertie-Akron for the sequences of the Windsor- 
Sarnia area (Caley 1946), even though he recognized the 
Bass Island [sic] in adjacent Michigan and Ohio; this 
shortened form of Bass Islands being adopted, "in Michi 
gan reports in the 1930s", (Liberty and Bolton 1971, p. 
52). In a later supplement to Caley's (1946) report, 
Sanford and Brady (1955) changed Bertie-Akron to Bass 
Island Formation. However, Caley's lack of recognition 
of the Akron unit in the Niagara Peninsula led to the 
dropping of formational status for the Akron by Ontario 
geologists. Although Hewitt (1960) made no attempt at 
stratigraphic subdivision of Caley's Bertie-Akron For 
mation in the Niagara Peninsula, his east-west longitudi 
nal section of the Onondaga Escarpment reveals that he 
recognised distinct units including a "mottled dolomite" 
as the uppermost Silurian unit from Fort Erie to Port 
Colborne: this is the Akron dolostone described by 
Williams (1919). Furthermore, from Dunnville, west to 
Cayuga and Hagersville, Hewitt (1960) demonstrated 
westward thinning of the mottled dolomite (Akron) and 
the appearance of an overlying, westward-thickening, 
unit of light buff, laminated, dolomite that he did not 
appear to realize corresponds to William's (1919) Bass 
Islands unit near Innerkip.

Although Liberty (1966) and Liberty and Bolton 
(1971) refer to the uppermost Cayugan Series of the 
Windsor-Sarnia and Bruce Peninsula areas as the, "Bass 
Island", it had been renamed "Bass Islands" in Ontario, 
by the Geological Survey of Canada (Poole et al. 1967) 
and in Michigan and Ohio, by Sparling (1970). Poole et 
al. (1967) extended the Bass Islands Formation from the 
Michigan Basin across the Algonquin Arch, and short 
ened Caley's Bertie-Akron Formation to Bertie Forma 
tion for the Allegheny Trough (Appalachian Basin) of the 
Niagara Peninsula (a revival of Chadwick's original 1917 
proposal). Presently, the Akron of Ontario is included in 
the Bertie Formation, as its upper member (Ontario 
Geological Survey 1991).

The exact nature and location of the change of the 
Bass Islands Formation to the Bertie Formation has not 
been addressed since Williams (1919). Telford places it
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at the border of the Simcoe (Telford and Hamblin 1980) 
and Dunnville (Telford and Tarrant 1975) map sheets. 
However, this appears to be an arbitary decision as 
outcrop is not present. Recent geologic descriptions 
(Fraser et al. 1988; Derry et al. 1989) of the units 
exposed in the aggregate quarries of the Onondaga 
Escarpment (see Figure 396.1) have largely ignored the 
significance of He wit t's (1960) longitudinal section; and 
have termed the topmost Cayugan unit " Akron Mem 
ber" across the Onondaga Escarpment, from Fort Erie to 
Hagersville. However, Eckert (1976) proposed that the 
Akron Member changed west of Port Colborne to the 
Bass Islands Formation at Cayuga. Also, he described 
Bass Islands Formation overlying the Akron Member, 
with an undulose brecciated contact, in a quarry at 
Dunnville. Although, we are in general agreement with 
Eckert's (1976) proposal, he did not recognize the Akron 
Member at the Cayuga quarry nor document details of 
the lithofacies of the Bass Islands Formation.

Kobluk et al. (1977) distinguished two periods of 
subaerial erosion in the Lower Devonian disconformity 
at the top of the Bertie (Bass Islands) Formation. The first 
proceeded deposition of the Oriskany sandstone; the 
second removed much of the Oriskany Formation, such 
that it is preserved only in a limited area west of Cayuga 
where it overlies the Bass Islands Formation. Elsewhere, 
the Akron Member (east of Dunnville) and Bass Islands 
Formation (Hagersville) are overlain by glauconitic sand 
stones of the basal Springvale Member of the Bois Blanc 
Formation. Solution fissures and cavities filled with 
white Oriskany sandstone and/or green, glauconitic, 
Springvale sandstone were observed (this study) to be 
common in the upper part of the Akron/Bass Island, 
locally persisting to the base.

BERTIE AND BASS ISLANDS 
FORMATIONS, ONANDAGA 
ESCARPMENT
The stratigraphy and lithofacies of the Bertie and Bass 
Islands formations was determined from 1:10 scale 
mapping of several sections (at least the north, east and 
west walls) at each of four large, presently operating, 
quarries shown in Figure 396.1:1) Standard Aggregates 
Inc. - Hagersville quarry; 2) Cayuga Materials and Con 
struction Co. - Cayuga quarry; 3) Hard Rock Paving Co. 
Ltd. - Port Colborne quarry (often referred to as the Law 
quarry to distinguish it from Port Colborne Quarries Ltd. 
quarry, east of the Welland Ship Canal); and 4) 
Ridgemount Quarries Ltd. (Walker Industries Holdings 
Ltd.) - Ridgemount quarry. Two other large quarries are 
active on the Onondaga Escarpment: Port Colborne 
Quarries Ltd. (see above) and Dunnville Rock Products 
Ltd. at Byng, across the Grand River from Dunnville. 
The Dunnville quarry will be examined in the 1992 field 
season. Port Colborne Quarries Ltd. have denied us 
entry. Ontario Hydro-Colder Associates have kindly 
made available drill core and internal reports from their 
study of the Cayuga and Hagersville quarries as potential

disposal sites. Although logging of these cores is cur 
rently in progress, with the particular aim of defining the 
stratigraphy of the upper units of the Salina Formation, 
the core from Hagersville was used to determine the 
stratigraphy and lithofacies of units below the Bass 
Islands Formation, the lower contact of which is near the 
quarry floor.

Laboratory work has consisted mainly of slabbing 
and vibromat polishing of about 200 large specimens for 
analysis of macro textures. Petrographic analysis of thin- 
sections and polished thin-sections was employed to 
examine fabrics and mineralogical variation. Tp date, 
laboratory data has been used mainly for determination 
of lithofacies variations and modelling of depositional, 
diagenetic and erosional environments. However, it is 
planned to use field and laboratory data to assess aggre 
gate quality of units-subunits for .purposes of regional 
planning.

Our interpretation of the regional variation of the 
stratigraphy of the Upper Silurian sequence of the 
Onondaga Escarpment is presented in Figure 396.2. All 
of the 5 members of the Bertie Formation (as currently 
defined in Ontario) were identified at each quarry: the 
Oatka (oldest), Falkirk, Scajaquada, and Akron. The 
base of the Bertie Formation is not exposed in any of the 
quarries; it was observed only in drill core from Hagersville 
(Cayuga drill core not yet logged in detail). Here, it is 
underlain conformably by gypsiferous dolomitic shales 
and mudstones of the G Unit of the Salina Formation. 
Other than at Ridgemount, contacts of the different 
members can be identified, after careful inspection, both 
in the field or in drill core (Hagersville). At Ridgemount, 
the Oatka Member is present only in a small area as a 
"bump" in the quarry floor, and the exact contact of the 
Scajaquada could not be determined with certainty. In 
the east (Port Colborne and Ridgemount), the Akron 
Member is overlain disconformably by glauconitic sand 
stones and cherty dolostones of the Springvale Member 
(basal member of the Lower Devonian Bois Blanc For 
mation). West of Port Colborne, progressive thinning of 
the Akron Member is accompanied by the appearance 
and progressive thickening of the Bass Islands Forma 
tion. At Hagersville, the Bass Islands Formation is over 
lain disconformably by the Springvale Member. How 
ever, at Cayuga, the Oriskany Formation is present, 
bounded by upper and lower erosional contacts with the 
overlying Springvale Member and underlying Bass Is 
lands Formation. Although most of the Oriskany Forma 
tion at the Cayuga quarry is clean white sandstone, the 
basal unit consists of conglomerate underlain irregularly 
by paleo-saprolite exhibiting a wide variety of colours 
and textures; the predominant being a brown, friable, 
loamy sand. Patches of bright-red, sandy clay (terra rosa) 
are exposed on fresh quarry faces, but are soon destroyed 
by weathering. Because paleo-saprolite and terra rosa 
mantle leached and broken Bass Islands, and burrows are 
common in the Bass Islands at the contact, it is probable 
that the pre-Oriskany Formation erosional event was 
subaerial, and that the paleoclimate was semi-arid to 
tropical. Both pre- and post-Oriskany Formation ero-
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Figure 3962. Schematic, along-strikc stratigraphic correlation of the Upper Cayugan Bertie and Bass Islands formations, Onondaga Escarpment.
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sional events have affected the entire Onondaga Escarp 
ment as paleokarst features at the top of the Cayugan 
Series contain both Oriskany and Springvale sandstones 
at every quarry, except Cayuga. At the Cayuga quarry, 
the Bass Islands Formation was protected, by the cap of 
Oriskany sandstone, from post-Oriskany erosion and 
infilling of Springvale sandstone.

Details of the lithofacies, aggregate quality, postu 
lated depositional environment and post-depositional 
effects is given below, for each unit of the Bertie and Bass 
Islands Formation, from oldest to youngest.

OATKA MEMBER, BERTIE 
FORMATION
Hie complete Oatka Member was observed only in the 
drill core. The exact position of the contact with the 
underlying Salina Formation is not clear as the units are 
conformable. In western New York state, Buehler and 
Tesmer (1963, Figure 5 and Plate 6) determined a circa 
6 m thickness of Oatka Member consisting of an upper 
shale (about 1.6 m thick), followed downward by a 
dolomite (about 0.8 m thick), then 2 m of shale, under 
lain by a basal dolomite (1.6m thick) corresponding to 
Chadwick's (1917), "blocky waterlime at base carrying 
eurypterids". However, in Ontario, Caley (l 940) placed 
the contact at the highest occurrence of gypsum or 
anhydrite. In detailed logging of Hagersville drill core, 
and preliminary logging of Cayuga core, only the upper 
shale was recognized with certainty; dolostones and 
shales present between the upper Oatka shale and Salina 
Formation G Unit shales are gypsiferous. At Hagersville 
(Figure 396.4), the upper shale unit of the Oatka Mem 
ber is about 1.3m thick and comprises three subunits: l) 
a basal, 0.3 m thick, sequence of thinly interbedded 
dolomitic shales and mudstones, and argillaceous 
dolostone; 2) 0.4 m of dolomitic mudstone; and 3) 0.6 m 
of black, fissile shale, with 2 mm selenite discs. The black 
shale is exposed in the floor of all the other quarries. The 
presence of selenite discs, apparent lack of fossils, and 
large lateral continuity is suggestive of the mesosaline 
environment at the intertidal-supratidal interface of a 
sabkha tidal mudflat.

Although the Oatka Member has no commodity 
value, the topmost shale forms a relatively impermeable 
plane of weakness that controlled horizontal flow of 
paleo-groundwaters in the basal Falkirk Member (see 
below); today, this allows for both "clean separation" of 
the Falkirk Member during blasting, and a flat, solid base 
for rock-removal equipment to work on.

FALKIRK MEMBER, 
BERTIE FORMATION
Typically, the Falkirk Member is dolostone: a hard, dark 
brown, petroliferous, dolomitic, algal boundstone with 
low porosity that yields exceptionally high-quality crushed 
stone for Asphalt Stone, Clear Stone, and Concrete

Stone. Horizontally laminated, massive-, medium- and 
thin-bedded subunits are present: often containing or 
ganic bands, vugs, stylolites, gas fenestrae, minor desic 
cation cracks, and small dewatering structures (Figures 
396.3 and 396.4). Locally, randomly orientated selenite 
discs (circa 2 mm in diameter) and, less frequently, 
impressions of salt casts are present. Smooth-shelled 
brachiopods and ostracods occur occasionally in thin 
seams of dark dolomudstone; and Eckert (1976) reports 
gastropods near the base. Minor amounts of calcite, 
chalcopyrite, marcasite, pyrite, sphalerite, and celestite 
are present as vug fillings. Individual subunits cannot be 
correlated between the quarries, other than a circa 0.2 m 
thick bed of dark shale that occurs near the top of the 
Falkirk Member (at Ridgemount, 1.7m from the top; at 
Port Colborne and Cayuga, 0.3 m from the top). All of the 
above features are indicative of deposition, and early 
diagenetic dolomitization, of algal mats in the lower 
intertidal zone of a coastal sabkha.

At Port Colborne, the basal Falkirk Member is 
marked by highly irregular layers and zones of highly 
porous framework-supported rubble comprising irregu 
larly shaped, subrounded clasts of Falkirk dolostone set 
in a porous matrix of sand (both Falkirk and indetermi 
nate origins). Open spaces often contain white sucrose 
aggregates of gypsum which, in small porosity fillings, 
forms the matrix cement. Although the nature of indi 
vidual rubble layers is usually difficult to determine, the 
northeast part of the quarry exhibits: Da longitudinal 
rubble-filled cavity, over 100 m long, that extends from 
the Oatka shale up to 2 m high; and 2) the water-worn 
vertical face of a rubble-filled cavity. These are indicative 
of ground water solution and collapse and are interpreted 
to be paleokarst features, probably subterranean stream 
channels and caverns. The age of this paleokarst event is 
unknown and could be related, in fact, to a combination 
of the two Lower Devonian subaerial events, modified by 
Holocene groundwater dissolution

At Ridgemount, the middle Falkirk Member (about 
2 m from the base) is marked by a 0.6 m zone containing 
bands of vuggy dolomite, which appears to be at the same 
stratigraphic level as a hummock, about 0.9 high and 4 
m across, exposed in a small pit. This feature is a mound 
of shell-hash formed of smooth-shelled brachiopods 
mixed with dark, organic mud and numerous void spaces 
(internal shell molds and gas fenestrae), some of which 
contain marcasite, pyrite, sphalerite. The base of the 
mound continues outside its border as a circa 0.3 m bed 
of algal boundstone, topped by a layer of brachiopods in 
life position, itself overlain by thin layers of dark organic 
mud and brachiopod coquinite. From a 3.2 kg sample 
analyzed for microfossils, the conodont Ozarkodina 
remscheidensis remscheidensis (Ziegler) was recognized 
from specimens of its elements: Pa (6 specimens), Pb (3), 
M (4), Sb (3), Se (4). Mehrtens and Barnett (l977) have 
determined that this conodont ranges from the Late 
Silurian (late Pridolian) to the Early Devonian (early 
Lochkovian); Uyeno et al. (1982) found this species in 
the top 20 cm of the Falkirk Member. The hummock is 
interpreted as either a beach bar or storm mound built on
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lower intertidal to upper subtidal algal mats.
The top of the Falkirk Member is a micritic dolostone 

marked by complex soft-sediment deformation and des 
iccation features: desiccation breccias, teepes and alter 
nations of dark brown, brown, and light-buff coloured 
(bleached) layers. Thin shale beds may be present. Of 
particular interest is the presence of large channels near 
the upper contact of the Falkirk Member. These are filled 
with thin, convex-downward beds of dolomitic shales- 
mudstones that exhibit polygonal-patterns of mud chips 
and hopper salt casts (up to 2 cm square) on their 
bedding planes: indicative of intermittent periods of 
desiccation and hypersalinity. Bank-collapse of desic 
cated algal boundstones at the channel margins is evi 
dent, particularly in the largest channel at Cayuga, which 
is 50 m wide and 2 m deep. At Ridgemount, 3 channels 
contain fragments of eurypterids (water scorpions) on 
the desiccated bedding planes: a near-complete speci 
men of Eurypteris lacustris was recovered by co-author 
W.G. Parkins from one of these channels. This indicates 
that the channel structures were tidal channels cut into 
the desiccated surface of the lower supratidal zone of a 
coastal sabkha, probably during early Scajaquada time 
(see next section)

The rubble zones, shell mounds and tidal channels- 
desiccated dolostone are all deleterious to aggregate 
quality. Fortunately, the intra-clast porosity of the rubble 
zones at Port Colborne is removed by crushing: this 
liberates the sand and much of the finer grained gypsum 
so that it can be screened off as "fines". However, use of 
gypsiferous fines in concrete should be avoided (Dolar- 
Mantuani 1983). The porosity and sulphides of the shell 
mounds would affect concrete quality (Dolar-Mantuani 
1983) but the amount of mound material is insignificant 
in comparison to the overall volume of algal boundstone. 
The desiccated dolostones and shale bed at the top of the 
Falkirk Member are suitable only for Granular B,C (sub 
base of roads): Hard Rock Paving and Cayuga Quarries 
have solved this problem by benching along the shale 
bed, so that the upper Falkirk Member is included with 
the low-grade Scajaquada Member. Normally, the scar 
city and size of the tidal channels do not affect the overall 
quality of the Falkirk Member. However, extremely large 
channels, like that at Cayuga, would be very detrimental 
to quality, necessitating separate extraction.

SCAJAQUADA MEMBER, 
BERTIE FORMATION
The Scajaquada Member is a thin-bedded sequence of 
black to grey shales, dolomudstones and argillaceous 
dolostones, with local interbeds of grey dolostone, that 
maintains a remarkably uniform thickness (about l .4 m) 
across the study area (Figure 396.5). However, indi 
vidual beds cannot be correlated between quarries. Small 
(circa 2 mm) selenite discs and/or salt casts are locally 
abundant in the shales and mudstones. These are very 
difficult to see in the field but are easy to distinguish in 
drill core. The contact with the underlying Falkirk Mem 

ber is sharp and locally undulatory. Basal units overlie 
tidal channels conformably and are similar in lithology to 
their fillings, although eurypterids appear to be absent. 
Eckert (1976) considers the Scajaquada Member of the 
Niagara region to be unfossiliferous. The most likely 
depositional environment was probably a hypersaline 
tidal mudflat. The high content of shale yields a very poor 
quality aggregate, only suitable for fill.

WILLIAMSVILLE MEMBER, 
BERTIE FORMATION
The Williamsville Member consists of grey micritic 
dolostones interbedded with thin dolomudstones and/or 
shales (see Figure 396.5). It varies in thickness from circa 
l m at Cayuga, 1.4 m at Port Colborne, 1.6 m at 
Hagersville, and possibly 2.3 m at Ridgemount (contact 
with the Scajaquada Member not determined with cer 
tainty). Except for a 0.8 m thick basal dolostone (display 
ing a characteristic conchoidal fracture) at Cayuga and 
Port Colborne, subunits cannot be correlated between 
quarries. Contacts with the underlying Scajaquada Mem 
ber are usually conformable but, at the Hardrock Paving 
quarry, the contact undulated 30 cm vertically over a 
horizontal distance of about 2 m.

Although the Williamsville Member of western New 
York state is known for the spectacular preservation- 
state of large specimens of eurypterids, these are rare and 
have been found only in Ontario from the eastern part of 
the area (Eckert 1976). We have observed only frag 
ments of large eurypterids in float from the basal dolostone 
at the west wall of the Hardrock Paving quarry: the same 
horizon of Eckert (1976). The presence of large euryp 
terids infers that the Williamsville Member was depos 
ited in a subtidal to lower-intertidal coastal environment. 
At Hagersville, the lower Williamsville Member is mainly 
laminated dolostone, but passes upward to arenaceous 
dolostones (locally, with selenite discs) overlain by lami 
nated dolostones displaying desiccation cracks and tee 
pees: indicative of an upward change from the lower- 
intertidal to the lower-supratidal environments of a 
coastal sabkha. Depending on shale content, aggregate 
quality varies from Granular A to C (good to low 
quality).

AKRON MEMBER, 
BERTIE FORMATION
Characteristically, the Akron Member is a grey, wavy- 
bedded, dolomicrite with light grey to buff mottles and 
vuggy porosity. Its lower contact with the Williamsville 
Member is sharp and slightly undulatory. It reaches its 
maximum thickness of about 5 m at the Hardrock Paving 
quarry, thinning east, to about 3.5 m at Ridgemount, and 
west to about 2.5 m at Cayuga and about l m at 
Hagersville (Figure 396.6). Wavy bedding is present 
throughout the entire Akron Member. Although obvious 
in weathered quarry faces, wavy bedding is obscure in
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Figure 396.4. Along-strike variation in stratigraphic lithofacies of the Oatka and Falkirk members. Numbers at top of sections are locations: l -Standard 
Aggregates quarry; 2 - Cayuga quarry; 3 - Hard Rock Paving quarry, and; 4 - Ridgemount quarry. See Figure 396.3 for legend of lithologies and textures.

30



SJ. HAYNES and W.G. PARKINS

Figure 396.5. Along-strike variation in stratigraphic lithofacies of the Scajaquada and Williamsville memben. Numben at top of sections are locations: 
l - Standard Aggregates quarry, 2 - Cayuga quarry; 3 - Hard Rock Paving quarry, and; 4 - Ridgemount quarry. See Figure 396.3 for legend of lithologic* 
and textures.
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Figure 396.6. Along-strike variation in stratigraphic lithofacies of the Akron Member. Numbers at top of sections are locations: l - Standard Aggregates 
quarry; 2 - Cayuga quarry; 3 - Hard Rock Paving quarry, and; 4 - Ridgemount quarry. See Figure 396.3 for legend of lilhologies and textures.
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fresh faces of the upper Akron Member. Pronounced 
wavy-bedding (with numerous open and calcite/gyp- 
sum-filled vugs) is present, over a thickness of about 2 m, 
in fresh faces of the lower Akron Member (see Figure 
396.6). The "waves" are marked by irregular, undulose, 
seams of carbonaceous material that weather easily. 
Although mottling has obscured details, faint colour 
laminae, paralleling bedding, suggest the wavy bedding 
may have been formed by layers of coalesced algal 
mounds. Such algal activity could explain the carbon 
aceous seams and vuggy porosity (gas fenestrae?). How 
ever, burial pressure-solution may have been an impor 
tant factor as the carbonaceous seams are often stylolitic. 
At Cayuga, a small outcrop of the basal Akron Member 
consists of randomly oriented, dark brown, mud balls, 
nucleated about black, angular, mud chips; the mud balls 
forming a tightly packed framework cemented by cream 
dolomudstone. It appears to be a transported deposit of 
chemically precipitated nodules. As Eckert (1976) found 
few fossils in the Akron Member, except locally in the 
upper part of the Ridgemount quarry (Leperditia ostra- 
cods and poorly preserved molds of brachiopods and 
corals), it is possible that the wavy-bedded Akron Mem 
ber was formed by early diagenetic coalescence, and 
dolomitization, of in-situ layers of nodules precipitated 
as aragonite mud, together with algae, in a restricted 
quiescent mesosaline, depositional environment (where 
only algae could flourish); such as the lagoons of a coastal 
sabkha.

The characteristic buff mottling of the grey Akron 
Member is present mainly as discontinuous bedding- 
parallel layers, but also as vertical columns and irregular 
patches. In thin section, both matrix and mottles cannot 
be distinguished by dolomicrite texture; the only differ 
ence is a lower content of fine-grained organics and 
sulphides. Therefore, burrowing is not a likely factor for 
their formation. At Ridgemont, the basal Akron Member 
is dark and mottles are weakly developed. Kobluk et al. 
(1977) thought that the mottling of the Akron Member 
was related to leaching during Lower Devonian subaerial 
karst erosion. However, the intensity of buff mottling 
increases toward the contact with the overlying Bass 
Islands Formation such that the upper Akron Member at 
Cayuga and Hagersville is bleached buff, with only 
lensoid remnants of grey dolostone and wavy bedding 
remaining. Carbonaceous seams are preserved only in 
the lower Akron Member. Except at Ridgemount, desic 
cation features (breccias and teepees) are present at the 
top of the Akron Member, similar to the upper intertidal/ 
lower supratidal sabkha sequence of the Bass Islands 
Formation (see next section). This, together with the 
eastward thickening of the Akron Member suggests: l) 
during early Akron time, uplift and subaerial sedimenta 
tion was taking place in the west, at the same time as 
subaqueous deposition (wavy-bedded dolomite) in the 
east; 2) the subaerial-erosion paleosurface, and overlying 
Bass Islands sabkha sequence, transgressed eastward 
over the Akron as the sea regressed: the Akron/Bass 
Islands contact marking the ancient shoreline, and; 3) 
the mottling resulted from downward leaching by sabkha

terrestrial-groundwaters controlled by transgression of 
the Akron/Bass Islands subaerial-paleosurface.

The Akron Member meets Granular A or Clear 
Stone specifications and can be used for concrete. Stud 
ies are in hand to determine whether the "unbleached" 
Akron Member in the eastern Onondaga Escarpment 
could be considered for Asphalt Stone, as suggested by 
the aggregate-test data of Fraser et al. (1988).

BASS ISLANDS FORMATION
Hie Bass Islands Formation is 5 m thick at Cayuga and 
6 m thick at Hagersville; its occurrence at Dunnville 
(Eckert 1976) will be examined in 1992. The contact 
with the underlying Akron Member is sharp and marked 
by a thin bed of shale or shaly dolomite (Figures 396.6 
and 396.7). It comprises a thin- to thick-bedded se 
quence of light buff, finely laminated, micritic dolostones 
(see Figure 396.7). Evidence that the laminations are 
algal mats, interbedded with carbonate mud, is the local 
development of: 1) small mounds, about 8 cm high, 
within laminated layers (algal mounds) and; 2) hard 
compact masses of dolostone in the shape of a head 
(about 20 cm across, and 15 cm high) in laminated 
dolomudstone (algal heads). Lensoid vugs are present 
locally, aligned parallel to the laminae. Often, these are 
infilled with gypsum and, less commonly, marcasite or 
pyrite. These are interpreted as authigenic/early diage 
netic fillings of gas fenestrae produced by the algae. In 
places, small dewatering pipes (about l O cm high) were 
formed on compaction of the soft laminae, probably 
during early diagenesis.

Desiccation features are ubiquitous: breccias, teepes, 
polygonal cracks, and mud chips characterize the unit. 
Teepes and breccias are often infilled with sand-size 
grains (mostly dolomite), in places cemented by gypsum. 
A variety of other materials may occur, including phos 
phatic chips, clay, marcasite and quartz; limonite stain 
ing is common. These features indicate that desiccation 
was accompanied by subaerial oxidation and eolian 
sedimentation. The only modern environment where 
subaqueous deposition of algal mats is accompanied by 
subaerial oxidation is the intertidal-supratidal interface 
of coastal sabkhas.

The Bass Islands dolostone has poorer strength than 
the Akron dolostone due to abundant closely spaced 
fracturing about vertical desiccation cracks and horizon 
tal parting along the thin algal mat/mudstone layers. 
Also, the porosity and sand infillings of desiccation 
features, and presence of gypsum, sulphides and limonite 
are deleterious for uses higher than Granular A.

DISCUSSION AND CONCLUSIONS
The Cayugan Series contains all of Ontario's salt and 
gypsum production/reserves in its lower part (Salina 
Formation) and is an important producer of aggregate in 
its upper part (Bertie and Bass Islands formations).
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Figure 396.7. Along-strike variation in stratigraphic lithofacies of the Bass Islands Formation. Numbers at top of sections are locations: l - Standard 
Aggregates quarry; 2 - Cayuga quarry. See Figure 396.3 for legend of lithologies and textures, and Figure 396. l for quarry locations.
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However, mining and quarrying must compete with a 
variety of other land uses in southwestern Ontario, that 
include quarry rehabilitation for recreation and waste 
disposal. Thus, detailed characterization of the stratigra 
phy and lithofacies of the Cayugan Series will aid in 
delineation of commodity reserves and assist both indus 
try and the various levels of government in regional 
planning. In this first year of the grant, studies were 
concentrated on the aggregate quarries along the 
Onondaga Escarpment (the outcrop belt of the upper 
Cayugan) in order to determine the relation of lithofacies 
and stratigraphy to aggregate quality and waste disposal 
sites. Although most of the aggregate from this belt has 
been used in the Niagara region, the location of quarries 
close to port facilities at Port Colborne opens a viable 
new market for transportation of aggregate across Lake 
Erie. Recently, Hard Rock Paving Co. Ltd. supplied all 
the stone for the new Cleveland airport from their quarry 
near Port Colborne (R. Cornelius, Hard Rock Paving Co. 
Ltd., personal communication, 1992).

The upper Cayugan Series on the east flank of the 
Algonquin Arch (Onondaga Escarpment, Niagara Pen 
insula) consists of the complete sequence of the Bertie 
Formation and the lower part of the Bass Islands Forma 
tion. The Bass Islands Formation has not been recog 
nized east of the Algonquin Arch in previous publica 
tions. The Bass Islands Formation transgresses the un 
derlying Akron Member (the uppermost member of the 
Bertie Formation) along an eastward-migrating shore 
line, with coastal-sabkha supratidal/intertidal conditions 
(Bass Islands Formation) west of the shoreline, and 
quiescent, mesosaline, lagoonal/restricted bay condi 
tions (Akron Member) east of the shoreline. The eco 
nomic importance of this is that the Bass Islands Forma 
tion of the Niagara area (Granular A aggregate) is 
inferior in aggregate quality than the Akron Member 
(Concrete Stone aggregate). Future work will attempt to 
determine the exact eastern limit of the Bass Islands 
Formation and its westward variation in lithofacies and 
aggregate quality across the Algonquin Arch to the 
Michigan Basin.

The Akron Member is underlain by two thin mem 
bers of the Bertie Formation: dolomites and dolomud- 
stones of the Williamsville Member; then shales and 
argillaceous dolostones of the Scajaquada Member. The 
contact between them, at the base of a prominent, 
conchoidally fractured dolomicrite can be traced across 
the area. This is the same horizon as the base of the 
Buffalo cement bed, the locality at Buffalo famous for 
large, perfect eurypterids; fragments were found by us 
only at the Hard Rock Paving quarry, Port Colborne. As 
eurypterids infer a subaqueous environment, consider 
ation of the lithofacies of overlying subunits, suggests the 
Williamsville Member was deposited in the subtidal to 
upper-intertidal facies of a coastal sabkha. The 
Williamsville Member has been used for hydraulic ce 
ment, but its dolomite content is too high for modern 
Portland cement. Although the grade of Williamsville 
Member aggregate is Granular B to C, it is extracted at 
some quarries with the Akron Member. As its thickness

is small, compared to that of the Akron Member, it does 
not lower the aggregate quality significantly. The 
Scajaquada Member is unfossiliferous and the shales 
contain selenite discs and salt casts. This, together with 
its constant thickness but rapid changes of lithology, is 
indicative of deposition as a hypersaline tidal mudflat. 
Due to the high content of shale, the aggregate quality is 
Fill (below aggregate grade).

Underlying the Scajaquada Member is the thick 
Falkirk Member: a dark brown, petroliferous, laminated, 
dolomitic algal boundstone. As it is a particularly hard 
and compact dolostone, it is reserved for high-grade 
Concrete Stone and superior Asphalt Stone (the petro 
leum content binds the stone to the asphalt). Brachio- 
pod-conodont communities occupy mudstone as both 
life-position assemblages, preserved in thin intercalated 
layers within algal boundstone, as well as mounds of shell 
hash (beach bar/storm deposits). This indicates that the 
Falkirk Member was deposited in the upper subtidal to 
lower intertidal zone of a coastal sabkha. The top of the 
Falkirk Member is marked by large channels, exhibiting: 
l) bank collapse of the algal boundstones at their mar 
gins and; 2) hypersaline desiccation features (salt casts 
associated with mud chips) in the dolomitic mudstones 
and shales infilling channels. This, together with the 
occurrence of small eurypterids in the channel infillings, 
suggests that they formed as the tidal channels of a 
coastal sabkha. Zones of porous rubble are present in the 
lower Falkirk Member infilling paleokarst cavities and 
subterranean stream channels (marked by water-worn 
walls). They are probably related to the two Lower 
Devonian subaerial-erosion events that resulted in ero 
sion and dissolution of the Bass Islands and Bertie 
formations. The basal Oatka Member is seen only as it 
upper shale unit in the field. Detailed examination of drill 
core will be conducted, next year, to determine stratigra 
phy and lithofacies.

The drainage of modern groundwater from quarries 
that have bottomed on the Oatka-Falkirk contact will be 
controlled, at least in part, by the location of the tidal 
channels and rubble zones. As their pattern cannot be 
deduced (without mapping newly exposed faces over a 
lengthy period), their effect on modern groundwater and 
dispersal of contaminants is unpredictable. Thus, the 
quarries of the Onondaga Escarpment are not recom 
mended for waste disposal.
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the Round Lake Batholith, South of Kirkland Lake, 
Ontario
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The Archean Round Lake batholith comprises a 3200 km2 biotrte-tonalite to hornblende- 
granodiorite domain in the southern Abitibi greenstone belt, southwest of Kirkland Lake, Ontario, 
h is bounded on its northeast and eastern margins by supracrustal rocks of the Abitibi supergroup, 
forming an apparently homoclinal sequence of dominantty mafic volcanic rocks whose present 
geometry was controlled by the emplacement of the batholith. H is overlapped to the south by 
Proterozoic sedimentary rocks of the Cobalt Embayment.

Mapping to date has shown at least 5 distinct petrologic and structural phases within the 
batholith. The oldest 4 were grouped, by previous workers, together as a single old phase, but 
are distinct in the field. Two of these older phases occur as margin parallel panels along the north 
central and south central margins, whereas, the other 2 occur as discrete bodies at the eastern 
and western ends of the batholith. The youngest, generally unf oliated phase occurs as 3 separate 
hornblende granodiorite stocks that have intruded the mildly to strongly deformed older phases. 
Dikes petrologically similar to these young stocks cut the mylonitic margin of the batholith and do 
not appear to be significantly deformed.

A wide variety of contact styles are found along relatively short sections of the batholith's 
margin. Contacts vary from mylonitic, with strong evidence for pure shear, to intrusive with 
discrete mylonite zones and abundant mafic xenoliths. A direct correlation exists between 
contact style and phase geometry w'rthin the batholith. The current margin is thus a result of 
several discrete emplacement episodes, and so contains superposed intrusive and diapiric 
contact relationships.

Preliminary investigations of geophysical data for the batholith and area support the 
internal subdivision. Gravity data support the presence of the distinct phase that forms the 
eastern termination of the composite batholith, as well as the presence of one of the young 
granodiorite stocks. Reflectors visible on the LITHOPROBE seismic profile may represent late 
structures or, alternatively, the contact between the batholith and supracrustal rocks.

INTRODUCTION the Abitibi supergroup. The batholith is a tonalitic to
 granodioritic igneous domain occupying approximately

  .,. .,. , . . lt . . . 3200 km2 of the southern Abitibi Subprovince, and 
TheAbmbigreenstonebelt.apolymetallic.volcanicrock dominating the structural style in a domain south of 
dominated Archean greenstone belt, is located m the ^ Larder-Cadillac deformation zone, southwest of 
southern Supenor Province of the Canadian Shield (Fig- ^ Lincoln-Nipissing shear zone, and north of the 
ure 399.1). As a result of its rich massive sulphide and proterozoic Cobalt Embayment (Figure 399.2). The 
gold deposits, it has been a focus of economic develop- batholith has alternatively been interpreted as a poly- 
ment and research for over 100 years. The southern ^ mtrusion with subsequent solid-state diapirism 
Abitibi greenstone belt is transected by a major brittle- (Lawton 1959; Lafleur 1986) and as remobilized 
ductile crustal-scale shear zone the Larder-Cadillac basement underlying the greenstone belt (Ridler 1970, 
deformation zone, that is a locus for gold mineralization 1972, 1975( 1 976). In light of recent attempts to inter- 
as well as an important structural break across which pret ^ fcrge-scale structure of the southern Abitibi 
^cT̂ ralstylesar^rkedlydifferent(^Figure399.1). greenstone belt in terms of thrust tectonics (Jackson 
The Larder-Cadillac deformation zone contains steeply md Sutcliffe 1990), and of reinterpretations of strati- 
plunging stretching lineation*, and displacement across Wc correlations in supracrustal rocks based on zir- 
it is inferred to be south-side up (Jackson et al. 1990) ^ geochronology (Corfu et al. 1989), the role of the

 Round Lake batholith in the tectonic evolution of this
South of the Larder-Cadillac deformation zone, in portion of the southern Abitibi greenstone belt is being

Ontario, the large and composite Round Lake batholith investigated as the basis of a PhD project at Queen's
has intruded and displaced dominantly volcanic rocks of University.
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- - RegkDoal Fault Zone

Phanerozoic 
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Opattca SUbproMhce
High-grade granitoid rocks 

[' Q ". ] High-grade metasedlmentary rocks

A&Hbl Subprovtnce
Massive to gneissic granitoid rocks

H Metasedlmentary rocks 

Metavolcanlc rocks

Pontiac Subprovtnce
Massive to gneissic granitoid rocks

|H Metasedlmentary rocks 

Metavolcanlc rocks

Figure 399.1. Geological overview of the Abitibi Subprovince of the Superior Province, Quebec and Ontario. T^immins, KI^Kirkland Lake, 
M=Matachewan, S=Sudbury, R-N=Rouyn-Noranda, V=Val D'Or.

To date, a single season of mapping in the Round 
Lake batholith and environs has been carried out by the 
authors as part of a three year study. The focus during the 
summer of 1991 was to examine the central and eastern 
Round Lake batholith at reconaissance scale, and to 
locate sites for detailed mapping to be carried out in the 
summer of 1992. Results to date thus concern the large 
scale structure of the batholith rather than detailed 
relations at any one portion of the margin. Detailed 
mapping of l section of the margin, between Round Lake 
and Boston Creek, was begun during the 1991 season 
and will be discussed below.

REGIONAL GEOLOGY 
Abitibi Supergroup
The Round Lake batholith is bounded by supracrustal 
rocks of the Abitibi supergroup, ranging from the mar 
ginal Pacaud structural complex to the distal McElroy 
assemblage found to the northeast (see Figure 399.2). 
These rocks form an apparantly homoclinal succession 
between the margin and the Lincoln-Nipissing shear 
zone.

The lowermost unit, the Pacaud structural somplex, 
dated at 2747   2 Ma (Mortensen, cited in Corfu et al. 
1989), was originally described as a felsic tuff (Goodwin 
1965), but has since been reinterpreted in a variety of 
ways. Most recently it is viewed as a shear zone assem 

blage including felsic tuffaceous domains, sheared pil 
low basalts, ultamafic domains, and mafic mylonite 
thought to be dissected mafic flows (Jackson and Harrap 
1989), and on a regional scale is grouped with the 
overlying Catharine assemblage (Jacksonand Fyon 1991). 
The degree of strain and dissection of primary volcanic 
structures seen in Abitibi supergroup rocks increases 
dramatically as one approaches the margin of the Round 
Lake batholith, within the Pacaud structural complex.

The Catharine assemblage, to the northeast, is a 
composite mafic-ultramafic domain consisting of 6 map- 
pable formations. Two formations terminate abruptly 
along strike, in what is interpreted to be a structural 
cutoff (Jackson and Harrap 1989). Jackson and Fyon 
(1991) have suggested that shearing within the Catharine 
assemblage near Englehart described by Johns (1986) 
may represent the continuation of this structure. The 
Boston Creek komatiite, a sub-unit of the Catharine 
assemblage, is on the order of 25 m.y. younger than the 
dated rocks in the Pacaud (S.L. Jackson, Ontario Geo 
logical Survey, personal communication, 1990).

The Catharine assemblage is overlain by the Skead 
assemblage (2701 Ma.) (Corfu et al. 1989), which con 
sists of coarse fragmental calc-alkaline basalt, intermedi 
ate to felsic volcanic flows and fragmental units, and 
minor interflow sedimentary rocks. Thickness variations 
along strike within the Skead assemblage appear to be 
geometrically similar to those within the Catharine as 
semblage, and may similarly have a tectonic origin.
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To the northeast lies the McElroy assemblage, a 
mafic-ultramafic flow unit which is truncated on die 
northeast by the Lincoln-Nipissing shear zone. A sample 
from the Larder Lake assemblage, northeast of the 
Lincoln-Nipissing shear zone, has been dated at 2705   
2 Ma (Corfu et al. 1989). As this may place older rocks 
over younger rocks in what is an apparantly homoclinal 
sequence, Corfu et al. (1989) have suggested that the 
Skead (and McElroy) may be in thrust contact with the 
Larder Lake assemblage. The Lincoln-Nipissing shear 
zone would be a likely candidate for the thrust structure.

The lithostratigraphic package from the marginal 
Pacaud structural complex to the distal McElroy assem 
blage is tilted to a subvertical attitude, and wraps on the 
map scale around the eastern termination of the Round 
Lake batholith. Portions of the Catharine assemblage 
may be traced without difficulty from Boston Creek to 
Charlton, concordant to the margin of the batholith. This 
requires that these units must predate the batholith, and 
suggests that their current geometry was controlled by 
emplacement of the batholith.

Round Lake Batholith
The Round Lake batholith itself was originally studied in 
detail by K.D. Lawton (1954) as the basis for a PhD 
thesis at the University of Toronto. A detailed map and 
report on the northeastern portion of the batholith were 
produced (Lawton 1959), but due to the untimely death 
of the author the bulk of the thesis work remained 
unpublished. J. Lafleur (1986) carried out an MSc thesis 
on the batholith, doing reconaissance mapping and ex 
tensive geochemical work to establish the source of the 
batholithic rocks. More recently, an Ontario Geological 
Survey project has focussed on structural geology in an 
area between Round Lake and Larder Lake (Jackson 
1988, 1991; Jackson and Harrap 1989; Jackson et al. 
1990).

Both Lawton (1954) and Lafleur (1986) recognized 
the existence of 2 major sub-phases within the Round 
Lake batholith. The older phase is dominantly tonalitic, 
has moderate to strongly developed foliations and linea- 
tions, and contains rare xenoliths of mafic volcanics. Hie 
younger phase consists of hornblende * (biotite) -grano 
diorite, and occurs as discrete stocks within the old phase 
of the batholith and, locally, within supracrustal rocks. It 
is rich in mafic volcanic xenoliths. The REE chemistry of 
both phases was found to be compatible with partial 
melting of a basaltic parent at lower crustal levels (Lafleur 
1986).

Foliation in the old phase was found to vary from 
intense shear fabrics at the batholith margin to weak 
biotite mineral foliations towards the centre of the batho 
lith. A variety of kinematic indicators at and near the 
batholith margin suggest batholith-up, near-vertical 
motion (Jackson and Harrap 1989).

A sample from the old phase of the Round Lake 
batholith, south of Round Lake, has been dated by zircon 
geochronology at 2697.6   5 Ma. A sample from the 
young phase of the batholith, northeast of Elk Lake, has 
been dated at 2696.9   2 Ma (J.K. Mortensen. Geologi 
cal Survey of Canada, personal communication, 1990). 
Jackson and Fyon (1991) have described boulders within 
the Timiskaming assemblage near Kirkland Lake that 
resemble gneissic phases of the batholith, suggesting that 
the batholith was unroofed during deposition of the 
Timiskaming assemblage.

FIELD RESULTS 
Old Phase
Reconaissance-scale mapping of the internal structure of 
the batholith has led to several discoveries, all of which 
affect interpretations of the evolution of the batholith. 
The results to date can be summarized as follows: l) the 
"old phase" of the Round Lake batholith can be subdi 
vided on a mesoscopic petrological and field-relations 
basis into at least four distinct, extensive and mappable 
phases, all of which are characterized by deformation 
fabrics; 2) xenoliths of older phases in younger phases 
show strong fabrics, indicating that the strain history of 
the batholith units is complex and long lived; 3) the 
disposition of older phases is not purely concentric, as 
would be the case with simple balloon-style diapirism 
(cf. Ramsay 1989) but instead have irregular outlines; 4) 
tiie contact between the batholith and supracrustal rocks 
is a composite of several distinct contact styles, with 
changes in character corresponding to changes in the 
adjacent phase within the batholith.

The newly mapped phases are shown in Figure 
399.2. They include a hornblende + biotite tonalite 
domain exposed on north-central and south central 
margins of the batholith, biotite-leucotonalite found 
within the north-central part, an ovoid microcline- 
megacrystic biotite-granodiorite domain comprising the 
eastern exent of the batholith, and a homblende-grano- 
diorite domain in the southwest, in an area largely 
obscured by Huronian cover.

HORNBLENDE-BIOTITE-TONALITE 
PHASE
The hornblende-biotite tonalite is grey to dark grey in 
hand sample, coarse grained, with 15 to 25Vo mafic 
minerals. Hornblende contents range from O to 1096, 
and trace, interstitial alkali feldspar was recognized 
following feldspar staining in the lab. This phase has a 
strong mineral foliation, moderate mineral lineation, and 
locally contains strained xenoliths of biotite leuco tonalite. 
Panels of amphibolite, varying between essentially 
unstrained and completely dissected, are found locally
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near the batholith margin. The long axis of granitoid 
xenoliths as well as the mineral lineation are approxi 
mately subvertical.

BIOTITE-LEUCOTONALITE PHASE
The biotite-leucotonalite is white to pale grey in hand 
sample, fine grained, with minor amounts of biotite 
typically irregularly distributed through the rock. Local 
bands up to l O cm wide are melanocratic, but on average 
the unit is leucocratic. Alkali feldspar as indicated by 
laboratory feldspar staining is rare. The unit does not YOUnQ PhdSG 
outcrop exensively, occurring predominantly as a panel 
intruded by young phase granodiorite in the north cen 
tral section of the batholith. Xenoliths of biotite- 
leucotonalite occur locally in the hornblende * biotite 
tonalite phase which is in turn cut by similar but poorly 
foliated biotite-leucotonalite dikes (Photo 399.1). The 
relative age of the 2 map-scale units is thus unclear at 
present.

HORNBLENDE-GRANODIORITE PHASE
A distinct hornblende-granodiorite body at the south 
western termination of the batholith has been described 
by Lafleur (1986). This unit is located in the area where 
previous authors (Lawton 1954) and the current writer 
have observed rocks that in hand sample appear to be 
syenide to syenogranitic. Feldspar staining supports the 
tonalite classification in at least one portion of this unit. 
Further mapping in this area will be carried out in 1992.

The young phase of the Round Lake batholith outcrops 
in 3 stocks, l central to the batholith and 2 at the margin. 
All are characterized by medium grained hornblende- 
granodiorite, quartz-phyric, with up to 207o randomly 
distributed mafic xenoliths throughout. The xenoliths 
are generally fine- to medium-grained amphibolite, and 
show no sign of reaction with the granodiorite.

Photo 399.1. Xenoliths of biotite leucotonalite in homblende-biotile 
tonalite. Card in centre of view is approximately 9 by 4 cm. West of Hough 
Lake, in the east central portion of the field area.

BIOTITE-GRANODIORITE PHASE
A large ovoid biotite-granodiorite body occupies the 
eastern termination of the Round Lake batholith (see 
Figure 399.2). It is generally medium to coarse grained, 
contains alkali feldspar megacrysts up to 3 cm in diam 
eter scattered throughout, and is cut by biotite- 
leucotonalite dikes and quartz-feldspar pegmatite dikes. 
Pegmatite is found predominantly towards the northern 
end of the phase. The granodiorite phase is observed in 
contact with the hornblende-biotite tonalite phase south 
of Tarzwell, and the contact is relatively unstrained. The 
westward termination of the body was not observed due 
to poor exposure.

The largest stock, the Indian Chutes Stock (Lafleur 
1986) occupies the central portion of the batholith (see 
Figure 399.2). The contact between this phase and the 
biotite-leucotonalite panel to the north has been ob 
served, and is consistent with an intrusive relation be 
tween the young phase and the older phases of the 
batholith. Finger-sized dikes intrude the leucotonalite 
along foliation planes, and sloped blocks of the 
leucotonalite are visible near the margin, within the main 
body of the stock.

The Crooked Creek stock to the north (see Figure 
399.2) is intruded outside of the batholith itself, cutting 
rocks equivalent to the Pacaud structural complex south- 
west of Kenogami Lake. Dikes from this body cross the 
margin of the old-phase portion of the batholith and the 
Pacaud structural complex with no sign of ductile strain. 
Undeformed young phase dikes cut ultramylonitic horn 
blende-biotite tonalite.

The Hope Lake Stock (Lafleur 1986), east of Elk 
Lake, Ontario, also intrudes near the margin of the old- 
phase of the batholith. Lafleur (1986) observed that the 
intrusion of this stock has reoriented volcanic rocks in 
the immediate area. The Hope Lake Stock will be exam 
ined during the summer of 1992.

Foliation Trajectories
Foliations within the older phases of the batholith gener 
ally mirror the geometry of the phases themselves. Folia 
tions within the hornblende-biotite tonalite and biotite- 
leucotonalite domains are concordant to the margins of 
the batholith, well developed, and commonly accompa 
nied by subvertical stretching lineations. Where ob 
served, xenoliths are elongate subvertically, parallel to 
the lineation. Foliations within the hornblende-biotite 
tonalite unit are deflected and overprinted by a second 
foliation at the eastern end of the batholith, near the 
contact with the ovoid biotite-granodiorite diapir that
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comprises the eastern termination of the batholith. To 
the north, foliation trajectories within the hornblende- 
biotite tonalite follow the contact between the batholith 
phases, and are overprinted at the batholith margin by a 
narrow zone of strong margin-parallel shear. The biotite- 
granodiorite thus clearly postdates the hornblende-bi- 
otite tonalite phase, and at least some motion on the 
batholith margin shear zone postdates the emplacement 
of the biotite-granodiorite diapir into the hornblende- 
biotite tonalite.

Foliations within the biotite-granodiorite domain 
reflect the geometry of this phase, with very strong 
flattening foliations and subvertical stretching lineations 
at the batholith-supracrustal rock contact and a weak 
east-west foliation within the core of the domain. Xeno- 
liths were not observed in this phase.

Within the hornblende granodiorite phase of the 
batholith, foliations where observed are east trending 
and steep. There is no clear relationship between geom 
etry of these young stocks and presence of a foliation 
within them.

Character of the Northeast Margin 
of the Batholith
Although detailed mapping of segments of the margin of 
the batholith will be carried out in 1992, a preliminary 
examination of the exposed margin between Round Lake 
and Boston Creek was made during the 1991 field 
season.
The principal observations were: l) the dominant strain 
recorded in batholithic rocks at the northeast margin is 
of pure shear; 2) the dominant stain recorded in the 
Pacaud structural complex appears to be simple shear, 
the mafic mylonitic fabric was folded during latest 
diapirism suggesting predominantly batholith-up move 
ment (Photo 399.2); and 3) significant changes in con 
tact style occur along the batholith margin, and these 
correlate with the individual phases found at the margin.

The microcline-megacrystic biotite-granodiorite 
phase of the Round Lake batholith exposed in the vicinity 
of Boston Creek is strongly banded, with alternating 
leucocratic and mesocratic seams concordant to the 
margin. Grain-size reduction to a fine-grained quartz- 
biotite groundmass with feldspar augen occurs in some 
layers, but more commonly quartz is lensoid and to 
gether with biotite defines a strong subvertical stretching 
lineation. Asymmetric mineral fabrics are rare, and rarely 
give an unambiguous sense of shear on the macroscopic 
scale, suggesting that the dominant strain mode at this 
location is pure shear. This is consistent with recent 
models by Cruden (1988) which indicate that overall 
flattening strains occur adjacent to isolated diapirs.

The Pacaud structural complex at the batholith 
margin is characterized by a strong mylonitic foliation, 
and subvertical alignment of metamorphic minerals (W. 
Powell, Queen's University, personal communication,

1991). Primary volcanic textures are not recognizable 
within several hundred meters of the batholith, and those 
found to the northeast show profound vertical elonga 
tion and flattening parallel to the marign of the baothlith. 
Defamation appears to have been started by the nucle 
ation and growth of mafic mylonite zones which, near the 
batholith margin, coalesce into a continuous mylonite 
zone. The early flattening and shear fabric is locally 
folded, with most folds indicating batholith-up motion 
(Jackson and Harrap 1989). A narrow zone within 50 m 
of the margin contains rare batholith-down verging 
folds. The significance of these is still uncertain.

Sections of the batholith-supracrustal rock contact 
on the east and north sides of the batholith were exam 
ined briefly. On the eastern margin, east of Krugerdorf, 
2 granitoid phases are strongly sheared and folded, with 
the vergence of the folds suggesting batholith-up move 
ment. On the north margin, south of Round Lake, the 
character of the margin changes rapidly, coincident with 
the boundary between microcline-megacrystic biotite- 
granodiorite and the older homblende-biotite tonalite 
phases within the batholith. The contact between the 
hornblende-biotite tonalite and the supracrustal rocks is 
complex. Here 0.5 by 5 m xenolithic panels of intesely 
sheared, amphibolite-grade mafic metavolcanics oblique 
to the margin are abruptly truncated by a narrow, batho- 
lith-margin-parallel shear zone. The contact is intruded 
by both young-phase hornblende-granodiorite and syen 
ite dikes associated with the Otto Stock immediately to 
the northwest (Photo 399.3). This is in strong contrast to 
the margin at Boston Creek, where intense margin- 
parallel strain is found as much as 500 m into the 
batholith, and late dikes of granitoid rocks are rare.

AGE OF PHASES WITHIN THE 
ROUND LAKE BATHOLITH
As discussed, 2 U-Pb zircon ages have been determined 
for rocks within the Round Lake batholith. The younger 
of the ages, 2696.9 Ma for the Indian Chutes Stock (J.K. 
Mortensen, Geological Survey of Canada, personal com 
munication, 1990), is relatively clear. However, the 
older age is from a sample collected on the Trans-Canada 
Highway south of Tarzwell, at or near the contact 
between biotite granodiorite and hornblende-biotite 
tonalite phases of the batholith. The calculated error of 
this sample's age is unusually high, and optical examina 
tion of the zircons studied showed a wide variety of 
colours and morphology of grains (J.K. Mortensen, Geo 
logical Survey of Canada, personal communication, 
1990). The question of the age of older phases of the 
Round Lake batholith is thus open; the hornblende- 
biotite tonalite and biotite-leucotonalite phases, at the 
least, may be much older than the Indian Chutes Stock.

If the older phases of the Round Lake batholith are 
older than any of the supracrustal rocks that the final 
emplacement of the batholith reoriented, then these 
phases are candidates for structural basement to the 
Abitibi greenstone belt (Jackson and Fyon 1991), and

43



Grant 399

Photo 399.2. Folds in mafic mylonite of the Pacaud structural complex, 
southwest of Kenogami Lake. Card in centre of view is approximately 9 by 
4cm.

strain recorded at the batholith-supracrustal rock con 
tact may record translation of the batholith (Jackson and 
Sutcliffe 1990) across this basement as well as deforma 
tion associated with the emplacement of the batholith 
into its present position.

A major focus of ongoing mapping within the batho 
lith will thus be the location and detailed mapping of key 
sites for further U-Pb zircon geochronology, in order to 
constrain both the relationship between the batholith 
and supracrustal rocks, and models of the tectonic 
evolution of the Abitibi greenstone belt.

GEOPHYSICAL SIGNATURE
Gupta and Grant (1985) examined the gravity field in an 
area between Round Lake and Sudbury. On a regional 
scale, they predict the presence of a major granitoid body 
south of the Round Lake batholith, in an area almost 
entirely obscured by Huronian cover (Figure 399.3). 
Detailed modelling of the gravity field in the Kirkland 
Lake-Matachewan-Gowganda-Englehart area was car 
ried out to examine the internal structure of the batho 
lith. A simplification of their results is shown in Figure 
399.3, with the geology of this project superimposed.

A large area of relatively less-dense rocks is pre 
dicted on the basis of the modelling done (Gupta and 
Grant 1985), south of the Otto Stock. The eastern 
portion of this domain roughly corresponds, as shown on 
Figure 399.3, with the mapped biotite-granodiorite phase 
of the batholith, while the western extent of this domain 
corresponds to the eastern portion of the Indian Chutes 
Stock. A second low-gravity anomaly to the west corre 
sponds to an as-yet unmapped portion of the batholith 
southeast of Matachewan.

Photo 399 J. Late granitoid dikes transecting mafic mylonite of the 
Pacaud structural complex, east of Tarzwell. Card in centre of view is 
approximately 9 by 4 cm.

A profile across the eastern end of the batholith was 
calculated from the apparent density grid, and indicated 
that the main body of the batholith extends to approxi 
mately 5 km depth while the low-density body is funnel 
shaped, narrowing at depth, and extending to approxi 
mately l O km depth (Gupta and Grant 1985). A gravity 
profile along the LITHOPROBE seismic reflection line 
crossing the batholith margin north of Englehart demon 
strated that the transition in gravity values at the bound 
ary of the batholith is abrupt, indicating a steep contact 
(Antonuk and Mareschal 1991). Jackson et al. (1991) 
have argued that reflections seen on the LITHOPROBE 
transect alternatively represent late faults oblique to the 
seismic line or the batholith margin, dipping 60* inwards 
at the contact and shallowing at depth. This is consistent 
with the profile by Gupta and Grant (1985) in that it 
implies that the current erosional level is near the base of 
the batholith, but contradicts the LITHOPROBE gravity 
results that predict a very steep margin. Further work is 
clearly needed.

Work in progress will re-examine the gravity data 
set, constrained by the improved field data-base, using 
three dimensional gravity modelling software developed 
at the Geological Survey of Canada (Broome 1988). 
Reconaissance mapping will examine outcrops associ 
ated with the major granitoid body predicted to lie south 
of the Round Lake batholith.

CONCLUSIONS
Results to date from mapping of the Round Lake batho 
lith, its margin, and enveloping supracrustal rocks may 
be summarized as follows: 1) the batholith is polyphase, 
with 4 of the 5 distinct, mappable and regionally exten 
sive phases showing significant deformation and strained
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Figure 3993. Boundaries of select granitoid bodies overlayed on apparent density map of Gupta and Grant (1985). Note that the low-density body 
predicted by Gupta and Grant (1985) appears to be a composite of the biotite granodiorite and hornblende granodiorite bodies shown on Figure 399.2. 
Density on apparent-density units in gm/cm3.

contact relationships, and the fifth intruding both the 
older phases and supracrustal; 2) the eastern termina 
tion comprises l phase, with flattening strain evident 
at all contacts. This phase is consistent with gravity 
survey results that predict a less-dense core to the 
eastern termination of the batholith; 3) contact styles 
between the batholith and supracrustal reflect the 
specific phase of the batholith present. The possibility 
that some of the strain seen at the contact represents 
a sole thrust on which the southern Abitibi greenstone 
belt was translated over crystalline basement, repre 
sented by the older phases of the batholith, cannot be

ruled out; and 4) the age of older phases of the batholith 
is unclear, and so the age relationship between the 
batholith and surrounding supracrustal rocks of the 
Abitibi supergroup is uncertain.

Work in progress will detail contact relationships on 
all observable margins of the batholith, document petro- 
logical and structural features visable in thin section, 
attempt to identify key sites for U-Pb zircon geochronol 
ogy, and attempt to constrain three dimensional gravity 
models of the batholith with the newly acquired geologi 
cal dataset.
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Numerous ore shoots occur along the rim of the North Range of the Sudbury Structure between 
Hardy and Longvack mines. These consist of: sulphides disseminated within Sublayer norite 
(Hangingwall ore); disseminated and stringer sulphides within Footwall Breccia (Breccia ore); 
massive veins within tonalite gneiss and Sudbury Breccia cutting this gneiss (Footwall ore); and 
veins of massive chalcopyrite 200 to 500 m beneath the basal contact of the Sudbury Igneous 
Complex (SIC).

Sampling has been undertaken at all accessible locations from the McCreedy West and 
Onaping deposits in the west, to Strathcona in the east. Data available so far indicate that the ore 
shoots show a strong compositional zoning, both within themselves and from one shoot to 
another on progressing from the SIC into the footwall. The Onaping deposit in the east is 
characterized by ore in the Sublayer norite with very low Cu/fCu+Ni) and R+Pd/fRu+lr+Os) ratios 
(0.05 and 1.5 respectively) and very high rhodium (Rh) content (greater than 1000 ppb). In each 
case, the sample site closer to the contact has slightly higher values of the ratios and distinctly 
lower Rh content than that farther into the Sublayer norite. Mineralization in Sublayer norite at 
Fraser and Strathcona mines in the east has higher values of the ratios (Cu7(Cu*Ni) - 0.104 and 
0.107, respectively; Pt+Pd/fRu+lr+Os) - 6.4 and 2.2, respectively); and low Rh (263 and 60 ppb, 
respectively). Ore in Footwall Breccia located immediately adjacent to the basal contact of the 
Sublayer between Hardy and Longvack mines has higher values of the Cu/fCu+Ni) and (Pt+Pd)/ 
(Ru+lr+Os) ratios (0.080 to 0.26 and 6.0 to 9.0, respectively) and lower Rh (145 to 75 ppb) and 
shows very marked zoning with the ratios rising and Rh content decreasing sharply away from 
the contact. Ore shoots 50 to 150 m from the contact have Cu/fCu+Ni) - 0.10 to 0.35, (Pt+Pd)/ 
(Ru+lr+Os) -12 to 100 and Rh - 50 to 10 ppb, but relatively little zoning across the 10 to 20 m 
widths of the shoots.

The changes in Cu/fCu+Ni) and (Pt+PdyfRu+lr+Os) ratio and Rh content of the ore is 
attributed to crystallization of monosulphide solid solution (mss) from a sulphide liquid, with the 
mss remaining at the site of crystallization, and the fractionated residual liquid penetrating 
progressively farther into the footwall. At Strathcona Mine, this process reaches its apogee in the 
chalcopyrite-rich veins of the Copper Zone and Deep Copper Zone.

Modelling of the fractional crystallization of sulphide liquids, particularly the variation of 
rhodium, iridium and gold with copper, enable one to distinguish ores rich in cumulus mss and 
depleted in sulphide liquid from those rich in sulphide liquid. The contact ore at Strathcona Mine 
is identified as particularly depleted in fractionated, copper-, platinum-, palladium- and gold-rich 
fractionated sulphide liquid. This correlates with the high concentrations of these metals in the 
ore zones deep in the footwall at Strathcona Mine, tt is suggested that such zones are particularly 
likely to occur where the contact ore bodies are sulphide-liquid depleted.

INTRODUCTION The contact South Range deposits are generally
zoned from massive sulphide, which rests directly on

Ore deposits of the Sudbury Structure can be regarded as footwall (country) rocks and contains inclusions ranging 
belonging to l of 4 categories (Naldrett 1989): contact from gabbro to peridotite as well as country rock, to 
South Range deposits, contact North Range deposits, disseminated sulphide in Sublayer norite on the hanging- 
Offset deposits and a miscellaneous group. wall side.
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Figure 401.1. Geological map of the Sudbury district showing the location of the main ore deposits. (Drawn after Pye el al. 1984)

In typical contact North Range deposits, the sulphides 
occur primarily in brecciated country rocks (breccia ore) - 
at the base of the Sudbury Igneous Complex (SIC) and as 
massive lenses occupying fractures beneath the breccia 
ore (referred to as footwall ore). An extensive zone of 
Sublayer carrying disseminated sulphide, which may or 
may not be of ore grade, overlies the breccia and footwall 
ore (referred to as hanging-wall mineralization). Very 
massive, copper-rich veins occur in fracture zone several 
hundred metres into the footwall beneath contact depos 
its.

The Offset deposits occur in dike-like offshoots of 
Sublayer norite mat extend several kilometres away from 
the SIC into the country rocks. In the Falconbridge 
deposit, which falls into the miscellaneous group, much 
of the ore is emplaced within a fault zone coinciding with 
the southern contact of the Sudbury Igneous Complex.

Systematic study of the composition of the Sudbury 
ores commenced with that of Hoffman et al. (1979) on 
the McCreedy West deposit (contact North Range) and 
Little Stobie No. l and No.2 deposits (contact South 
Range), and continued with Naldrett et al.'s (1982) data 
on the Strathcona (contact North Range) and 
Falconbridge deposits (Figure 401. l). Coats and Snajdr 
(1984) presented data on variation on metal ratios in

contact deposits at a number of locations on the heavily 
mineralized section of the North Range of the structure 
between Hardy and Longvack mines. Recently, Li et al 
(in press) have reported on compositional variation in 
the "Deep Copper Zone" which lies 500 m into the 
footwall beneath the Strathcona deposit.

The work undertaken to date has indicated (Naldrett 
1989) that contact deposits along the North Range are 
very strongly zoned perpendicular to the contact of the 
Sudbury Igneous Complex, with the Ni, Cu, Pt, Pd and 
Au content of massive sulphides increasing and the Rh, 
Ru, Ir and Os content decreasing from hanging wall to 
footwall. Coats and Snajdr (1984) point out that the 
average Ni, Cu, Co, Au and PGE tenor in sulphides of 
deposits between Hardy and Longvack mines is low at 
the margins and high near the centre of this zone.

The objective of the research funded under this 
program has been to obtain an overview of how base and 
noble metal concentrations in sulphides vary along this 
section of the North Range, how early observations as to 
variation from hanging wall to footwall are supported by 
the new data, and the bearing that these compositional 
changes may have on the possible presence or absence of 
copper-rich orebodies deep in the footwall beneath con 
tact deposits.

48



A/. NALDRETT and A. PESSARAN

SAMPLING
Sampling has been undertaken at all accessible locations 
along the zone of interest. Where possible each ore type 
(Hangingwall, Breccia and Footwall) was sampled at a 
given locality, although all 3 ore types were either not 
present or accessible at most localities. Six samples were 
taken from each site so that information on a given site 
has statistical validity. The sample locations are shown 
projected to the plane of the contact of the Sudbury 
Igneous Comples in Figure 401.2.

Data on North Range deposits are also available to 
us from the studies of Hoffman et al. (1979) at the 
McCreedy West deposit, Naldrett et al. (1982) at the 
Strathcona deposit, and Li et al. (in press) on the 
"Copper" and "Deep Copper" zones of die Strathcona 
deposit.

Fractionation of a magmatic sulphide liquid is be 
lieved to occur as a result of the crystallization of 
monosulphide solid solution (mss) and the expulsion (by 
gravitational settling or filter pressing) of the residual, 
fractionated sulphide liquid away from the early crystal 
lizing sulphide phase (Distler et al. 1977; Naldrett et al. 
1982). At Sudbury, it is believed that this process has 
occurred with the liquid moving farther into the foot 
wall. Our sampling was designed, in part, to see if this 
phenomenon has occurred, thus at each locality in the 
plane of the contact, groups of samples were collected at 
one or two sites so that the main difference in the position 
of these sites was how close or how far they lay from the 
contact of the Sublayer with the country rocks of the SIC.

ANALYTICAL METHODS
Sulphur, nickel and copper contents were determined by 
INCO Technical Services using standard Leco induction 
(in the case of sulphur) and atomic absorption tech 
niques. The platinum-group elements and gold were 
determined by instrumental neutron activation after a 20 
g nickel bead fire assay pre-concentration followed by 
acid leach according to the method described by Hoffman 
et al. (1979). Irradiation was performed af the nuclear 
reactor based at McMaster University. Counting for 
rhodium (Rh) and palladium (Pd) took place at McMaster, 
and counting after a 7 to l O day delay was undertaken in 
the Department of Geology, University of Toronto, for 
platinum (Pt), ruthenium (Ru), iridium (Ir), osmium 
(Os) and gold (Au).

RESULTS
Nickel, Cu, Co, S, PGE and Au analyses have been 
completed in duplicate on 124 samples from the Craig, 
Onaping and Fraser mines (Figure 401.2). Table 401. l 
gives the recalculation of raw data to metal content in 
100*26 sulphide assuming that the mineralogy is chal 
copyrite, pentlandite [(Fe^NL,.?^] and monoclinic pyr 
rhotite together with the factor used in recalculation, for

all samples at each sample site, together with the average 
for each site.

Chondrite normalized diagrams for each locality 
that was sampled are shown in Figures 401.3 to 401.5, 
with the averages of the groups of samples representing 
different sites, closer to and farther from the contact, 
shown separately.

Hie (Pt+PdVCRu+Ir+Os) ratio is a measure of the 
degree to which the sulphide liquid giving rise to a 
sample of ore has fractionated. The lowest values of this 
ratio are observed in our samples from Onaping Mine, 
Sites B and C (see Figures 401.3A and 401.B). Here, 
samples collected 5 m into the Sublayer had (Pt+Pd)/ 
(Ru+Ir+Os) ratios of 0.17 and 0.20, respectively, while 
those collected directly at the contact had ratios of 4.3 
and 1.26, respectively. The unusual aspect of these 
Onaping Mine samples is their extremely high Rh con 
tents; the average Rh values for sites B and C within the 
Sublayer are 1467 and 1259 ppb, respectively, and for 
those at the contact are 318 and 517 ppb, respectively. 
This accounts for the irregular shape of the profiles in 
Figures 401.3A and 401.3B and are the first reported 
occurrence of such high values to our knowledge.

Onaping Mine samples from Site A (see Figure 
401.3C) also show variation from hanging wall to foot 
wall, with those hosted by Footwall Breccia directly at 
the contact with the Sublayer having a (Pt+Pd)/ 
(Ru+Ir+Os) ratio of 4.3 and those 9 m from the contact 
having a value of 7.5. In these cases, the Rh is very much 
lower, averaging 175 ppb directly at the contact and 122 
ppb away from it.

Samples from the 5 localities of the contact sampled 
at the Craig Mine display relatively little hanging wall to 
footwall variation. At the No.9 Main Zone (E2), which 
consists of ore in Footwall Breccia close to the contact, 
the group of samples from the immediate footwall con 
tact has a (Pt+PdWRu+Ir+Os) ratio of 89 and a Rh 
content of 79 ppb, while that 6 m farther into the footwall 
has a (Pt+PdJARu+Ir+Os) ratio of 98 and a Rh content 
of 69 ppb (see Figure 401.4A, sites 2 and l, respectively); 
these differences cannot be regarded as significant. At 
the No.9 West Zone (E l), close to but separate from the 
No.9 Main Zone (E2), samples at the contact with the 
Sublayer have a (Pt+PdVfRu+Ir+Os) ratio of 2.7 and Rh 
content of 150 ppb, in comparison with a ratio of 8 and 
a Rh value of 60 ppb for those 10m farther from the 
Sublayer (see Figure 401.43, sites 2 and l, respectively). 
Toward the western end of the Craig No. l zone, which 
is 110 to 120 m into the footwall from the SIC, the group 
of samples from the hanging-wall side of this zone at this 
locality (about 108 m from the contact) have a (Pt+Pd)/ 
(Ru+Ir+Os) ratio of 9 and those on the footwall side 
(about 116m from the contact) 14; Rh at these two 
localities averages 29 and 16 ppb, respectively (see 
Figure 401.4C, sites 2 and l, respectively). This zone 
changes parallel to the contact, and toward its eastern 
end samples closer to the hanging wall (118m from 
contact) have a (Pt+PdJARu+Ir+Os) ratio of 81 and on
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Table 401.1. Metal content in 1000Xo sulphides (in ppb).

Sample no.
Locality A

3001
3002
3003
3004
3005
3006
Avg.

Locality A
3007
3008
3009
3010
3011
3012
Avg.

Locality B
3013
3014
3015
3016
3018
Avg.

Locality B
3019
3020
3021
3022
3023
3024
Avg.

Locality C
3025
3026
3027
3028
3029
3030
Avg.

Locality C
3031
3032
3033
3034
3035
3036
3037
Avg.

Ni
(Site 1)

7.93
9.99
8.08
8.44
5.18
7.41
7.84

(Site 2)
6.22
8.52
7.73
8.20
6.55
7.93
7.53

(Site 1)
4.68
5.14
5.25
5.15
5.16
5.08

(Site 2)
7.08
5.62
5.69
5.69
5.26
4.98
5.72

(Site 1)
5.10
5.11
5.62
5.34
4.31
5.77
5.21

(Site 2)
6.36
5.43
4.76
5.34
4.45
5.03
6.75
5.29

Os

1
1
1
4
10
2
3

11
15
8
2
0
6
7

122
130
55
115
133
111

1
15
20
21
26
18
17

75
109
150
108
128
78
108

25
18
39
57
44
26
2

31

Ir

0.3
3.9
1.3

15.2
42.2
0.5

10.6

54.0
45.4
27.3
9.3
4.8
1.4

23.7

319.4
327.7
132.5
333.1
316.2
285.8

6.5
37.3
62.1
66.8
88.2
61.1
53.7

210.0
311.4
378.5
294.6
343.4
201.8
290.0

68.2
62.7
85.2

135.4
171.1
107.9

4.2
94.4

Ru

24
4
3
0

172
0

34

84
44
24
3

42
0

33

500
414
178
306
454
371

2
122
250
100
93
54
103

243
353
572
564
349
229
385

81
52
75

226
164
59
20
100

Rh

3
4
7

272
437
10

122

633
20
292
47
31
26
175

2036
1647
1020
1512
1125
1468

40
292
279
345
594
355
318

833
1080
1278
1624
1674
1066
1259

278
342
673
634
733
686
33
517

R

169
74

251
89
177
64
137

104
78
46
69

490
285
179

5
132
25
103
112
75

146
232

2018
368
677
307
624

62
40
17

131
86
54
65

50
63
184
211
54

631
123
211

Pb

480
162
205
228
99
133
218

68
88
66
47

631
100
167

51
91
42
63
32
56

124
101
151
84
142
86

115

101
55
73

180
60
70
90

85
38
21
98
96
49
128
72

Au

11.1
6.0

15.9
14.6
11.0
10.7
11.5

29.2
15.5
6.8

30.8
27.2
45.6
25.9

27.8
16.6
9.2
8.8

19.2
16.3

10.0
15.0
51.4
10.4
63.7
23.1
28.9

32.0
6.9
2.8

44.6
20.5
2.2

18.2

0.2
6.5

19.7
12.3
22.7
33.1
18.5
18.8

Cu

0.47
0.35
1.48
0.87
0.41
0.87
0.74

1.21
0.89
1.49
0.16
0.04
0.14
0.66

0.12
0.27
0.04
0.04
0.06
0.11

1.36
0.41
0.29
0.06
0.10
0.39
0.44

0.76
0.11
0.09
0.62
0.08
0.18
0.31

0.05
0.21
0.06
0.39
0.44
0.83
0.40
0.39
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Table 401.1

Sample no.
Locality D,

fc08
fc09
fdO
fc11
fc12
fei 3
fc14
Avg.

Locality D,
fc01
fc02
fc03
fc04
fcOS
fc06
Avg.

Locality D2
bc02
bc03
bc04
bc05
bc06
Avg.

Locality D2
bc08
bc09
bc10
bc11
bc12
bc 13
Avg.

Locality E,
bs11
bs12
bs13
bs14
Avg.

Locality E,
bs01
bs02
bs03
bs04
bs05
bs06
Avg.

. (continued)

Ni
(Site 1)

7.58
7.87
7.27
7.27
7.17
7.18
7.12
7.35

(Site 2)
7.18
7.09
7.30
6.82
7.13
6.98
7.08

(Site 1)
4.51
7.20
7.00
6.09
6.80
6.32

(Site 2)
6.70
6.93
5.26
6.52
7.09
7.12
6.60

(Site 1)
7.17
6.98
6.41
7.20
6.94

(Site 2)
6.92
6.97
6.93
6.66
6.99
6.28
6.79

-

Os

2
2
1
3
1
2
1
2

2
0
3
1
1
0
1

2
4
3
3
4
3

4
2
6
1
3
4
4

19
11
15
7

13

2
2
3
4
2

10
4

Ir

6.4
4.8
3.3
6.4
4.2
5.3
4.7
5.0

2.8
2.2
3.5
3.5
1.1
1.5
2.4

1.4
3.0
1.2
4.9
2.5
2.6

2.4
1.9
0.6
0.5
1.4
0.2
1.2

39.0
30.7
37.0
25.1
32.9

6.3
5.1
3.8
9.2
4.5

26.4
9.2

Ru

26
22
23
41
13
45

6
25

22
17
15

133
12
22
37

3
0
0

15
68
17

3
0
0

58
30
53
24

42
50
44
29
41

18
15
23
65
12
31
27

Rh

40
19
15
37
32
47
15
29

9
3

12
29
22
19
16

7
16
5

24
5

11

11
17
5

11
22
4

12

174
122
177
128
150

29
69
56
21
48

135
60

R

111
81

145
136
153
195
216
148

211
103

9
154
251
301
171

732
1087
598

1024
1641
1016

1165
1224
1159
1206
1477
1192
1237

89
52

211
116
117

115
132
108
242
105
127
138

Pb

107
115
113
150
129
159
116
127

781
191
137
304
639
401
409

1052
1182
386

1091
358
814

1924
2080
1312
1694
1498
1577
1681

87
107
155
113
116

190
231
226
143
124
184
183

Au

4.3
2.2
5.7
4.9
6.8
3.7

14.5
6.0

3.3
11.5
12.8
38.4
10.8
19.0
16.0

19.4
38.3

7.6
14.9
18.7
19.8

27.9
36.9
53.2
18.3
12.1
9.4

26.3

3.4
5.2
3.6
6.8
4.8

4.3
3.1

12.3
9.2
2.2
4.4
5.9

Cu

0.29
0.78
0.71
0.72
0.95
0.55
0.76
0.68

1.01
1.20
1.22
1.43
0.69
0.98
1.09

1.27
1.91
0.89
6.48
2.55
2.62

4.68
4.12
7.91
2.50
2.08
1.13
3.74

0.06
0.14
0.05
0.49
0.19

0.61
0.13
0.47
0.53
0.13
0.75
0.44
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Table 401.1. (continued).

Sample no.
Locality E2

9b07
9b08
9609
9b10
9611
9b12
Avg.

Ni
(Site 1)

6.74
6.90
7.74
7.32
6.45
6.09
6.87

Os

5
8
0
0
4
3
3

Ir

11.4
11.1
4.5

53.6
7.9
7.2

15.9

Ru

30
14
9

60
26
19
26

Rh

75
73
78

130
47
68
79

R

1701
1739
2373
2330
2012

815
1828

Pb

2924
2815

863
2915
1833
1736
2181

AU

111.6
80.9
69.6
73.3
91.0

956.3
230.5

Cu

1.76
3.30
0.57
2.68
1.97
4.17
2.41

Locality E, (Site 2)
9b01
9b02
9b03
9504
9b05
9606
Avg.

Locality F
6b01
6b02
6b03
6b04
6b05
6506
Avg.

Locality F
6508
6610
6612
6613
Avg.

Locality G,
5f01
5102
5f03
5f04
Avg.

Locality G,
5107
5f08
5f09
5f10
Avg.

Locality G2
3f12
3113
3f14
Avg.

5.86
8.35
7.33
5.80
7.34
7.86
7.09

(Site 1)
7.24
5.34
8.35
7.57
6.79
7.31
7.10

(Site 2)
5.81
7.88
4.53
7.56
6.45

(Site 1)
6.02
5.86
5.69
5.01
5.65

(Site 2)
5.91
7.79
7.64
7.41
7.19

(Site 1)
5.16
5.35
5.68
5.40

7
2
5
3
4
5
4

8
11
28
17
7
2

12

15
4
3
4
7

21
37
32
36
32

43
28
33
66
42

36
12
20
23

14.3
3.1

11.0
1.7

11.2
16.8
9.7

22.0
34.7
62.3
43.3
15.1
2.6

30.0

33.9
7.1
5.4
8.2

13.6

85.0
107.3
123.9
110.8
106.8

112.3
70.4
76.7

150.1
102.4

105.2
25.3
47.9
59.5

21
15
11
32
10
9

16

23
52
99
41
23
42
47

37
12
15
11
19

115
114
86
66
95

172
56
122
198
137

120
43
68
77

115
153
226
247
104
49
149

135
39
22
29
56

213
228
235
572
312

272
189
225
181
217

174
122
171
156

639
553
326
731
481
1056
631

516
956
864

1903
1060

890
725
594
420
657

1260
1545
479
935
1055

344
660
797
600

1094
228
351
356
444
617
515

708
571
838
1345
865

1397
1360
623
457
959

1160
712
258
210
585

1135
773
852
920

35.3
42.7
3.2
8.4

15.8
11.8
19.6

28.4
80.6
14.6
49.8
43.3

29.6
31.9
41.0
13.9
29.1

78.1
22.9
9.4

14.8
31.3

26.2
17.8
31.5
25.2

2.58
0.40
0.04
0.24
1.42
0.10
0.80

0.25
0.69
0.30
1.14
0.60

0.47
0.36
0.80
2.61
1.06

1.08
0.15
0.24
0.02
0.37

2.65
1.76
0.85
1.75
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Table 401. l. (continued)

Sample no.
Locality G2

3f15
3f17
3f18
3f19
3f20
Avg.

Ni
(Site 2)

6.24
3.92
6.78
7.27
6.14
6.07

OS

4
4
2
1

193
40

Ir

9.8
8.0
5.9
2.3

423.3
89.9

Ru

14
5

20
157
561
151

Rh

30
43
23
35

33

R

403
417

4.95
401
265
396

Pb

816
606
544
859
348
635

Au

71.3
34.9

9.8
2.5

12.9
26.3

Cu

1.00
0.39
0.46
0.04
0.54
0.47
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Figure 401 J. Chondrite-noimalized diagrams of average PGE+Au contents of 100* sulphides at Onaping Mine: A) sampling locality B, B) sampling 
locality C, and C) sampling locality A.
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Figure 401.5. Chondrite-normalized diagrams of average PGE+Au contenU of 1009b sulphides at Fraser Mine: A) sampling locality G,, and B) sampling 
locality Gj.

the footwall side (123 m from contact) 100; here Rh 
values are 11 and 12 ppb, respectively (see Figure 
401.4D, sites l and 2). At the eastern end of the Craig 
deposit, samples from the No.6 body, which lies from 
110 to 180 m from the contact, have a (Pt+Pd)/ 
(Ru+Ir+Os) ratio of 49 and Rh contenf of 149 ppb on the 
hanging wall side (see Figure 401.4E, site l), while those 
a few metres toward the footwall have a (Pt+Pd)/ 
(Ru+Ir+Os) ratio of 13 (see Figure 401.4E). This is a 
reversal of the commonly observed trend of increasing 
ratio away from the contact, although the two groups of 
samples lie far from the contact and are not greatly 
separated in space.

At the Fraser Mine, one pair of groups of samples lies 
100 m within the Sublayer norite. TTie other lies in 
footwall breccia. For the pair within the Sublayer (see 
Figure 401.5A, sites l and 2), the (Pt+PdVfRu+Ir+Os) 
ratio and Rh content for the group farther from the 
contact are 7.2 and 312 ppb, respectively, while for the 
group closer to the contact they are 5.8 and 217 ppb, 
respectively. For the two groups hosted by footwall 
breccia (see Figure 401.5B), that closer to the contact 
(site l) has a (Pt+PdVfRu+Ir+Os) ratio of 9.5 and a Rh 
content of 156 ppb, while that farther into the footwall 
has a (Pt+PdJARu+Ir+Os) ratio of 9.3 and a Rh value of 
33 ppb.

Significant trends displayed by our data are summa 
rized in Table 401.2 and Figures 401.6A and 401.6B. 
Rhodium (Rh) decreases sharply from high values within 
the Sublayer of over 1000 ppb away from the contact and 
300 to 500 ppb adjacent to the contact, to 100 to 300 ppb 
in Footwall Breccia adjacent to the contact. It is present 
at concentrations of l O to 60 ppb in ore zones 100 m or 
more into the footwall from the contact. Within the 
Sublayer, the (Pt+PdVfRu+Ir+Os) ratio increases from 
values around 0.2 away from the contact to between l

and 6 at the contact. Just across the contact, in the 
Footwall Breccia, it has values rising from 2.5 at the 
contact to 8 to l O (and in some cases approaching 100) 
5 to l O m away from the contact. In general, ratios are in 
the range of l O to 100 in zones 100 m and more from the 
contact. Tlie ore in the Sublayer at Fraser Mine ('Ci and 
KJJ) is an exception to this general trend, showing, in 
general, lower values of Rh and higher values of the 
(Pt+PdJARu+Ir+Os) ratio than would be expected in 
view of the location of the samples. The Sublayer contact 
in the vicinity of the Fraser Mine samples is highly 
irregular, with protuberances of Sublayer into Footwall 
Breccia—both groups of our samples came from within 
one of these protuberances. It is possible that cooling 
occurred more rapidly in the vicinity of the irregular 
contact, because of the greater contact area in relation to 
mass of intrusive rock, and that the residual sulphide 
liquid was removed less completely from the early crys 
tallizing monosulphide solid solution, thus leading to 
less extreme fractionation.

COMPARISON OF NORTH AND 
SOUTH RANGE DEPOSITS AND 
IDENTIFICATION OF AREAS 
FAVOURABLE FOR FOOTWALL 
COPPER ZONES
Naldrett et al. (in press) have shown that platinum, 
palladium, gold, iridium and rhodium within different 
groups of ore bodies of the Noril'sk-Talnakh camp show 
a strong variation with copper. Hawley (1965), Keays 
and Crocket (1970), Naldrett et al. (1982) and Li et al. 
(in press) have argued with respect to the Sudbury ores, 
and Genkin et al. (1981) and Distler et al. (1988) with 
respect to the Noril sk area, that much of the variation in
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the concentration of chalcophile metals in magmatic 
sulphide ores is the consequence of the fractional crystal 
lization of a sulphide liquid. In following Genkin et al. 
(1981) and Distler et al. (1988) in attributing the 
chalcophile element variation in the NoriTsk ore to 
fractionation of a sulphide liquid, Naldrett et al. (in 
press) point out that copper is a very useful index of 
fractionation. They show that the compositional varia 
tion can be modelled if the ores are viewed as mixtures 
of different proportions of cumulus monosuphide solid 
solution (mss) and fractionated sulphide liquid, and if 
the partition coefficient, D (^ concentration in sulphide 
melt/concentration in mss), is 0.4, 0. l , 0.001 , 0.3, 3 and 
3 for copper, platinum, gold, palladium, iridium and 
rhodium respectively.

Figures 40 1 .7 to 40 1 . 1 4 are plots of Pt, Rh, Ir, and 
Au versus Cu for some Sudbury ore deposits, with those 
on the North and South Range shown separately. Model 
curves on the figures illustrate variation in the composi 
tion of the sulphide liquid, the cumulus mss and, in some 
cases, 80:20 and 60:40 mixtures of mss plus liquid. In 
modelling the Sudbury data, Naldrett et al.'s (in press) 
preferred values for Dm, W). Dir (s3), Dp, (^O.l) and 
D AU ^O.OOl) have been used. It was found that their 
value for DCu (^0.4) did not account well for variation at 
Sudbury and it was necessary to use a value of 0.1. 
Although no systematic study of partitioning of copper 
between mss and liquid in the copper-nickel-iron-sulphide 
system has been made, it is known from existing liquidus 
studies of the iron-copper-sulphide system (Merwin and 
Lombard 1937; Schlegel and Schiller 1952) that the 
distribution of copper between the sulphide liquid and 
Feo*)S varies with both Cu content of the sulphide liquid 
and the metal: sulphur ratio in the system, and that values 
of 0.1 to 0.4 are approximately those observed. The 
Noril'sk primary sulphide liquids appear to have been 
appreciably richer in Cu (5 to 10 weight Wo) than those 
at Sudbury (2 to 3 weight 96), which may account for the 
difference in the value of DCu that is needed to reproduce 
their compositional evolution of the sulphide liquids at 
the two camps.

A number of points immediately emerge from at 
tempts to model the sulphide compositions shown in 
Figures 401.7 to 401.14.

l . The fact that the Cu content of the sulphide liquid in 
equilibrium with mss increases with decreasing tem 
perature (as indicated by analogy with experimental 
systems) means that

2. The content of Rd and Ir decrease sharply with 
increasing Cu content, which indicates that DM, and 
Djr^ Dcu and therefore that DM, and Dir > l , consis 
tent with the value of 3 used in the modelling.

3. The wide range of Ir and Rh contents shown by 
samples with the same Cu content from the same 
deposit suggests that this is controlled by another 
factor in addition to fractionation. We conclude that

this second factor is the variable proportion of cumu 
lus mss and fractionated sulphide liquid contributing 
to each sample.

4. On the Pt versus Cu diagrams, samples with a high 
proportion of cumulus mss, as interpreted from the 
Rh versus Cu and Ir versus Cu diagrams, plot on the 
same linear trend as those with a lower proportion, 
albeit closer to the origin. This is consistent with our 
conclusion that DCu and DP, are approximately equal. 
Although Pd versus Cu diagrams are not shown, they 
are similar to those for Pt in this respect.

5. Au versus Cu diagrams show that samples rich in 
cumulus mss tend to follow a trend that is poorer in 
Au than that of the fractionating liquid, consistent 
with the conclusion that D AU < DCu.

6. In modelling die sample trends, it has been necessary 
to choose initial (starting) compositions for the 
sulphide liquid. Since there are no samples that can 
be positively identified as cumulate-free liquid, this is 
an arbitrary process, partly dependant on the choice 
of partition coefficients. However, in attempting to 
explain all of our samples by using the same partition 
coefficients, we found that we were forced to call 
upon a different starting composition for the South 
Range deposits to that for those of the North Range. 
These compositions are given in Table 401.3. The 
initial Cu, Pt, Rh, Ir and Au contents are, respectively, 
1.5, 2, 2, 2 and 5 times higher on the South Range 
than on the North.
Hoffman et al. (1979) and Naldrett et al. (1982) 

argued that the liquid responsible for the Strathcona 
deposit contained a lower concentration of Ni, Cu, PGE 
and Au than that responsible for the McCreedy West 
deposit. However, when the nature of the variation of 
metals with fractionation is understood, and the ores are 
interpreted as mixtures of cumulus mss and fractionated 
liquid, it can be seen from Figures 401.7 to 401.14 that 
the concentration of Cu, Pt, Au, Rh and Ir in the initial 
liquid responsible for each deposit was very likely the 
same. This conclusion is not true for nickel. Nickel is 
more difficult to model because experimental data, and 
its variation in natural deposits, indicates that DN^1 for 
liquids low in copper, rising to greater than l (about l .2) 
for liquids rich in copper. Our preliminary estimates are 
that the liquid responsible for all North Range deposits 
other than Strathcona contained about 6 weight 96 Ni 
while that for Strathcona contained about 4 weight 96 Ni.

EXPLORATION SIGNIFICANCE
A primary objective of this study is tp develop methods 
for identifying areas which are particularly favourable 
for hosting copper- and platinum-group-element-rich 
concentrations of the type represented by the "Copper" 
and "Deep Copper" zones in the footwall of the Strathcona 
deposit. Naldrett (1989) and Li et al. (in press) interpret 
these deposits as the result of the extreme fractionation 
of a sulphide liquid. The deposits are thought to consist

58



A.J. NALDRETT and A. PESSARAN

of the copper, platinum, palladium and gold which is not 
present in the ore deposits closer to the contact. It is 
logical, therefore, tp expect these footwall concentra 
tions to be present in areas where the near-contact ore 
bodies are particularly depleted in liquid and enriched in 
cumulus mss, rather than where these lie on the evolu 
tion line of the sulphide liquid.

Looking at the data available at present for the North 
Range, one must conclude that the Onaping, Craig, 
Fraser and Strathcona deposits hanging-wall and breccia 
ores are all highly cumulus-enriched. The McCreedy 
West deposit samples (both breccia and footwall ore) lie 
much closer to the liquid evolution line. The footwall ore 
at Strathcona (Deep Zone, not to be confused with the 
"Deep Copper Zone") is possibly intermediate in its 
mssiliquid ratio. There is a west to east progression in the 
Craig No. l ore zone, from cumulate-rich ore at the west 
end to that richer in liquid at the east end; this could 
possibly represent the direction in which the fractionat 
ing sulphide liquid may have moved and thus may have 
been concentrated.

Turning to the South Range, many Little Stobie Np.2 
deposit samples lie close to the proposed liquid evolution 
line. The Little Stobie No. l deposit samples are richer in 
cumulus mss than those from No. 2, but the Falconbridge

Table 401.2. Variation in Rh and (Pt+PdVCRu+Ir+Os) with dis 
tance from Sublayer-Footwall contact.

Mine Locality Site

ONAPING A 1
2

B 1
2

C 1
2

CRAIG D, 1 
2

Dy 1
2

E, 1 
2

Ej 1
2

F 1
2

FRASER G, 1 
2

GU 1
2

Distance from contact into Rh (ppb) (Pt+Pb) 
Sublayer (-ve) and (Ru+lf+Os) 
Footwall (*ve) in metres \rwtu -i-wa;

*9
0

-5

0
-4
0

* 108 
+116
+118
•f 123

0
4-10

0
+10

+140
4-150

-100 
-70
+S

420

122
175

1467
318
1259
517

29
16
11
12

150 
60
79
69
56
149

312 
217
156
33

7.5
5.4
0.17
4.3
020
1.26

9 
14
81
100
2.7 
80
89
98
13
49

72 
5.8
9.5
9.3

deposit samples stand out in being highly cumulate- 
enriched. It is concluded from this study, as Naldrett et 
al. (1982) concluded, that it is likely that a copper-rich 
footwall orebody was originally present at Falconbridge; 
our analysis indicates that the likelihood is greater at

Falconbridge deposit than at Little Stobie deposit. Much 
of the Falconbridge ore lies within a fault zone marking 
the southern boundary of the SIC, and the displacement 
along this fault is not known. The location of the missing 
Falconbridge ore is thus also unknown. It is possible that 
displacement along the fault was south side-up, in which 
case the ore may have been eroded.

CONCLUSIONS
l .

2.

3.

4.

Our data indicate that there is strong compositional 
variation from hanging wall to footwall across depos 
its of the North Range. The composition of individual 
ore zones tends to reflect their proximity to the basal 
contact of the SIC. Zones within the Sublayer of the 
SIC are rich in rhodium, iridium, ruthenium and 
osmium and poor in coper, platinum, palladium and 
gold, while those in the Footwall Breccia show the 
opposite association of metals.
This compositional variation is best attributed to the 
fractional crystallization of a sulphide melt, with the 
progressive movement of the fractionated liquid into 
the footwall.
Plots of Rh, Ir and Au versus Cu can be used to 
distinguish ore samples in terms of how effectively 
their compositions reflect the separation of fraction 
ated sulphide liquid from cumulus mss.
The Strathcona deposit, with its known concentra 
tions of copper-, platinum-, palladium- and gold-rich 
sulphides 200 to 500 m in the footwall beneath the 
SIC, consists of contact ore which is markedly cumu-
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Figure 401.6. Plot of (A) Rh and (B) (Pt*Pdy(Ru*Ir*Os) redo versus 
position of sample site with respect to the Sublayer-Footwall contact 
Number and letter combinations within the figure represent sample sites and 
localities. For example, K3, indicates samples from site 2, G, locality.
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Table 401.3. Estimated metal contents of primary sulphide liquids.

South Range 
North Range

Cu
(Wt0Xo)

3 
2

R 
(ppb)
1500 
750

Rh 
(PPb)
1000 
600

Ir 
(PPb)
300 
150

Au 
(PPb)
500 
90

late-enriched. It is suggested that the degree to which 
the fractionating sulphide liquid has been removed 
during the crystallization of a contact deposit, Le., 
how enriched the deposit is in cumulus mss, is an 
indication of the possible presence of footwall copper 
ore bodies.
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Sodium metasomatized Huronian sediments in the Espanola-Sudbury-Wanapitei Lake area 
contain a variety of rare earth element (REE) minerals such as hydrothermal monazite, 
bastnaesite, synchysite and gadolinite. The extraordinary light rare earth element (LREE) 
enrichment in rocks from the Sheppard property, up to 1500 times chondr'rtic values, the generally 
elevated REE values in sodium-metasomatized rocks and the common association of bastnaesite 
and synchysite with carbonatites suggests, that the source of the sodium-rich fluids may have 
been deep-seated carbonatite or alkalic intrusions.

The spatial association of gold mineralization with sodium metasomatism and the presence 
of sulphides, chlorite ± carbonate implies that the mineralized rocks probably formed by a 
combination of superimposed processes. Although the fluids that precipitated albite and those 
that precipitated gold may not have been genetically related, the ubiquitous association of gold 
with sodium-altered rocks probably reflects a protracted major tectonic event.

Uranium-lead geochronology of hydrothermal monazite in albitized rocks from two gold 
deposits, the Sheppard property and the Scadding Mine, indicates that sodium metasomatism 
in the Sudbury-Wanapitei Lake area occurred at 1700 ± 2 Ma.

INTRODUCTION
Localized sodium metasomatism of the Huronian sedi 
ments in the Southern Province occurs between Bruce 
Mine and Temagami (Meyer and Gates 1989). In the 
Sudbury-Wanapitei Lake area, it is associated with 
numerous gold deposits and gold showings. The rocks 
most commonly affected by sodium alteration are the 
Huronian sediments, although the Sudbury breccia, 
Nipissing diabase and some of the Archean granites and 
metavolcanic rocks have also been altered to various 
degrees (Meyer and Gates 1989). Because sodium alter 
ation is preferentially concentrated around the Sudbury 
structure, it has been suggested by Meyer and Gates 
(1989) that like the Sudbury intrusion, sodium-rich 
mineralizing solutions may have a deep crustal or upper 
mantle origin.

This study represents a combined mineralogical, 
geochemical and geochronological investigation of min 
eralized and unmineralized sodium-metasomatized rocks 
within various lithologies, in order to gain a better 
understanding of this sporadic, but widespread, alter 
ation in the area.

TTie objectives of the study are:
1. To determine the U-Pb age of sodium metasomatism 
in the Sudbury-Wanapitei Lake area, Ontario, from the 
U-Pb age of hydrothermal monazite and rutile identified 
in the sodium-altered rocks.

2. To measure rare earth element (REE) concentrations 
in the albitized sediments and the unaltered equivalents, 
in order to determine if REE were added to the rocks 
during sodium metasomatism.
3. To identify the alteration assemblages (albite, carbon 
ate, chlorite, sulphide) most commonly associated with 
gold mineralization, using detailed petrography, supple 
mented by electron microprobe analyses of various min 
erals.

REGIONAL SETTING
The study location includes the Espanola and Sudbury- 
Wanapitei Lake areas in the Southern structural prov 
ince of Ontario, Canada (Figure 403.1). Espanola is 
located about 40 km southeast of Sudbury and Wanapitei 
Lake is located about 20 km northeast of Sudbury. The 
area is covered by Huronian supracrustal rocks of Early 
Proterozoic age. The Huronian Supergroup, a thick 
sequence of clastic sedimentary and minor volcanic 
rocks, is divided into the Elliott Lake, Hough Lake, 
Quirke Lake and Cobalt groups. The rocks most com 
monly affected by sodium metasomatism are sandstones, 
arkosic sandstones of the Mississagi (Hough Lake Group) 
and Serpent (Quirke Lake Group) formations and the 
greywackes and conglomerates of the Bruce (Quirke 
Lake Group) and Gowganda (Cobalt Group) forma 
tions. The Huronian Supergroup was deposited between 
2100 and 2500 Ma (Card et al. 1984) and the sediments
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Figure 403.1. Location map of the study areas.

have been intruded by dikes and sills of the Nipissing 
diabase at 2219 ± 4 Ma (Corfu and Andrews 1986). 
Radiometric ages of major igneous/metamorphic events 
in the area are recorded by the Penokean orogeny at 1600 
to 1800 Ma (Stockwell et al. 1970; Goldich 1968), the 
emplacement of the Sudbury Igneous Complex at 1850 
(Krough et al. 1984), the emplacement of the Cutler, 
Chief Lake and the Eden Lake plutons at 1750 ± 50 Ma 
(WetherhilletaL 1960), the emplacement of the Killarney 
granites at 1742 ± 4 Ma, the Bell Lake granites at 1471 
± 3 Ma (Van Breemen and Davidson 1988) and the 
Grenville orogeny at 1000 to 1300 Ma (Card et al. 1984).

PREVIOUS WORK
Albitization of the Huronian sediments in the Sudbury 
area was identified as early as 1898, and albite alteration 
of the arkosic sandstones at the Sheppard property was 
described by Coleman (1898). Sodium metasomatism, 
or fenitization, was studied in detail at the Kusk and 
Nemag lakes, just south of the Sudbury igneous complex, 
by Siemiatowska and Martin (1975). These authors 
concluded that exotic minerals such as riebeckite and 
aegirine in the fenites formed, from a sodium-rich

fluid that probably originated from an essexic or ijolitic 
igneous body at depth. In a detailed study of feldspars, 
Schandl et al. (1986) identified a vertical albite-potas- 
sium-feldspar zonation in the Onaping Formation of 
the Sudbury complex, noting that albite is absent in the 
upper part of the black Onaping and potassium- 
feldspar is absent in the lowermost pan of the grey 
Onaping. Based on the lack of such zonation in the 
granophyre and norite, they suggested that the norite, 
granophyre and the Onaping Formation may have 
cooled as a single unit. Meyer (1987) recognized the 
spatial relationship of gold to albite, carbonate and 
sulphide, and initiated a comprehensive field study 
on sodium alteration in the Sudbury-Wanapitei 
Lake area. The result was a detailed, systematic field 
study of albitization in the area (Gates 1991).

ANALYTICAL TECHNIQUES
Twenty-six representative samples were analyzed by X- 
ray fluorescence (XRF) at XRAL, in Toronto; major 
elements were determined on fused disks and trace 
elements on powder pellets. The same rocks were ana 
lyzed for rare-earth elements (REE) by instrumental
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neutron activation analysis (INAA) at the SLOWPOKE 
reactor, University of Toronto. Analytical standardsused 
followed the guidelines of Barnes and Gorton (1984).

The chemical composition of minerals was deter 
mined by an ETEC electron microprobe equipped with 
an energy dispersive system (EDS), at the Department of 
Geology, University of Toronto. Results obtained by the 
ETEC for REE minerals are semi-quantitative and totals 
are lower than 100 percent, due to the overlap of some 
peaks which cannot be resolved by EDS, and the possible 
presence of H2O and F (Pan and Fleet 1990). Additional 
quantitative chemical analysis was obtained by wave 
length dispersion for two monazite grains by a C AMEC A 
electron microprobe at the University of Toronto.

FIELD WORK
Sodium-metasomatized rocks were collected from eight 
different localities: three of the study locations are in the 
Espanola area and five are in the Sudbury-Wanapitei 
Lake area. These locations include, from west to east: 
Merritt Township, west side of Loon Lake, along the 
Loon Lake fault (samples S91-8, S91-9); Mongowin 
Township, north of Gharlston Lake, Hwy. 6 at Fox Lake 
Road (samples S91 -2 to S91 -7); Foster Township. north-

Photo 403.1. Sodium metasomatized Huronian sediments, Hwy. 6 at 
Fox Lake Road.

west of St. Leonard Lake along S L Leonard Fault (samples 
S91-13 to S91-15); Maclennan Township, Sheppard 
property (samples 0060 and 0052); Scadding Township, 
east of Outlet Bay (samples S91 -16 and S91 -17), north 
east of Bugg Lake (samples S91-18 and S91-20) and 
Scadding Mine (samples SC-1 to SC-5.0350); and Davis 
Township, Norstar mine (samples S91-24 to S91-27, 
0216,0302,02070). Albite alteration occurs in a wide 
variety of Huronian rocks such as the Serpent, Gowganda, 
Lorraine, Espanola and Mississagi formations and it has 
also affected some of the Nipissing diabase (Scadding 
Township). The altered sediments range from white to 
flesh-pink in color, and contacts with the host rocks may 
be sharp or diffused. Where alteration is pervasive and 
the original mineral assemblge has been replaced by 
albite + quartz, the texture of the rock is destroyed. 
Where alteration is only partial, the texture of the rock is 
preserved. That the sodium-rich fluids may be traced to 
fractures, bedding planes and lines of weakness in the 
rock is evident on the outcrop scale. Extensive breccia 
tion associated with sodium metasomatism has been 
noted at some locations, such as west of St. Leonard 
Lake, where albitized sediment fragments float in a 
quartz matrix. Albitization is commonly associated with 
sulphides, carbonate and chlorite. Some albite altered 
Huronian sediments are shown on Photos 403. l, 403.2 
and 403.3, albitized Sudbury breccia in Photo 403.4 and 
albitized breccia floating in quartz (quartz flooding) in 
Photo 403.5. Fine-grained, albitized sediments are com 
monly cherty, and the more coarse-grained rocks gener 
ally preserve their original grain size.

MINERALOGY AND TEXTURE OF 
ALBITIZED ROCKS
The two major rock types affected by albitization are the 
arkosic quartzites and the greywackes of the Gowganda 
Formation and the arkose and arkosic quartzite of the 
Mississagi and Serpent formations. Among minor rock 
types are the Nipissing diabase and the Sudbury breccia.

In the arkose and arkosic quartzite, the quartz and 
feldspars have recrystallized to albite and chessboard

Photo 403 J. Sodium metasomatized Huronian sediments, Hwy. 6 at 
Fox Lake Road.

Photo 403 3. 
Road.

Sodium metasomatized sediments. Hwy. 6 at Fox Lake
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albite. Alternating patches of twinned albite with clear 
quartz domains suggests that albite crystallized at the 
expense of quartz. When albitization is pervasive, as was 
observed at the Sheppard property (sample # 60), the 
sedimentary texture is completely destroyed as the par 
ent rock recrystallized to medium-grained albite and 
quartz. In these recrystallized samples, grain boundaries 
are generally ragged and embayed. When sedimentary 
texture is partly preserved, however, as in some albitized 
rocks at the Scadding Mine, fine-grained quartz-albite 
matrix and sub- to well-rounded quartz and sericitized 
feldspar clasts characterize the relict arkosic patches.

In the greywackes, albite alteration is less discernible 
on the thin-section scale, due to the fine grain size, but it 
can be identified in hand specimen from their tan to flesh 
colour. The rocks generally consist of quartz, albite, 
biotite and sometimes amphibole.

Some albitized rocks are overprinted by carbonate, 
quartz (silicification) chlorite, sulphide and biotite alter 
ation, and all, or part of the above assemblages may be 
present. Accessory phases associated with albite alter 
ation include fine-grained (less than 20 um) monazite 
light rare earth element (LREE) phosphate and rutile. 
Minor detrital zircon may also be present. Important 
accessory phases in the chloritized rocks at Scadding 
Mine are gadolinite (yttrium-beryllium-LREE-rich sili 
cate), bastnaesite and synchysite (REE-rich fluoro- 
carbonates).

Sodium metasomatized rocks (mostly siltstones and 
wackes) from the Espanola area are characterized by 
extensive carbonate alteration, and the composition of 
carbonates can range from calcite to iron-rich dolomite. 
Minor biotite is a late-stage mineral that forms rims on 
carbonates, but chlorite is conspicuously absent except 
in some shear zones. Pyrite occurs in late-stage minor 
stringers, cross-cutting the albitized rocks, or as fine- 
grained aggregates dispersed throughput the rock. Some 
pyrite veins are rimmed by hematite. Fine-grained, brown 
rutile is a common accessory mineral, but monazite can 
only be identified when the grain size of the rock is 
relatively coarse. Although albitized sediments may be

cross-cut by carbonate and quartz veins on the outcrop 
scale, silicification of previously carbonatized rocks is 
rare.

Albitized rock fragments occur in a fluidal matrix of 
the Sudbury breccia at Scadding Township (Espanola- 
Serpent contact). Small albite stringers cross-cutting the 
matrix (see Photo 403.4) indicate that albitization post 
dated the Sudbury breccia, and the rock fragments in the 
matrix were preferentially albitized. The abundance of 
rutile and zircon in these fragments suggests a detrital 
origin. Pervasive carbonate alteration overprints albite. 
The albitized Nipissing diabase in the Scadding Town 
ship is characterized by coarse-grained intergrowth^ of 
albite and carbonate, where albite occurs as inclusions in 
carbonate, and carbonate veins cross-cut albite. Albite 
grains are partly chloritized, and coarse-grained rutile 
aggregates formed from the breakdown of ilmenite. 
Some tourmaline grains postdate albite and are dis 
persed through the rock.

Sodium metasomatized rocks at the Scadding Mine 
(ScaddingTownship) and the Norstar Mine (DavisTown 
ship) are characterized by extensive chlorite alteration. 
At the Scadding Mine, the arkosic quartzite is partly 
albitized and minor, fine-grained monazite and rutile 
occurs interstitially, or as inclusions in albite and quartz. 
Coarse-grained carbonate poikilitically encloses quartz 
and albite, fine-grained iron-rich chlorite forms rims on 
carbonate. Red-brown, vanadium-rich biotite (Table 
403.1) partly replaced chlorite. Small quartz pods and 
veinlets cross-cut the albitized rocks. Pyrite is common 
and abundant in chlorite and quartz, and is of more than 
one generation. Early pyrite grains are fractured and 
fragmented, and fractures are filled by carbonate and/or 
chlorite. Second-generation pyrite occurs in fractured 
quartz and some grains have chlorite inclusions. Free 
gold was found within fractured quartz and is spatially 
associated with chlorite. The chlorite-altered rocks con 
tain large, up to 5 mm long, corroded, dark brown rutile 
grains. These rutiles are often rimmed by very fine 
grained, anhedral monazite aggregates and are also asso 
ciated with fine-grained, dark brown, rare-earth-ele 
ment-rich fluorocarbonate (bastnaesite and synchysite)

Photo 403.4. Albitized Sudbury breccia. Photo 403.5. Albitized fragments in quartz ("quartz flooding")'
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Table 403.1. Microprobe analyses of minerals from albitized rocks.

Sample*
L02O3
C8203
Nd2O3
Pr2O3
Gd2O3
Sm2O3
EU2O3
Dy2O3
7b203
CaO
Th02
P205
Total

S91-2-r

16.42
31.98
15.00
0.00
0.00
4.96
0.00
0.00
0.00
0.22
0.00

31.25
99.63

Gadolinite 
Sample* Sc-1
La2O3
C82O3
Y203
Nd20s
Gd203
Sm2O3
Er203
Yb203
DvpO^**1 f. **w

CaO
MgO 
FeO
SiO2

S91-2:Fox

0.00
0.00

21.51
2.84
4.66
1.86
1.63
0.00
7.00
3.33
0.66 
5.78

23.09

Lake Road,
60: Sheppard property.

S91-2-C

16.09
30.17
12.61
0.00
0.00
3.63
0.00
0.00
0.00
0.56
3.46

31.01
97.56

Monazite 
S91-2 S91-2 52
16.50
31.76
13.82
0.00
0.00
4.86
0.00
0.00
0.00
0.17
0.35

29.42
96.66

Bastnaesite 
Sc-1 Sc-1
17.46
31.04
10.39
3.18
5.23
0.90
2.71
0.75
0.00
1.14

72.80

S91-16

17.23
29.81

7.33
4.40
5.55
0.00
2.76
0.00
0.00
0.47

67.45

17.18
32.68
13.16
0.00
0.00
4.80
0.00
0.00
0.00
0.00
0.30

31.96
100.08

Synchysite 
Sc-1

9.76
19.74

6.51
2.15
2.58
0.00

15.99
0.00
0.25
0.00

56.88

: Sudbury breccia, Sc-1 :
c - core, - rim;

14.55
30.50
16.32
3.00
2.00
0.00
0.00
0.00
0.00
0.23
0.61

30.61
98.22

60
17.33
33.57
11.45
3.00
1.00
0.00
0.00
0.00
0.00
0.41
0.30

31.54
98.60

Chlorite 
Sample* Sc-1
SK)2
AI203
MgO
FeO
TiO2
K2O
V
Total

Sample*
MgO
CaO
FeO
MnO
Total

27.38
20.69
12.32
28.26

0.00
0.00
0.00

88.64

Carbonate

Sc-1

18.17
32.74
9.17
2.90
2.00
1.80
0.00
0.00
0.00
0.00
0.00

33.02
99.80

Sc-1*

18.47
30.87
12.58
3.10
1.20
1.40
0.08
0.25
0.12
0.00
0.00

26.50
96.57

Sc-1*

17.52
31.53
12.83
3.26
1.17
1.54
0.15
0.23
0.09
0.00
0.00

26.66
96.98

Biotite 
Sc-1 Sc-1

30.18
13.13
17.27
27.52

0.52
0.47
0.00

89.26

S91-16 S91-16-C
22.19
30.23
0.56
0.63

53.61

18.14
29.90
5.86
0.00

53.70

38.34
14.00
8.78

24.34
2.03
6.70
2.27

96.46

S91-16-r

17.75
29.47
7.81
0.20

55.23

Scadding Mine, 52 : Sheppard property Adit,
* denotes analysis by WDS. Total Fe expressed as FeO.

aggregates. Another REE-bearing mineral in the chlorite 
zone is gadolinite. The suggested paragenetic sequence 
of the principal alteration minerals at the Scadding Mine 
is: albite * quartz, carbonate, chlorite * sulphides and 
biotite.

Samples from the Norstar Mine were collected from 
the waste pile at the mine. Some of the rocks are 
laminated, partly albitized wackes, whereas others are 
conglomerates. Chlorite alteration of the albitized rocks

is pervasive and, just as at the Scadding Mine, albitization 
and carbonate alteration predated the chlorite. Interpre 
tation of the paragenetic sequence of alteration in these 
rocks is complicated by the presence of various rock 
fragments.

Sodium metasomatism at the Sheppard property is 
associated with extensive replacement of albite -i- quartz 
by sulphides, as well as some silicification. Minor, radi 
ating bundles of muscovite are interstitial between quartz
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and albite. Fine-grained monazite and rutile occur as 
inclusions within chessboard albite and quartz and as 
aggregates on the rim of pyrite. The mineral assemblages 
in sodium metasomatized rocks can be divided into 4 
groups: 1) albite -i- quartz * carbonate   sulphide   
muscovite; 2) albite * quartz   carbonate   biotite; 3) 
albite -i- quartz -i- sulphides   muscovite; and 4) albite * 
quartz -i- chlorite -i- sulphides + carbonate * biotite.

THE TEXTURE AND CHEMISTRY 
OF REE-RICH MINERALS
Hie most common REE-bearing mineral in the albitized 
rocks is monazite, a LREE-rich phosphate, but gadolin 
ite (yttrium-beryllium-REE-rich silicate), bastnaesite 
(LREE-fluorocarbonate) and synchisite (calcium and 
LREE fluorocarbonate) are also present in the chloritized 
areas of some albitized rocks. Texturally, 2 types of 
monazite were identified in this study: Type A consists of 
well-shaped, sub- to euhedral grains; and Type B consists 
of anhedral grains with ragged, embayed grain bound 
aries, resembling myrmekite texture. Both types of mona-

Photo 403.6. Monazite included in albite (sample 460); Sheppard prop 
erty. Crowed polars. Bar ^ 0.25 nun.

zite are small (less than 20 urn), they have pale yellow 
pleochroism, high relief and high birefringence, similar 
to, but somewhat lower than, zircon. Most Type A grains 
occur as inclusions in albite (Photo 403.6), as interstitial 
aggregates between quartz and albite grain boundaries 
(Photo 403.7) and as fine-grained aggregates attached to 
sulphide (Photo 403.8). Type B monazites occur on the 
rim of, or are intergrown with, large metamict rutile 
(Photo 403.9) or bastnaesite, or as inclusions in chlorite. 
They have a wide pleochroic halo when included in 
chlorite. Textural evidence suggests that Type B mona 
zites crystallized during chlorite and/or biotite alter 
ation. Where chlorite and biotite alteration is absent, a 
number of euhedral monazite grains have overgrowths 
of anhedral monazite. Low Th content (less than l 
weight Vo} indicates that both types A and B are of 
hydrothermal origin (Schandl and Gorton 1991).

A mineral, tentatively identified as gadolinite, oc 
curs as an inclusion in chlorite (Photo 403.10) and is 
rimmed by a wide pleochroic halo. Hie grains are pink 
ish-brown in plane polarized light with moderate bire 
fringence which may be masked by the colour of the 
mineral. Their principal habit is rather similar to horn 
blende. Fluorocarbonates, bastnaesite and synchisite are 
optically indistinguishable, and both were identified only 
by microprobe analysis. They occur as fine-grained, dark 
brown, anhedral aggregates, they have pleochroic haloes 
in chlorite and some are intergrown with the fine 
grained, second-generation anhedral monazite.

Chemical composition of selected monazite, gado 
linite, bastnaesite and synchisite is shown on Table 
403.1. Beryllium, which is an essential constituent of 
gadolinite, has not been determined. However, the con 
centrations of Y, HREE and SiO2 are consistent with the 
identification of gadolinite. Minor variations in iron and 
calcium were observed. Bastnaesite (Ln(CO3)F) and 
synchysite (LnCa(CO3)2F) occur with gadolinite and are 
generally associated with large metamict rutile in a 
chloritized matrix. The REE concentration varies amongst 
monazite grains in the albitized rocks from different 
locations, as well as within the same thin sections. These

Photo 409.7. Monazite aggregates between grain boundaries (sample 
#60); One unusually large grain on right side of photo. Sheppard property. 
Crossed polars. Bar ^ 0.25 mm.

Photo 403.8. Monazite aggregates on sulphide rims (sample #60); 
Sheppard property. Crossed polars. Bar - 0.25 mm.
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differences, however, are independent of die rock type or 
of the extent of alteration. Most monazite grains ana 
lyzed have low Th content (less than 1 0Xo), suggesting a 
hydrothermal origin (Schandl and Gorton 1991), al 
though the high thorium content of monazite in the 
partly albitized sediment from the old Fox Lake Road 
gold showing (S.5%; see Table 403. l) suggests an igne 
ous origin, TTiis grain is mantled by anhedral overgrowth 
of hydrothermal monazite in which thorium was not 
detected. Although most monazites in the albitized sedi 
ments have thorium concentrations compatible with 
hydrothermal origin, higher thorium values for some 
monazite suggests that they may be detrital, and were 
derived from igneous precursors. This presents some 
complications in terms of age-dating sodium-metasoma 
tism in the sediments.

GEOCHRONOLOGY
The extremely small size of the monazite grains required 
some modification of the standard mineral separation 
technique generally used for U-Pb dating. Hie Wilfley 
table was avoided and the fines were removed from the 
crushed rock by swirling in water and decanting the 
suspended fraction. The heavy mineral fraction was 
separated from the remaining coarse material in 
bromoform and then hand picked for monazite and 
rutile. Hie monazite grains are very small, commonly less 
than l Mg. They are colourless, flat and euhedral and were 
distinguished by their relatively high relief. The samples 
also contained detrital zircons which are well rounded 
and have a pinkish colour. Thus, although it is possible 
that small zircon fragments could have been mistaken for 
monazite and included in the loaded fractions, zircon 
should not have been attacked by the HCL dissolution 
procedure. Monazite grains in alteration-generated chlo 
rite were removed from a thin section, which also con 
tained a large bastnaesite grain partly overgrown by fine 
grained monazite.

The selected monazite fractions were rinsed in dis 
tilled acetone and then loaded into Savillex vials with

spike and 6N HCL Uranium and lead were 
separated from the solution in miniature ion exchange 
columns using standard procedures. After three days at 
1100C, the chlorite-derived samples had not dissolved 
completely. The HC1 in the bastnaesite sample was 
replaced by concentrated sulphuric acid in which the 
bastnaesite appeared to dissolve overnight at 2200C. It 
was assumed that the HCL would selectively dissolve the 
fine-grained monazite in the other chlorite alteration 
sample, so it was not treated with sulphuric acid.

The rutile fractions dissolved in HF at 2200C in 
teflon bombs. Uranium and lead were extracted from the 
solution using HBr ion exchange techniques. Isotopic 
ratios were measured with a VG354 mass spectrometer 
in single collector anode.

Results
Two monazite fractions from the sodium alteration in 
sample Sc-5 from the Scadding Mine were analyzed. 
Both are nearly concordant (Figure 403.2, Table 403.2), 
but have ages that differ by 26 m.y., a difference well 
outside error. The first analysis is of a large grain, which 
has a a'W^Pb age of 1701 ± 3.6 Ma. The second 
analysis of 20 small grains has an older ̂ 'Pb/^Pb age of 
1727 ± 3.6 Ma, which could be explained by the inclu 
sion of detrital monazite grains. However, both fractions 
have high uranium concentrations, but very low Th-U 
ratio, compared to igneous monazite, which supports 
their hydrothermal origin.

The 2 multigrain fractions from the Sheppard prop 
erty also give quite different results. One fraction was 
separated from an albitized rock from the mine and the 
other, from a sample collected from the Adit. The X7?b/ 
**Pb age of the fraction of 8 large grains from the mine 
is concordant and agrees with that of the single grain 
fraction from sample Sc-5 (see Figure 403.2), whereas a 
fraction of small grains from the Adit yielded a highly 
discordant, much older age. This latter fraction has a very 
high Th-U ratio which represents an unusually low 
uranium concentration, and an atypically high thorium

Photo 403.9. Luge nitile (R) in chlorite a rimmed by fine-grained 
id-genention monazite (M) aggregates. Note pleochroic haloes around

monazite. Plane polarized light Bar s 0.25 mm.

Photo 403.10. Gadolinite (G) with pleochroic haloes, in chlorite. Plane 
polarized light. Bar s 0.25 mm.
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concentration of about Wo, f or hydrothermal monazite. 
Perhaps this fraction was contaminated with detrital 
monazite, although it is unusual for monazite to be so 
discordant. If most of the grains were hydrothermal 
monazite, they must have had an unusually low concen 
tration of uranium.

Clearly, there are difficulties in assuring sample 
purity when dealing with very small grains. Nevertheless, 
the agreement between data points from the relatively 
large, low-thorium monazite grains from both the 
Scadding and Sheppard areas at 1700 Ma, suggests the 
probable age of sodium metasomatism in the region.

Rutile from the sodium alteration at Scadding Mine 
contained about 5 ppm U, but was high in common lead 
(Table 403.3). This makes the calculation of age of the 
radiogenic lead component highly dependent on the 
assumed isotopic composition of the initial common 
lead. Regressing the lead isotopic compositions of two 
rutile fractions, corrected only for fractionation and 
spike, on a Pb-Pb diagram gives an age which is indepen 
dent of assumptions about initial lead (Figure 403.3). 
The resulting isochron of 1670 ± 50 Ma is imprecise, but 
consistent with the results from monazite.

Both fractions (monazite and bastnaesite) from the 
chlorite alteration were low in uranium content and 
contained very small amounts of lead, with a high com 
mon lead component (see Table 403.3). Despite the 
small size of the lead samples, they produced reasonably 
strong, stable signals on the mass spectrometer, so the 
isotopic ratios are fairly precise. Plotting the two points 
on a Pb-Pb diagram produces an isochron at 2170 ± 34 
Ma (see Figure 403.3). However, this age may not be 
meaningful since the isochron plotting method assumes 
that both fractions contain common lead of the same 
isotopic composition and have remained as closed sys 
tems. Bastnaesite, being a fluorocarbonate, may not be 
sufficiently stable to be a closed system.

The above results demonstrate the pitfalls of analyz 
ing multigrain fractions of very small crystals. In conclu 
sion: two reliable dates were obtained from the Sheppard 
property and Scadding Mine: 1699 ± 3.6 Ma and 1701 
± 3.6 Ma, respectively. These ages define the time of 
sodium metasomatism at the two locations. The rutile 
age from the Scadding Mine, although imprecisely de 
fined, is within error of the above dates. The dates 
obtained from the monazite-bastnaesite intergrowth from 
the chlorite alteration zone are probably not meaningful. 
Evidently, separation techniques for these minute grains 
must be further refined and the analysis repeated.

GEOCHEMISTRY
Twenty-six representative samples were analyzed for 
major, trace and rare earth element geochemistry, in 
order to determine REE mobility associated with the 
different rock and alteration types. Results are shown in 
Table 403.4. Because most of the rocks analyzed are 
metasediments, some variation in major and trace ele 

ments is expected.
The most significant difference in major element 

geochemistry between altered greywackes and arkose 
and the unaltered equivalents is the difference in Na2O 
concentration. With increasing alteration, Na2O content 
of the rocks increases up to 10.0 weight Vo. At the 
Scadding and Norstar mines, however, where the so 
dium-altered rocks have been overprinted by extensive 
chlorite alteration and contain a significant amount of 
pyrite, the chloritized rocks are significantly depleted in 
Na2O (to less than l weight Vo) and are enriched in FeO.

Sodium-metasomatized rocks in the study locations 
display a wide range in REE concentration. Extraordi 
nary LREE enrichment (LaN ^ 1500) was noted in the 
albitized, pyrite-rich rocks from the Sheppard property 
(Au - 305 ppb) that was dated at 1699 ± 3.6 Ma. 
Somewhat elevated REE values were also noted in other 
albitized rocks, although LaN content generally does not 
exceed 200. The highest La concentrations occur in 2 
pervasively chloritized samples from the Scadding and 
the Norstar mines where sodium content is only 2.0 
weight o/o. As chlorite is an overprint on previously 
albitized rocks, sodium was evidently mobilized out of 
the system during chlorite alteration.

Concentration of REE in the arkosic rocks appears 
to be reflected in the abundance of hydrothermal mona 
zite, but in the fine-grained wackes, optical identification 
of monazite is not possible. Chondrite-normalized (N) 
REE values are plotted on Figures 403.4 to 403.9. On the 
whole, there is no significant difference in REE (and 
gold) concentration between the albitized arkose and 
wacke (see Table 403.4). The chloritized and albitized 
sediments from the Scadding Mine, however, show a 
significant increase in REE and gold concentrations 
compared to the albitized equivalents. Although the high 
gold content in samples Sc-2 and Se-3 caused some 
analytical problems, the chloritized sample Se-1 shows a 
ten-fold enrichment in HREE and seven-fold enrichment 
in LREE compared to the sodium-metasomatized equiva 
lent, sample Sc-5. This REE enrichment is accompanied 
by the appearance of REE carbonates bastnaesite and 
synchysite as well as gadolinite and second-generation 
hydrothermal monazite. The relatively low REE content 
of the albitized sample Sc-5 may be attributed: l) to the 
low REE concentration in the parent rock (arkosic 
quartzite), or 2) to the depletion of REE from the 
albitized rocks and their reconcentration in chlorite 
during chlorite alteration.

In order to determine the effect of sodium metaso 
matism on REE mobility, rocks were selected from an 
albitized greywacke (samples S91 -2 and S91-2B) and its 
relatively fresh (sample S91 -4) equivalent from the same 
outcrop on the Fox Lake Road, south of Espanola. The 
most extensively albitized rock, sample S91-2, has the 
highest La, Nd and Sm concentrations, suggesting that 
REE were added to the rocks during sodium metasoma 
tism. The unusually high U (27 ppm) content in the 
albitized rock indicates significant enrichment in ura 
nium.
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BASTNASITE AND MONAZITE

Q- .?./70 1-/-34 Ma
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1672 +/-5O Ma
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Figure 403.2. U-Pb concordia diagram showing results from hydrother 
mal monazite fractions in rocks affected by sodium alteration. The line 
represents the best fit through the 2 youngest data points from the Scadding 
Mine and the Sheppard property.

Figure 4033. Pb-Pb diagram showing results of isotopic analyses of 
rutile associated with sodium alteration and of fine-grained monazite and 
bastnaesite associated with chlorite alteration. The average crustal (Stacey 
and Kramers 1975) and mantle growth curves, with tick marks of 500 m.y. 
intervals, are also shown.

Table 403.2. U-Pb isotopic data for monazite associated with soda alteration.
Sample Weight 

(mg)
U 

(ppm)
PbcOM

(pg)
MEASURED 
207pb,204pb Th.u

CORRECTED 07o DISC.
Age (Ma)

Sc-5 Scadding Mine
1.
2.

1 grain
20 grains

0
0

.001

.005
1100
800

3
40

803
219.8

0.70
1.13

0.29777
0.30284

4.280
4.414

1.4 ±0.8
1.4 ±0.8

1701.0 ±3.6
1727.0 ±3.6

Sheppard Property
3.
4.

8 grains
13 grains

0
0

.007

.002
230

60
57
4

70.3
53.45

1.00
160

0.29541
0.15862

4.241
2.566

2.0 ±1.0
54±1.0

1699.0 ±3.6
1916113

PbcoM - Common Pb, including blank.
Measured "'Pb/^Pb adjusted for fractionation and blank.
Corrected ratios have common Pb removed assuming a Stacey and Kramers (1975) isotopic composition
Th-U ratios calculated from ^'Pb/^Pb ratio and 207Pby(206Pb age assuming concordance
0XoDISC. - percent discordance relative to the 207Pb7206Pb age

Table 403.3. Isotopic data for high common lead fractions.
Fraction Weight 

(mg)
U 

(ppm)
PbCOM

(pg) Th-U

Sc-5 Soda Alteration Rutile
1. dear grains 0.10 4.7
2. turbid grains 0.08 4.3

Sc-5 Chlorite Alteration
3. monazite 0.01 7.4
4. bastnaesite 0.01 5.5

120
129

32
26

1.5 
1.4

1.9 
3.1

24.60 ± 0.05 
21.87 ±0.04

15.90 ±0.05 
20.40 ± 0.06

100.72 ±0.30 
74.09 ± 0.22

21.87 ±0.04 
55.11 ±0.11
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Table 403.4. Chemical analyses of albitized rocks from the Sudbury area.
Sample*

SiO2Cfc)
T02
AI203
Fe203*
MnO
MgO
CaO
Na2O
K20
P205
LOI
Total
Rb (ppm)
Ba
Sr
Se
Gr
Ni
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Y
Zr
Cs
U
Th
Hf
Au (ppb)
Zn
Co

O2

56.60
0.67

16.40
4.05
0.04
3.47
2.76
8.63
0.20
0.09
3.31

96.30

22
80

200
12

179

38.6
84
33

6.57
1.19
0.15
1.20
0.11

23
165

1
9

110

16

66.80
0.65

15.80
3.74
0.07
1.55
0.82
7.32
1.20
0.11
1.62

99.80

51
410
160

11
161

20.6
44
15
3.40
0.63
0.40
1.40
0.21

13
161

3
10
3.37

74

29.8

50

49.00
0.23

15.60
8.75
0.08
5.59
4.38
6.51
0.30
0.03
8.62

99.10

17
80
60

5
62

17.6
37
17
3.75
0.70
0.52
1.26
0.20

12
82

3
3
1.50
6

5.1

52

74.00
0.08

12.40
1.40
0.04
0.74
1.72
7.42
0.44
0.12
2.00

100.40

18
160
100

1
24

63.1
138
59
11.01
0.40
0.40
0.56

^0
79

82
14
2.54

11

14.4

Sc-1

49.10
0.12
9.72

24.20
0.05
3.44
0.26
2.19
0.18
0.09

10.20
99.60

18
150
20

5
94

58.5
108
40
11.22
2.17
2.02
4.97
0.67

28
69

1
4
1.05

9760

Sc-2

38.00
0.32
6.21

35.60
0.04
3.04
0.30
0.11
0.08
0.13

15.80
99.70

13
150
•c10

8
69

interf.
25
11

interf.
0.47
0.36

interf.
interf.

•c10
181

7
3.40

125034
37

202.0

Sc-3

27.10
0.23
2.92

44.80
0.03
1.49
0.37
0.06
0.05
0.09

22.70
99.90
14

170
•c10

3
55

interf.
46
28

interf.
0.62
0.15

interf.
interf.

•c10
136

5

346450
28

198.0

Sc-4

72.40
0.35

13.40
1.64
0.02
1.50
1.38
7.68
0.56
0.11
1.00

100.10

32
210
160

5
100

32.7
76
31

5.51
0.90
0.59
1.09
0.12

17
152

1
6
2.90

93

5.0

Sc-5

75.30
0.13

12.30
0.71
0.02
0.90
1.34
7.65
0.18
0.04
1.47

100.10
13

140
70
2

41

9.3
19
8
1.37
0.25

interf.
0.44
0.06

•c10
60

2
3
1.30

26

2.6

*Total Fe expressed as
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Table 403.4. (continued).
Sample*
SiO2CX.)
TiO2
AI203
Fe203*
MnO
MgO
CaO
Na2O
K20
P205
LOI
Total

Rb (ppm)
Ba
Sr
Se
Cr
Ni
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Y
Zr
Cs
U
Th
Hf
Au (ppb)
Zn
Co

S91-15

79.60
0.18

11.60
0.16
0.01
0.11
0.23
7.15
0.20
0.07
0.47

90.80
•c10

50
40

1
45
10
2.4
7
3
0.78
0.15
0.10
0.31
0.02

12
89

0.53
4
2
1.83

30
12
0.3

S91-16

62.30
0.57

18.10
0.61
0.03
0.94
1.98

11.00
0.27
0.20
2.54

98.60
23
30
60

5
53

6.8
16
7
1.89
0.32
0.42
2.03
0.20

*c10
407

0.04
6

17
8.88

27
9
1.0

S91-17

62.50
0.76

18.10
0.69
0.03
1.37
2.65

10.50
0.52
0.12
2.93

100.20

15
70

100
14
86
52

8.7
12
3
1.07
0.50
0.33
2.27
0.31

31
245

0.32
6

15
5.60

30
8
6.4

S91-18

47.60
0.50

15.90
3.77
0.09
4.47
7.25
5.96
2.36
0.04

10.60
98.80
77

120
60
24

280
75
29.5
47
18
4.15
1.51
0.39
0.93
0.12

15
53

0.53
4
1
0.55

607
11
86.1

S91-20

77.00
0.20

11.60
0.89
0.04
0.93
1.04
6.76
0.26
0.05
1.47

100.30
18
20
20
33
37
16
2.3
7
3
0.76
0.26
0.06
0.48
0.10

•c10
127

0.61
4

12
2.96

43
18

8.2

S91-24

49.40
0.69

14.60
15.20
0.17
8.64
1.21
2.06
0.46
0.16
6.00

98.70
19
20
20
18

165
34
24.9
56
26

5.12
1.14
0.74
2.53
0.37

34
145

0.61
3

10
3.34

137
124
23.5

S91-27

62.10
0.64

16.90
1.95
0.03
1.39
2.35
9.90
0.45
0.03
3.47

99.30
*c10
150
100

5
138
43
52.4

109
34

6.53
1.26
0.46
1.39
0.11

39
187

0.02
4
9
4.45

322

2492.0

60

51.80
0.31

14.90
15.40

0.01
0.14
0.23
8.09
0.29
0.15
8.93

100.30

20
160
60

1
22

288
474.0
990
355
58.55
22.95
3.29
1.78
0.17

x10
167

6
9
3.58

1129
6

291.7
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Table 403.4. (continued).
Sample*

SiO2(0/*)
TiO2
AlaO3
F62O3*
MnO
MgO
CaO
Na2O
K2O
P205
LOI
Total

Rb (ppm)
Ba
Sr
Se
Gr
Ni
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Y
Zr
Cs
U
Th
HI
Au (ppb)
Zn
Co

70A

65.20
0.84

18.10
0.84
0.02
1.37
2.36

10.60
0.13
0.11
0.62

100.30

18
110
290

8
106

25.7
86
41

8.39
1.76
0.80
2.48
0.38

34
111

1
7
2.49

120

1.5

S91-2B

62.50
0.80

16.60
3.80
0.02
2.42
0.98
8.33
1.47
0.16
1.70

98.90

106
100
120

19
181
90
30.9
62
26
4.95
1.69
0.54
2.02
0.24

18
212

2.73
12
12
3.72

48
21

8.0

S91-2

67.80
0.80

16.40
0.68
0.02
0.66
1.09
9.66
0.36
0.15
1.54

99.20

23
40

130
6

181
24
43.3
86
35

6.35
1.83
0.41
1.54
0.19

12
189

0.34
27
12
3.84

80
11
27.3

S91-3

61.60
0.41

12.10
1.84
0.06
3.20
5.76
6.83
0.42
0.17
7.77

100.20

11
60

190
36
72

10.3
21
12
2.68
0.66
0.42
1.64
0.26

38
163

2.51
9
5
2.99

17

3.1

S91-4

65.00
0.56

15.50
5.58
0.02
2.88
0.92
5.74
1.87
0.15
1.77

100.10

90
450
210

13
132
65
29.2
62
24
4.19
0.80
0.35
1.21
0.16

*:10
179

0.36
5
9
3.47

68

15.0

S91-5

67.70
0.58

14.40
1.05
0.03
1.23
2.26
8.61
0.27
0.12
3.16

99.50

26
70
90

6
132
192
33.0
70
28
5.19
1.38
0.37
1.05
0.12

13
171

0.28
6
8
3.00

80
16

197.0

S91-8

67.20
0.59

14.60
6.03
0.02
1.76
0.32
4.41
3.02
0.12
1.54

99.80

133
760
80
14

115
91
27.4
60
22
4.16
1.05
0.48
1.34
0.16

33
167

2.98
6

15
3.41

30
17
17.1

S91-14

69.70
0.64

17.30
0.35
0.02
0.11
0.32

10.70
0.20
0.12
0.47

100.00

21
40
60

1
493

22
33.0
68
27
4.60
0.85
0.36
0.75
0.12

^0
143

0.27
6

27
3.28

29
5
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Figure 403.4. Choodrite-noimalizedREEpauemofsodium-alteredsedi- Figure 403.5. Chondiite-nonnalized REE pattern of albitized arkosic 
menu (Sc-4 and Sc-S) and chlorite-altered, mineralized sediments (Se-1 and sandstones (SO and 52) and of greywacke* (70,16 and 02). 
Sc-2) from the Scadding Mine.

Figure 403.6. Chondiite-nonnalized REE pattern of fresh (S91-3 and 
S91 -4) and albitized (S91 -2, S91-2B and S91 -5) greywackes from Fox Lake 
Road.

Figure 403.7. Chondrite-normalized REE pattern of albitized Sudbury 
breccia (S91-16 and S91-17), Scadding Township, albitized fragments in 
quartz (S91-14) ("quartz flooding") and albitized quartzofeldspathic sand 
stone (S91-1S) from west of St. Leonard Lake. S91-8 greywacke from Fox 
Lake Road, S91-9 albite dike in greywacke.

S9H8 
891-27 
391-20

Figure 403 A Chondrite-normalized REE pattern of albitized Nipissing 
diabase (S91-18) and granite (S91-20), Scadding Township, and albitized 
conglomerate (S91 -24) and albitized arkosic quartzite (S91 -27) from Norstar 
Mine, Davis Township.

Figure 403.9. Chondrite-normalized REE pattern of sodium~ 
metasomatized arkose from the Sheppard property. Maclennan Township.
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Significant difference was noted in REE concentra 
tion between 2 rocks collected from the Norstar Mine. In 
the rock that consists of the albite * quartz + carbonate 
4- chlorite + sulphide assemblage (sample S91-27), LaN 
was 171, and in the rock that consists of a quartz * 
carbonate * chlorite -i- sulphide(s) assemblage, LaN was 
79. There is also a significant difference in LREE concen 
tration between 2 albite-rich rocks collected from north 
west of St. Leonard Lake. Both rocks contain a signifi 
cant amount of albite, but sample S91-14 is a salmon- 
coloured sodium-metasomatized fine-grained sediment, 
containing a large number of rutile grains (La^lOS), 
whereas sample S91-15 is a white equigranular 
quartzofeldspathic sandstone consisting only of quartz 
and albite (LaNs7.5).

Gold concentration in the 26 samples analyzed 
varies between 5.5 ppb in a sodium-altered rock (sample 
# 50) from Scadding Mine, to 35 ppm in the chlorite- 
sulphide-carbonate altered rock (sample Sc-3) also from 
the Scadding Mine. Amongst the samples analyzed, only 
chloritized rocks from the Scadding and Norstar mines, 
the albite-carbonate-chlorite altered rock from the 
Nipissing diabase and the sulphide-rich albitized rock 
from the Sheppard property (sample # 60) contain 
elevated REE values.

X-RAY DIFFRACTION STUDY OF 
FELDSPARS
Aphanitic feldspar grains separated from sodium-altered 
rocks from 3 different locations were prepared for struc 
tural analysis by X-ray diffraction (XRD): the sodium- 
altered rocks at the Scadding Mine, the Sheppard prop 
erty, and a location l .5 km east of the Norstar Mine Adit. 
Except for the Norstar Mine area, where the host rock is 
a wacke, the samples are arkose or arkosic quartzite. Cell 
parameter refinement of feldspars permit inferences to 
be made regarding the temperature and alkalinity of the 
metasomatizing fluid, as well as the An content of the 
feldspars.

The 4 feldspars analyzed (Table 403.5) consist of 
well-ordered albite, and potassium feldspars were not 
found in the sodium-metasomatized sediments. The com 
position of albite, as determined from the p*, y* plot 
(Figure 403.10) is Ario (with the exception of the wacke; 
An2). We can estimate the temperature of the 
metasomatizing fluid from the aluminum-silicon order 
and composition of the feldspars. The ordering process 
in feldspars is greatly facilitated by peralkaline fluids at 
temperature of about 3500C (Martin 1969). The com 
plete replacement of quartz and feldspars during sodium 
alteration of the arkose and arkosic quartzite suggests 
that the fluid must have been peralkaline for the process 
to go to completion. Our preliminary results suggest that 
the fluid responsible for sodium metasomatism of the 
sediments was highly alkaline and in the range of 3500C.

The common association of quartz veins and "quartz 
flooding" with sodium-altered rocks can be partly attrib 

uted to the depletion of alkalis from the fluid as the 
albites crystallized and to the decrease in temperature 
during the waning stages of sodium metasomatism.

DISCUSSION
Uranium-lead radiometric ages obtained on hydrother 
mal monazite from sodium-metasomatized sediments at 
the Sheppard property (Maclennan Township) and at the 
Scadding Mine (Scadding Township) indicate that so 
dium metasomatism in die Sudbury-Wanapitei Lake 
area occurred at 1700 ± 2 Ma. This supports previous 
estimates of Meyer and Gates (1989) that sodium meta 
somatism postdated the Sudbury event at 1850 Ma 
(Krogh et al. 1984). It is also remarkably consistent with 
the estimated time of fenitization at the Kusk and Nemag 
lakes by Siemiatowska and Martin (1975), between 
1700 and 2150 Ma. Our data constrain the time of 
sodium metasomatism to between the time of emplace 
ment of the Cutler pluton at 1750 Ma (Wetherhill et al. 
1960), the Killarney pluton and the Bell Lake granite at 
1471 Ma (Van Breemen and Davidson 1988). The age of 
sodium metasomatism is probably closest to the U-Pb 
age of a recently dated metamorphic titanite (1692 Ma) 
from the Cutler pluton (Dr. F. Corfu, Jack Satterly 
Geochronology Laboratory, Royal Ontario Museum, 
Toronto, personal communication, 1992). The 1700 Ma 
age of sodium metasomatism is consistent with the 
estimated time of major metamorphic events in the area 
at 1600 to 1800 Ma (Stockwell et al. 1970, Goldich 
1968).

As albitization is a common phenomenon in sedi 
mentary environments (Boles and Franks 1979), one 
possible source of the sodium is pore-fluid released from 
the sedimentary pile during diagenesis. The channels for 
this fluid may be faults, fractures, joints or simply a 
ductility difference between 2 different rock types. Clay 
minerals and calcite are both common byproducts of 
albitization (Boles 1981). However, to our knowledge, 
REE enrichment has not been reported in such albitized 
sediments. Enrichment of REE observed in the study 
locations suggests, that the sodium-bearing fluids must 
have originated from a REE-rich source. The variety of 
REE minerals, such as 2 generations of hydrothermal 
monazite, formed during albitization and during 
chloritization, gadolinite, bastnaesite and synchysite in 
the chlorite altered zone at the Scadding Mine, suggests 
a possible affinity of these minerals with deep-seated 
carbonatitic or alkalic intrusions. Carbonatites (Fen 
Complex, Norway; Andersen 1984, 1986), peralkaline 
granites and syenites (Strange Lake, Newfoundland; 
Salvi and Williams-Jones 1990) are known to host 
bastnaesite, synchysite, gadolinite and monazites. 
Bastnaesite is also a common fluorocarbonate at the 
Olympic Dam, Australia, where it is associated with a 
copper-gold-uranium deposit. The extremely high con 
centration of LREEs (LaN = 1500) in the albitized sample 
at the Sheppard property and the age of monazite sup 
ports our contention that the sodium-rich fluid was
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derived from a REE-rich source during a metasomatic/ 
hydrothermal event which significantly postdated the 
deposition of the Huronian sediments. The fenitization 
of quartzites at Kusk and Nemag lakes and the occur 
rence of carbonatites at Spanish River and at Lake 
Nipissing in the Grenville Province indicates that 
carbonatitic and alkalic complexes are not uncommon in 
the area.

Although the presence of fluorocarbonates, gadolin 
ite and monazite, the high REE concentration in some 
rocks and the ubiquitous presence of carbonates in many 
of the albitized rocks from the study locations supports 
a possible carbonatitic affinity for the sodium-rich fluids, 
the absence of carbonates at some locations, the abun 
dance of sulphides, the presence of gold and the differ 
ences in REE values between locations suggests a com-

636i

Figure 403.10. P* - y* plot of feldspars from albitized arkose (# 52.50 and 
60) and greywacke (#70).

plex evolution and/or origin for the fluids. Gold and 
carbonatite is an uncommon association, as is the asso 
ciation of gold with fluorocarbonates and gadolinite. We 
suggest that gold mineralization and sodium metasoma 
tism in the Sudbury-Wanapitei Lake area represents a 
combination of superimposed processes which may or 
may not have been related in time. That albitization 
preceded the carbonate, sulphide, chlorite and vana 
dium-rich biotite at mineralized locations is evident from 
field and petrographic observations. This suggests one of 
two things: l) sodium-rich fluids derived from carbonatitic 
or alkalic intrusions at depth were significantly modified 
by mixing with other fluids as they discharged through 
fractures, faults and joints, or 2) sodium alteration and 
gold mineralization were 2 unrelated events and the 
mineralizing solutions merely used previously existing 
faults, fractures and joints as channelways in the albitized 
rocks. In favour of (l) is the fluctuating and relatively low 
(compared to carbonatitic fluids) REE concentration in 
most albitized rocks, with the exception of the sulphide- 
rich rocks at the Sheppard property, as well as the 
ubiquitous association of fluorocarbonates, gadolinite, 
chlorite and gold at Scadding Mine. In favour of (2) is the 
predictable paragenetic sequence of minerals at sodium- 
metasomatized localities: albite, carbonate, sulphide, 
chlorite and biotite. Gold is generally absent if albite is 
the only alteration mineral. Although the sodium-rich 
and gold-bearing fluids may not be genetically related, 
they could be related in time and represent a protracted 
major tectonic event at around 1700 Ma. More dating of 
hydrothermal monazite is needed from the albitized 
rocks, particularly from north and west of the Sudbury 
Complex, and from the chlorite alteration zone at Scadding 
Mine to resolve the albite-gold association.

Finally, gold mineralization, or elevated gold values 
at the study locations are most commonly associated 
with the following two mineral assemblages: l) albite * 
quartz * sulphide (s) ± muscovite; and 2) albite * quartz 
H- chlorite + sulphide(s) ± carbonate ± biotite, whereas 
gold values are low in the following assemblages: 1) 
albite -i- quartz * carbonate ± biotite; and 2) albite + 
quartz * carbonate ± sulphide(s) ± muscovite. Based on 
our observations, we suggest that the last 2 assemblages

Table 403.5. Unit-cell parameters of albite in 4 samples of "albitite" from the Sudbury area.

50 An0 8.1366 12.7850
*Qtz 0.0007 0.0010

52 Ano 8.1379 12.7868
H-Qtz 0.0007 0.0010

60 Ano 8.1359 12.7852
+QIZ 0.0006 0.0010

7.1578 94.278 116.604 87.699 663.89 83 0.137458 0.078437 0.156566 86.367 63.485 90.433
0.0007 0.010 0.008 0.008 0.08 0.000013 0.000006 0.000016 0.010 0.00 80.008

7.1609 94.301 116.604 87.674 664.35 82 0.137438 0.078429 0.156501 86.353 63.487 90.450
0.0006 0.009 0.007 0.007 0.07 0.000013 0.000006 0.000012 0.009 0.007 0.007

7.1587 94.263 116.619 87.694 663.85 75 0.137490 0.078435 0.156563 86.385 63.470 90.445
0.0007 0.010 0.008 0.007 0.08 0.000013 0.000006 0.000016 0.010 0.008 0.008

70 An2 8.1410 12.7935 7.1602 94.263 116.601 87.790 664.95 65 0.137380 0.078383 0.156515 86.338 63.482 90.339 
0.0014 0.0017 0.0009 0.016 0.013 0.013 0.12 0.000027 0.000010 0.000020 0.015 0.013 0.012

An content is estimated from the p* - y* plot of Smith (1974, Figure 7-44).
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may be more common in the Espanola area, and the first 
2 assemblages are more common in the Sudbury- 
Wanapitei Lake area.

SUMMARY
Based on a combined mineralogical, geochemical and 
geochronological investigation of sodium metasomatism 
in the Espanola-Sudbury-Wanapitei Lake area, it was 
concluded that:
1. Sodium metasomatism of the Huronian sediments is 
associated with elevated REE values. The albitized rocks 
contain a variety of REE minerals, such as monazite, 
bastnaesite, synchysite and gadolinite, suggesting that 
the source of the sodium-rich fluids may have been deep- 
seated carbonatite or alkalic intrusions.
2. The age of sodium metasomatism, as determined by 
precise U-Pb geochronology on hydrothermal monazite 
in the albitized rocks at the Sheppard property and the 
Scadding Mine, is 1700 ± 2 Ma. This age is closest to the 
emplacement of the Cutler pluton and the Killarney 
pluton 1750 Ma (Wetherhill et al. 1960) and to the age 
of a metamorphic titanite at 1692 Ma in the Cutler pluton 
(Dr. F. Corfu, Jack Satterly Geochronology Laboratory, 
Royal Ontario Museum, Toronto, personal communica 
tion, 1992).
3. The spatial association of gold mineralization with 
sodium metasomatism and the presence of sulphides, 
chlorite ± carbonate implies that the mineralized rocks 
probably were altered by a combination of superimposed 
processes. Although the fluids that precipitated albite 
and those that precipitated gold may not have been 
genetically related, the ubiquitous association of gold 
with sodium-altered rocks reflects a protracted major 
tectonic event at 1700 Ma in the area.
4) As not all sodium-altered localities host gold mineral 
ization, the presence of complex mineral assemblages 
such as albite -f quartz + chlorite + carbonate * sulphide 
+ hematite suggests that albitized rocks affected by 
complex metasomatic processes may be better targets for 
exploration than rocks that have been only altered to 
albite and quartz.

Further work on geochronology is in progress. Age 
determination on hydrothermal monazite in albitized 
rocks from the Espanola area will constrain the time of 
sodium metasomatism west of the Sudbury complex and 
the age of hydrothermal monazite in chloritized rocks 
from the Scadding Mine will possibly constrain the age 
of mineralization.
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INTRODUCTION
The Sudbury Structure is unique in that it not only hosts 
the world class Ni-Cu-PGE deposits associated with the 
Sudbury Igneous Complex (SIC) but also Zn-Cu-Pb 
massive sulphide deposits contained within the 
Whitewater Group of its interior. The Errington and 
Vermilion Zn-Cu-Pb deposits (6.4MT,4.36^o Zn, t.37% 
Cu, J.15% Pb and 55 g/1 Ag; Severin and Gates 1981) 
were discovered at the turn of the century but were never 
studied or described in detail. Originally thought to be 
replacement, vein-type deposits they have been inter 
preted as syngenetic stratabound deposits by Card and 
Hutchinson (1972) and as sedimentary-exhalative de 
posits by Davies et al. (1990) and Whitehead et al. 
(1990).

The main objective of this two-year study is to 
determine the structural and stratigraphic setting of the 
Errington and Vermilion deposits and delineate the 
extent, mineralogy and chemistry of the hydrothermal 
alteration zones within the underlying footwall rocks of 
the Onaping Formation. This research is being done in 
conjunction with Falconbridge Limited and their joint 
venture partner, Royal Oak Resources, who are actively 
exploring for new reserves as well as re-evaluating the 
existing deposits. Work completed to date includes de 
tailed geological mapping (1:2500 and 1:1000) of the 
Vermilion and Errington #1 and #2 shaft areas, logging 
new diamond drill holes in order to unravel structural 
and stratigraphic problems and sampling of the footwall 
Onaping Formation for major, trace (metals), rare-earth 
elements, sulphur and carbon. This progress report 
focusses on initial results of work conducted in the 
Errington # l and #2 shaft area during the first year of this 
project.

REGIONAL GEOLOGY
The Sudbury Structure straddles the contact between the 
Southern and Superior structural provinces and lies 
some 10 Km north of the Grenville Province (Figure 
404. l). The Sudbury Structure consists of three compo 
nents: Sudbury Breccia, diatreme-like breccias that sur 
round the SIC; the SIC, an annular layered intrusion that 
hosts the Ni-Cu sulphide deposits; and the Sudbury 
Basin, a 53 by 17 km elliptical basin that lies within the

SIC and is underlain by the Whitewater Group. The SIC 
has been dated at 1850 Ma (Krogh et al. 1984).

WHITEWATER GROUP
The Whitewater Group is restricted to the Sudbury 
Basin. It consists of, in ascending stratigraphic order, the 
Onaping, Onwatin and Chelmsford formations (see Fig 
ure 404.1).

Onaping Formation
The Onaping Formation (1.6 km thick) is subdivided 
into 4 major units, Basal Member, Grey Member, Black 
Member and "Melt Bodies" (Peredery 1972). Melt Bod 
ies are igneous textured bodies that intrude the Grey and 
Black members. The Grey and Black members have been 
interpreted as a conformable fragmental succession (Muir 
and Peredery 1984).

The lowermost unit, the Basal Member, consists of 
a variety of country rock fragments in a matrix described 
as fine-grained, heterogeneous and highly recrystallized 
(Muir and Peredery 1984) to homogeneous and igneous- 
textured (Brockmeyer and Deutsch 1989; Paaki 1990). 
Work by Brockmeyer and Deutsch (1989) suggests that 
the Basal Member is a xenolith-charged intrusion that, 
based on petrographic studies and Sr-Nd isotopes, is 
interpreted to be an early phase of the SIC.

The overlying Grey Member consists of a variety of 
breccias composed of a mixture of country rock frag 
ments and devitrifled and recrystallized glasses (Muir 
and Peredery 1984). The Black Member is similar, but is 
finer grained and contains carbonaceous material that 
imparts a characteristic black colour to the matrix (Muir 
and Peredery 1984).

The origin of the Onaping Formation and Sudbury 
Structure is controversial. Originally interpreted as hav 
ing a volcanic origin and consisting of ash-flow tuffs and 
lavas resulting from catastrophic eruptions that accom 
panied cauldron subsidence (Thompson 1957; Williams 
1957; Stevenson 1972) it is now interpreted, by many 
workers, to consist of impact generated fall-back brec 
cias and melt bodies (Dietz 1964; French 1967; Dence 
1972; Peredery 1972).
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Figure 404.1. Location of Errington study area and general geology of the Sudbury Structure.

Onwatin Formation
The Onwatin Formation conformably overlies the 
Onaping Formation and consists of laminated carbon 
aceous and pyritic argillite, siltstone and minor wacke 
(Rousell 1984a). The thickness of the Onwatin Forma 
tion ranges from 1400 m (Arengi 1977) to 600 m (Rousell 
1984a).

Hie Vermilion Member, a distinctive carbonate-rich 
unit and host to the Zn-Cu-Pb mineralization at Errington 
and Vermilion, occurs at the base of the Onwatin Forma 
tion. The Vermilion Member consists of black and grey 
argillites, "cherts" and carbonate units.

Chelmsford Formation
The Chelmsford Formation conformably overlies the

Onwatin Formation and consists of lithic wackes (Rousell 
1984a). Sedimentary structures include carbonate con 
cretions, U-shaped channels, current marks, convolute 
laminations and load structures. The formation is inter 
preted to have been deposited by southwesterly moving 
turbidity currents (Rousell 1984a).

GEOLOGY OF THE ERRINGTON 
#1 AND #2 SHAFT AREA
The Errington #1 and #2 shaft area is underlain by the 
Black Member of the Onaping Formation and the Onwatin 
Formation (Figure 404.2). The Black and Vermilion 
members were subdivided into distinct lithologic units 
whereas the black argillite member of the Onwatin 
Formation was not and will not be described further 
herein.
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VERMILION MEMBER-ERRINGTON AND VERMILION DEPOSITS
Tuff, used herein, refers to fragmental rock with a grain size -c2 mm

ONWATIN FORMATION - black, fine-grained, carbonaceous, conductive 
argillite with grey, non-conductive argillite/siltstone interbeds (distal turbid- 
ites?). <5% fine, disseminated and laminated pyrite; pyrite concretions and 
framboids locally developed. Pyrrhotite (locally up to 5 to 107o) and grey 
argillite interbeds more abundant at base of unit.

VERMILION MEMBER - Grey argillite unit. Thin- to medium-bedded, non- 
conductive grey siltstone. Normal grading is common with local cross- 
bedding and climbing ripples. Thin, black, carbonaceous argillite interbeds 
(typical Onwatin argillites). Minor Fe- and Mn-carbonates, calcite and dolo 
mite. Unit interpreted as a succession of distal turbidites (referred to as Basal 
Argillites in mine terminology).

VERMILION MEMBER - Carbonate unit. Massive- to thin-bedded carbonate 
unit with local pelletal (pisolitic?) and colloform texture. Consists of calcite 
and/or dolomite (minor Fe- and Mn-carbonates). Unit is variably silicified and 
replaced by sulphides.

VERMILION MEMBER - Massive Zn-Cu-Pb sulphide unit. Massive (with 
local pelletal/framboidal textures), banded and brecciated sulphide - carbon 
ate replacement?

ONAPING FORMATION - Upper Black member conductive unit. Massive- to 
thin-bedded, reworked, fine-grained carbonaceous luff". 1 to 50Xo pyrrhotite 
(local chalcopyrite) and minor dolomite and calcite.

ONAPING FORMATION - Upper Black member massive unit. Massive, 
locally bedded, black, fine-grained reworked "tuff"containing -d to 507o 
sulphides (pyrrhotite and pyrite) and minor calcite and dolomite.

Figure 4042. Stratigraphic column of map units within the Errington #1 and #2 Shaft area (not to scale).
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Onaping Formation
The Black Member of the Onaping Formation was sub 
divided into depositional units on the basis of visual 
estimates of fragment sizes and their proportions using 
the classification scheme of Fisher (1966). This classifi 
cation scheme has traditionally been applied to 
volcaniclastic rocks and its use herein is strictly for 
descriptive, non-genetic classification. Conductivity con 
trasts within the Black Member allowed its subdivision 
into 2 units; an upper conductive tuff unit and an 
underlying non-conductive, massive tuff unit (see Figure 
404.2).

CONDUCTIVE TUFF UNIT
Conductive tuff is a laterally extensive unit that occurs at 
the stratigraphic top of the Black Member (see Figure 
404.2). Tlie unit has an apparent thickness of 5 to 40 m. 
Contacts with the overlying Vermilion Member are ir 
regular and sharp. Conductive tuff is differentiated from 
the underlying, non-conductive massive tuff by the 
former's marked conductivity which is attributed to a 
higher percentage of matrix carbon.

Conductive tuff is typically massive at its base and 
crudely bedded in its upper portions; well developed 
bedding is rare. Fragments of black chert, argillite and 
quartzite (less than 4 mm in size), along with l to 2 mm 
subrounded quartz fragments constitute O to y/o of the 
unit. The ash-sized matrix is composed of quartz, car 
bonaceous material, carbonate minerals and irresolvable 
micaceous minerals. Pyrite is the dominant sulphide; 
pyrrhotite, sphalerite and chalcopyrite are minor con 
stituents.

NON-CONDUCTIVE TUFF UNIT
Non-conductive tuff is the dominant and most laterally 
extensive map unit (see Figure 404.2). It is defined as a 
fragmental rock containing less that 3307o lapilli-sized (2

to 64 mm) fragments. Drill core data suggests an appar 
ent thickness in excess of 200 m. The contact with the 
overlying conductive tuff is conformable and gradational 
over 20 to 25 mm.

Tlie medium grey to black, ash-sized (less than 2 
mm) matrix consists of quartz, carbonaceous material, 
carbonate minerals, feldspar, white mica, iron oxides, 
biotite, epidote and chlorite. Chlorite also occurs as 2 to 
15 mm wispy streaks that are interpreted as deformed 
vitric shards.

Fragments (2 mm to 0.5 m) consists of white to grey 
quartzose and quartzo-feldspathic fragments, white to 
black chert, finely laminated black argillite, grey to blue- 
grey quartz, minor flow-banded vitric fragments and 
carbonate-rich fragments. Crudely stratified lapilli-rich 
and fine tuff beds, up to 10cm in thickness, occur in the 
stratigraphic upper portions of the unit.

Sulphides, mainly pyrrhotite, with minor pyrite, 
sphalerite, chalcopyrite and galena, occur as dissemina 
tions within the matrix and within carbonate-rich frag 
ments. Toward the upper contact of the unit, pyrite 
becomes the dominant sulphide.

Vermilion Member
The Vermilion Member of the Onwatin Formation, also 
referred to as the "contact unit" by Davies et al. (l990), 
conformably overlies the conductive tuff unit of the 
Onaping Formation and underlies the black argillites of 
the Onwatin Formation. The Vermilion Member ranges 
from less than l to 15 m in thickness and consists of 
carbonate units, "chert-like" breccia units and grey and 
black argillite units (see Figure 404.2).

Mineralization
The multi-lensed, Errington Zn-Cu-Pb massive sulphide 
deposit contains 4.3 Mt at an average grade of 4.054fe Zn, 
l .240/0 Cu, l .0596 Pb and 56 g/t Ag (Severin and Gates

Photo 404.1. Cataclastic pyrite (py) with interstitial quartz, carbonate, Photo 4042. Framboidal marcasite (M) in a carbonate matrix, 
chalcopyrite (cp) and sphalerite (sp).
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1981). Initial reconstruction suggests the deposits were 
originally blanket-like but have been technically thick 
ened and telescoped by tight, inclined and over-turned 
northeast-trending isoclinal folds and subparallel axial- 
planar faults.

The Zn-Cu-Pb mineralization occurs at the base of 
the Vermilion Member. Sulphide mineralization occurs 
as; a) massive pyrite at the base of the Vermilion Member 
(Basal Pyrite Zone), and b) as massive, semi-massive and 
disseminated mineralization, principally pyrite, sphalerite, 
chalcopyrite and galena within overlying carbonate units.

BASAL PYRITE ZONE
Hie Basal Pyrite Zone has a thickness of 2 to 6 m and 
contains more than 70*fc pyrite. Pyrite occurs as 
framboids, up to 0.5 cm in diameter, subhedral to 
euhedral grains and as fine grained sulphides. Carbon 
aceous material, quartz and dolomite occur interstial to 
pyrite grains. Pyrite often displays "brittle" cataclastic 
textures with interstices filled with quartz, sphalerite and 
trace amounts of galena (Photo 404.1). Ragged, "float- 
like" pyrite grains are often encased by interstitial 
sulphides. Chalcopyrite also occurs within the cores of 
pyrite grains as irregularly distributed disseminations.

CARBONATE-HOSTED MINERALIZATION
Carbonate-hosted sulphide mineralization, the principal 
ore type, stratigraphically overlies the Basal Pyrite Zone. 
Thickness ranges from less than 5 to 35 m.

Pyrite, the primary sulphide mineral, forms discrete 
bands with calcite and is locally massive. The bands 
consist of isolated pyrite grains, that are fragmented and 
corroded by quartz, carbonate and other sulphides. 
Preserved primary textures include banded varieties, 
irregular concentrically banded framboids and sheaf- 
like growths. Marcasite occurs as delicate framboids 
exhibiting radial growth (Photo 404.2) and hexagonal 
crystals showing intricate growth patterns. Evidence 
for replacement of early formed pyrite include: chalcopy 
rite and sphalerite within selective growth bands of 
framboidal pyrite grains; chalcopyrite replacement of 
individual rods within selective pyrite sheafs and; 
sphalerite and minor chalcopyrite within hexagonal 
marcasite grains.

Chalcopyrite occurs as fine disseminations, irregular 
bands and locally as stringers and appears to selectively 
replace carbonate grains. Pyrrhotite is restricted to the 
stratigraphically lower portions of the carbonate-hosted 
mineralization. Sphalerite commonly occurs as sub-
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Figure 404 J. Section 10000E through the Errington #2 Shaft area (looking west). Only drill holes used in the alteration study are shown; numerous 
surface and underground holes and mine workings were removed for clarity.
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rounded grains hosted by galena and less commonly is 
banded. Fine-grained chalcopyrite grains occur within 
and replace sphalerite bands.

MINERALIZATION WITHIN THE FOOT 
WALL ONAPING FORMATION
Sulphides within the underlying Black Member consist 
of chalcopyrite, pyrite, pyrrhotite, sphalerite and galena, 
in order of approximate decreasing abundance. Chal 
copyrite typically occurs as anastomosing stringers inti 
mately associated with quartz and locally dolomite. 
Crudely banded sulphides in the uppermost portion of 
conductive tuff consist primarily of pyrrhotite and are 
cross-cut by dolomite veins containing sphalerite, ga 
lena, pyrite and trace amounts of chalcopyrite.

INTERPRETATIONS
Deformation has destroyed many of the primary textures 
at Errington making it difficult to establish unequivo 
cally the sulphide paragenetic sequence. Much of the 
sulphide mineralization appears to be secondary, how 
ever, delicate replacement of primary marcasite and 
pyrite by chalcopyrite and sphalerite and ragged pyrite 
grains contained within pyrrhotite/sphalerite/chalcopy- 
rite assemblages suggest that pyrite and marcasite formed 
early in the history of the deposit. This paragenetic 
sequence is interpreted to represent replacement of 
lower temperature iron sulphides by higher temperature 
assemblages consisting of pyrrhotite, sphalerite and chal 
copyrite. The replacement textures described above are 
similar to those observed in modern scafloor sulphide 
deposits (Lydon 1988), in Miocene Kuroko deposits 
(Eldridge etal. 1983) and in Archean deposits at Noranda 
(Gibson 1990), where early formed lower temperature 
mineral assemblages such as pyrite and sphalerite are 
progressively replaced by chalcopyrite and pyrrhotite 
that are stable at higher temperatures (Embley et al. 
1988; Marchig et al. 1988; Paradis et al. 1988). Chal 
copyrite stringers within the underlying Onaping Forma 
tion are interpreted to be part of the stringer or stockwork 
sulphide zone.

Structure
FOLDING
The Sudbury Structure has been affected by structural 
deformation initiated during the Penokean Orogeny 
(Rousell 1984b; Cowan and Schwerdtner 1990). North 
westerly directed stresses resulted in the development of 
east plunging, overturned, isoclinal folds and a pervasive 
0500 to OSO0 striking and 600 to 850 south dipping axial 
planar foliation (Figure 404.3). This is particularly evi 
dent in the stratigraphic upper portions of the Onaping 
Formation, the Onwatin Formation and the Vermilion 
Member. Faults trending 0600 to 0700 are interpreted to 
represent attenuated or stretched limbs of isoclinal folds.

The mineral inventory and enveloping Onwatin and 
Onaping formations are considerably more tightly folded 
and attenuated than their lateral equivalents (see Figure 
404.3). This is attributed to the ductile behaviour of 
sulphide minerals during deformation.

FAULTING
Two distinct groups of faults have been recognized. The 
most common faults are those striking 0600 to 0700 and 
dipping at approximately 700 south. Faults of this set are 
interpreted to be axial planar faults and they exhibit both 
normal and reverse senses of movement (see Figure 
404.3).

Faults striking 0450 and dipping 300 south are thrust 
faults. Thrust faults, delineated using both drill hole and 
underground data, result in the placement of footwall 
Onaping Formation above the younger Onwatin Forma 
tion. Field relationships indicate that the thrust faults 
offset axial planar faults. Thrust faults parallel the 
Grenville Front and may have formed during the Grenville 
Orogeny.

Alteration
In order to characterize and define the limits of a footwall 
alteration zone below the Errington deposit a total of 9 
drill holes below and immediately adjacent to the 
Errington deposit were logged and die conductive and 
non-conductive tuff units of the Black Member were 
sampled. In order to establish background values the 
conductive and non-conductive units were logged and 
sampled from a single drill hole that penetrated the 
Onaping Formation along the North Range of the Sudbury 
Basin (DO35-02; see Figure 404.1).

Tuff and conductive tuff units were sampled sepa 
rately and care was taken to insure that the samples 
represented a complete stratigraphic section through 
these units. Comparison of the major oxide data from the 
9 holes at Errington to that from DO35-02 suggests some 
significant apparent changes. Although, for clarity, only 
Ba data is shown in Figure 404.4. Conductive tuff in drill 
holes at Errington are enriched in Ba, Cu and Zn and are 
depleted in Na2O, Fe2O3 , MnO, CaO and Mgp relative to 
DO35-02. The limits of this footwall alteration zone are 
currently being delineated and the behaviour of other 
trace and rare earth elements are being examined.

Of possible significance in defining the limits of the 
footwall alteration zone is the ratio of total sulphur to 
organic carbon (S/Con,). S/C,** ratios within the strati 
graphic upper portions of the Onaping Formation away 
from the Errington deposit have values of about 0.36 
(Whitehead et al. 1990). Values equivalent to 0.36 are 
indicative of diagenetic sulphur, whereas S/C*, much 
greater than 0.36 reflect sulphur addition presumably by 
ascending and discharging hydrothermal fluids 
(Whitehead et al. 1990). Average S/Cag values within the 
conductive andesite tuff increase toward the deposit
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where values up to 2.37 occur below the deposit (Figure 
404.5) strongly suggesting introduction of hydrothermal 
sulphur and proximity to the hydrothermal vent area.
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The Errington and Vermilion Zn-Cu-Pb deposits occur at the base of the Onwatin Formation 
within a contact unit consisting of hydrothermal carbonate and chert along with carbonaceous 
slate. Compared to the underlying Onaping Formation and overlying Onwatin argillite, the distal 
sediments stratigraphically equivalent to the contact unit are enriched in Mn and Ba reflecting 
the presence of minerals such as kutnahorite, manganosiderite, spessartine and hyalophane.

The purpose of the proposed project was to obtain more complete data on the lateral and 
vertical variations in lithogeochemistry, in mineral compositions and in isotopic values related 
to hydrothermal activity, particularly within the regions associated with the mineral deposits.

The termination of funding for this project has reduced its scope. The data obtained from the 
analysis of 149 samples collected during the study are insufficient to permit any firm conclu 
sions. However, data suggest that, in addition to Mn and Ba enrichment already recognized, K- 
metasomatism of clay mineral occurring in the argillaceous sediments has accompanied 
mineralization. The results of metasomatism are not readily recognized in hand specimen or 
thin section, but become evident as the result of chemical calculations.

INTRODUCTION
The results of earlier geochemical, mineralogical, ther 
mometric and isotopic studies (Whitehead et al. 1990, 
1992 and Davies et al. 1990) demonstrated significant 
mineralogical, chemical and isotropic variations at the 
contact between the Onaping and Onwatin formations. 
These variations appeared to be related to the hydrother 
mal activity associated with the formation of the Errington 
and Vermilion Zn-Cu-Pb deposits. These studies were 
concerned with the upper fragment-poor to essentially 
fragment-free 150 m of the carbonaceous Black Onaping 
Member and the lower 100 m of the Onwatin argillites 
including the chemically distinct "contact unit" at the 
base of the Onwatin Formation.

Compared to the underlying Onaping Formation 
and overlying Onwatin argillite, the distal sediments of 
the contact unit are enriched in manganese reflecting the 
presence of manganosiderite, kutnahorite and spessartine, 
and in barium reflecting die presence of potassium- 
barium feldspar, hyalophane (Whitehead et al. 1992). 
Compared to the Onaping Formation, the entire section 
of the Onwatin Formation sampled (including the basal 
contact unit) displays enrichments in Ni, Co, As, Pd, Re, 
B and F (Whitehead et al. 1992). The argillite above the 
contact zone is enriched in Cu, Zn and Pb.

PROPOSED RESEARCH 
AND RESULTS
The stratigraphic variations summarized above resulted 
from hydrothermal discharge into the water column at

the vent site (Zn-Cu-Pb deposits) and the lateral migra 
tion of a buoyant plume from which components of the 
distal sediments were deposited. One would expect, 
therefore, not only vertical (stratigraphic variations, but 
also lateral variations relative to distance from the vent 
site.

One hundred and forty nine samples were collected 
for selected diamond drill holes and analyzed for the 
major elements and the following trace elements: CI, As, 
Se, Sb, Pt, Pd, S, B, Nb, Zr, Y, Sr, Rb, Ga, Ba, La, Ce. Cu, 
Pb and Zn.

In order to compare distal and proximal sediments 
and the chemistry, it is necessary to compare similar 
stratigraphic horizons and similar rock types. A serious 
problem related to alteration of metasedimentary rocks 
is in deciding whether variation in rock chemistry is the 
result of primary compositional differences (e.g., the 
arenite versus argillite components of greywacke) or to 
gains and/or losses of elements during metasomatism.

In rocks such as turbidites, which consist of both 
arenaceous and argillaceous fraction and which contain 
potassium feldspars, plagioclase and micas, it is possible 
to determine K2O enrichments and depletions by utiliz 
ing sorting curves (Lickley et al. 1987). Efforts to mea 
sure K2O metasomatism in Onwatin argillites using 
these curves have been abandoned because most of the 
rocks encountered in the present study are clay rich and 
lack detrital feldspar, thus limiting the spread of samples 
of the Onwatin Formation to the flatter part of the sorting 
curve (Figure 406. l). This restricts the use of the sorting 
curve to quantify K2O metasomatism.
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An alternative method to determining K2O alter 
ation where large numbers of samples are involved is to 
utilize the relationship of K2O versus Al2Os in clay 
minerals. Figure 406.2 is a plot of molar K2O against 
molar A12O3 in Onwatin and Onaping samples relative to 
the compositional field for illite. Progressive increase in 
the filling of the K2O sites in illite appears to be an 
indication of the degree of K2O alteration (see Figure 
406.2); however, thin section examination and micro 
probe analyses are necessary to confirm this interpreta 
tion. This avenue of research is presently being pursued.
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The petrology, mineralogy and geochemistry of the least altered alkalic metavolcanic rocks from 
3 localities in the Timiskaming group in the Kirkland Lake belt, northeastern Ontario, have been 
studied in order to determine their relationship and tectonic settings to the gold mineralization in 
the area. At the western end of the 60 km belt at Vigrass Lake, Teck Township and at Bidgood, 
Lebel Township flows of mafic trachytes occur whereas toward the eastern part of the belt south 
of Malone Lake, Mcvittie Township, the flows are felsic trachytes. Based on field observations, 
petrography and mineral chemistry all of these rocks are metamorphosed to greenschist facies 
and also appear to have undergone late stage alteration. Hence, clinopyroxene phenocrysts are 
partly altered to actinolite and chlorite and feldspar is separated into almost pure potassium and 
sodium varieties. The so-called "pseudoleucites", particularly in the Bidgood area, consist of a 
mixture of potasium feldspar, sodium feldspar and chlorite. These are sometimes zoned, but 
contain no feldspathoids. Feldspathoids are absent in all rocks studied. Phlogopite phenocrysts 
are present at Malone Lake. Apatite occurs as microphenocrysts and as inclusions in feldspar 
and phlogopite.

Major element whole rock analyses show the major variations are in the large-ion lithophile 
elements, SiO2 and CO2 reflecting their metamorphism and post-magmatic alteration. Chond rite- 
normalized REE patterns for rocks from all localities are similar, with those from Vigrass Lake 
being less LREE enriched than those of Bidgood. In contrast to potassium-rich rocks from the 
East African Rift, none of the Timiskaming group metavolcanic rocks has an Eu anomaly.

Mineral analyses for all major phases in these rocks indicates that relict igneous clinopyroxene, 
present only in the Vigrass Lake rocks, is diopside which is similar in composition in potassium- 
rich alkalic volcanic rocks; potassium feldspars from Bidgood are enriched in BaO with up to 8.3 
weight 07o BaO, also a common feature of feldspar in some potassium-rich volcanic rocks; 
fluorapatites are present sometimes as 2 distinct generations; and a TiO2- and Cr2O3-rich 
phlogopite is present in the Malone Lake rocks.

The alkaline characteristics of the magma from which the Timiskaming group metavolcanic 
rocks crystallized are suggested from the clinopyroxene, feldspar, phlogopite and apatite 
chemistry and from the whole rock chemistry and the REE distribution. The Timiskaming group 
trachytes have enriched Ba, Sr, K, Rb, Th and depletion in Nb similar to trachytes from the Sundra 
arc and to other Neoarchean magmatic rocks believed to be derived by partial melting of an 
enriched mantle source.

INTRODUCTION mineralization.

This report covers the first year's study of the The Timiskaming group metavolcanic rocks have
relationship between the alkalic metavolcanic rocks been sampled and mapped from 3 carefully chosen
and the gold mineralization in the Kirkland Lake localities representing areas of limited alteration
area, northeastern Ontario. Specifically, our objectives (Figure 409.1): Vigrass Lake, Teck Township;
are to determine the petrology, mineralogy and Bidgood, Lebel Township; and in the Malone Lake
geochemistry of the least altered alkalic metavolcanic area, Mcvittie Township. These 3 areas, along the
rocks of the Timiskaming group, to classify these 60 km long belt of Timiskaming group meta-
rocks, to constrain their petrogeneses and to examine volcanic rocks represent flows of mafic (Vigrass, Bidgood)
possible genetic links between these rocks and gold and felsic (Mcvittie) trachytes that, based on earlier
mineralization. This study also involves comparison descriptions (Cooke 1966; Cooke and Moorhouse
between the Timiskaming group metavolcanic rocks 1969), were considered to best represent the magma
with other Phanerozoic alkalic suites in well from which these now metamorphosed and
documented tectonic settings with and without gold otherwise altered rocks originated.
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Figure 409.1. Generalized geology of the Kiikland Lake area showing location of the 3 study areas (after Cooke and Moorehouse 1969).

REGIONAL GEOLOGY AND 
PREVIOUS GEOCHEMISTRY
The Timiskaming group of alkalic metavolcanic rocks 
was originally described by Cooke (1922). Subsequently, 
Cooke (1966) and Cooke and Moorhouse (1969) sug 
gested that the alkalic rocks were of a potassium-rich 
SiOi-undersaturated variety based on the presence of 
well-preserved "pseudoleucite" structures. They also con 
sidered that the Timiskaming group metavolcanic rocks 
progressed from a calc-alkalic to strongly alkalic trend 
with both potassic and sodic affinities. Subsequent geo 
chemical studies have shown enrichment in La-Yb ratio, 
Th, Zr, Sr and Rb attributed to the parental magma being 
a partial melt of a large-ion lithophile element enriched 
source (Capdevila et al. 1982; Ujike 1985); and deple 
tion in Nb, Ta and Ti being related to subduction (Ujike 
1985).

The Archean Timiskaming group metavolcanic rocks 
have been compared with other alkalic suites (e.g., the 
Roman Province, Papua New Guinea) related to island 
arc rather than to continental intraplate magmatism 
(Capdevila et al. 1982; Ujike 1985; Corfu et al. 1991). 
The Timiskaming group metavolcanic rocks, however, 
are metamorphosed to prehnite-pumpellyite and 
greenshist facies (Jolly 1978), generally highly altered 
and deformed, particularly adjacent to mine workings 
(Cooke 1966; Cooke and Moorhouse 1969), and in 
truded by numerous small intrusions of syenite and other 
rocks (Thompson 1948) that may be genetically related 
to the metavolcanic rocks that are present. Thus, before 
a useful comparison between the Timiskaming group 
metavolcanic rocks and other younger and more pristine 
alkalic rocks can be made, some indication of the nature

of the magmatism (alkalic versus calc-alkalic, potassic 
versus sodic) and the role of postmagmatic processes are 
required (Borodin and Pavlenko 1974).

LOCAL GEOLOGY AND ACCESS 
Vigrass Lake, Teck Township
The Vigrass Lake alkalic rocks occur 6.5 km east of 
Kirkland Lake along Hwy 69 close to Swastika with 
access being along a grid cut by Queenston Mining 
Incorporated and Battle Mountain (Canada) Incorpo 
rated. The generalized local geology of the area (Figure 
409.2) shows the flow unit sampled. This unit is a 
pyroxene porphyritic trachyte that is generally confined 
to the northern boundary of the property. A similar unit 
occurs south of the Blanche River, but is stratigraphically 
discordant and may be a dike. This unit was interpreted 
as an augite porphyrite intrusion (Thompson 1948), or 
as a flow (Cooke 1966) representing the fourth and 
youngest unit in the area. A flow top breccia formed by 
increasing vesiculation occurs in some parts of this unit 
(Photo 409.1).

The northern flow in Figure 409.2 has no exposed 
base and dips 600 to the south at the contact with 
overlying tuffaceous sediment, indicating a maximum 
true thickness of sightly greater than 300 m. No contacts 
are observed in outcrop within the flow, but the presence 
of an internal feldspar and pyroxene porphyritic unit may 
indicate that the unit is composed of more than a single 
flow.

In outcrop, this unit is weathered to a brown to grey 
coloured surface that is pitted due to the weathering of
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Figure 4092. Geology of the Vigrass Lake area. Teck Township.

the pyroxene phenocrysts. These euhedral phenocryst 
make up about 1007o of the rocks, they are about 3 mm 
in size and black to dark green in colour depending on the 
extent of replacement by chlorite. The phenocrysts are 
set in a dark red to dark green aphanitic groundmass. In 
outcrop, the rock has a trachytic texture and near the top 
of the flow is vesicular with calcite infilled vesicles.

Bidgood, Lebel Township
This area (see Figure 409. l) is located approximately 3 
km east-northeast of the village of King Kirkland (3 km 
east of Kirkland Lake on Hwy 69). Access to the property 
is by a secondary road off the highway just east of King 
Kirkland. Samples from this area were obtained mainly 
from 13 exploration diamond drill cores from the Minis 
try of Northern Development and Mines Drill Core 
Library in Swastika, together with surface samples from 
Bidgood and King Kirkland.

The rocks from the Bidgood area are generally 
covered by thick overburden making correlation of vol 
canic units difficult. The area represents a series of flows 
classified as red and green spotted trachytes (MacLean

1956) and leucite trachyte (Cooke 1966). These flows 
strike southeast and dip steeply north. Parsons (1946) 
suggested this section represented an overturned north 
link of a syncline. Cooke (1966) interpreted this area as 
representing the third volcanic unit of the Timiskaming 
group metavolcanic rocks.

The leucite trachyte consists of dark to white polygo 
nal "phenocrysts" up to 1.5 cm across in a aphanitic 
groundmass that is grey coloured in weathered surface 
and dark green to dark red in colour on fresh surface. 
Underlying trachyte flows with mottled red to green 
cores, contain dark round spots up to 3 mm in size that 
have been interpreted in drill logs to be altered 
feldspathoids (G.E. Parsons, unpublished data). The 
leucite trachyte flow unit is intruded by lamprophyre and 
feldspar porphyry dikes, and is cut by quartz carbonate 
veins.

Malone Lake, Mcvittie Township
The third area chosen was Malone Lake (Figure 409.3) 
in Mcvittie Township and is located about 21 km east of 
Kirkland Lake. The area is accessed by foot along the
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Ontario Northland Railway tracks. This unit of alkalic 
metavolcanic rocks is interbedded with conglomerate 
and greywacke units of the Timiskaming group (Hyde 
1980). In this area, the trachyte and metasediments form 
a south-facing homoclinal sequence which unconformably 
overlies metabasalts of the Kinojevis Group (Thompson 
1943; Jackson 1988). The area was mapped on a l: 1000 
scale (see Figure 409.3) and samples collected along a 
400 m north-south traverse across the railroad tracks. 
Further south, the trachytes become increasingly altered 
as the Cadillac-Larder fault, lying about l .5 km to the 
south, is approached.

Relatively fresh felsic feldspar trachyte flows from 
this area were considered to represent the first flow 
sequence of the Timiskaming group metavolcanic rocks 
(Cooke and Moorhouse 1969), and occur in 3 units. The 
trachytes are generally grey to mauve in colour and 
contain up to 25^o feldspar phenocrysts. The lower 2 
units, which probably represent 2 flows, are generally 
less altered than the upper unit and some primary 
igneous textures are preserved. Close to shear zones 
alteration increases. Alteration is present as 
carbonatization, sericitization of the feldspars, 
chloritization of mica, albitization and silicification; the 
latter occurring as crosscutting veinlets of quartz.

In the less altered lower units, phenocrystic minerals 
consist of a mixture of ferroactinolite and tremolite 
replacing pyroxene, phlogopitic mica, albite and ortho 
clase. Alteration in the upper unit is so intense that no 
primary or relict igneous mineralogy could be recog 
nized.

PETROGRAPHY 
Vigrass Lake Samples
The mafic trachyte at Vigrass Lake is characterized by 
pyroxene phenocryst totally or partially (20%) replaced

by actinolite and/or chlorite. The aphanitic groundmass 
consists of feldspar and secondary mica. Accessory min 
erals include iron oxides, apatite, titanite, barite, and 
epidote. No feldspathoids have been found.

Bidgood Samples
The trachyte from this area is composed dominantly of 
feldspar, carbonate, mica and iron oxide minerals. Ac 
cessory minerals are barite, apatite and titanite. In com 
mon with the Vigrass Lake unit, the feldspars in the 
Bidgood rocks are untwinned and no feldspathoids have 
been detected.

The most spectacular feature of the trachytes from 
Bidgood is the large polygonal structure termed 
"pseudoleucite" by Cooke (1966) and Cooke and 
Moorhouse (1969). These authors considered that these 
structures, and particularly the minute opaque inclu 
sions that show zonation and possible twin planes within 
the larger structure, and the chemistry of these rocks, 
indicated that the pseudoleucites were originally leu- 
cites. Indeed, it is largely on this interpretation that the 
metavolcanic rocks in this area are considered to be 
potassium rich.

One of the best preserved sample of "pseudoleucite" 
is shown in Photo 409.2 from the King Kirkland area that 
clearly shows the zonation pattern of the opaques. Photo 
409.3 indicates that the "pseudoleucite" is composed of 
equigranular feldspar, opaque minerals, and mica. Photo 
409.3 is an electron backscattered image of this 
"pseudoleucite" in which the light grey area is potassium 
feldspar, the medium grey in the interior is chlorite, and 
the dark grey-black areas are albite. The bright particles 
are barite. The relationship between the potassium feld 
spar and albite suggests replacement of albite by potas 
sium feldspar along cleavage or twin planes. No 
feldspathoids have been found within any of the 
"pseudoleucites".

Photo 409.1. Flow top breccia in pyroxene-porphyritic trachyte, 
Vigrass Lake area.

Photo 4092. "Pseudoleucite"phenocrystinflowfromtheKingKiikland 
area. Plane polarized light Phenocryst is 12 mm in diameter.
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Photo 409J. Backscatlered electron image of "pseudoleucite" phe 
nocryst from King Kirkland area. Light grey area is potassium feldspar. 
Medium grey is the interior of phenocryst in chlorite. Dark grey area is albite. 
Bright particles are barite.

With increasing alteration the zonation disappears, 
amoeboid structures formed by iron oxides occur, and 
hematite staining around recrystallized feldspar is ob 
served. Concomitant with the increase in potassium 
feldspar, bladed crystals form along the boundary of the 
pseudoleucite with their long axis toward the centre. In 
the most altered "pseudoleucite", carbonates occupy 
almost all of the structure.

Malone Lake Samples
The principal phenocryst minerals in the trachytes of the 
Malone Lake traverse are phlogopite, feldspar and apa 
tite. Groundmass material in these trachytes consists of 
a matte of fine alteration products.

Euhedral to subhedral phlogopite occurs as phe- 
nocrysts up to l .5 mm in size with green brown to dark 
brown pleochroism with the intensity of pleochroism 
varying with the extent of chloritization. Kinking is 
visible in basal sections of the micas. Titanium-magnetite 
inclusions are common in the mica. Titanium-magnetite 
also forms veins on the mica phenocrysts, possibly caused 
by titanium-mobilization produced in late-stage pro 
cesses (Carmichael 1967).

Two types of feldspar occur in the trachytes, l as 
euhedral to subhedral albite phenocrysts (up to 2 mm) 
and the other as euhedral to subhedral potassium feld 
spar phenocryst (l to 3 mm in size). The dominant 
alteration of feldspar is to variable amounts of albite and 
calcite.

Apatite occurs as small euhedral microphenocrysts 
(less than l mm in width) in the groundmass and as 
inclusions in phlogopite and feldspar.

ANALYTICAL METHODS
All analyses were done at the University of Western 
Ontario. Major and trace element chemistry was done by

X-ray fluorescence methods. Rare earth element (REE) 
analyses were performed by instrumental neutron activa 
tion analyses. The precision of major element analyses 
was checked against international standards. Detection 
limits for trace elements was 2 ppm for Nb, Zr, Y, Sr, Rb; 
0. l ppm for La, Ce, Nd, Sm, Th, Yb; 0.5 ppm for Ta, Hf, 
Se, Cs, Th, U; and 0.05 ppm for Eu and Lu.

All mineral analyses were made on a JEOL-8600 
Superprobe using an accelerating voltage of 15kV and 
beam current of l O A. Analyses were done using a wave 
length dispersive system (WDS). Identification and dis 
tinction of textural features was aided by the backscattered 
electron image capabilities of this instrument.

RESULTS
Whole Rock Chemistry
Major and trace element analyses for representative 
samples of the Vigrass, Bidgood and Mcvittie locations 
are given in Table 409. l. Classification of these rocks is 
very difficult due to their metamorphism and other post 
magmatic alteration. Chondrite values of Nakamura 
(1974) were used in the determination of REE diagrams.

VIGRASS LAKE

Using the classification of Streckeisen (1979), this unit 
is a trachyte to foid-bearing trachyte based on the CIPW 
anhydrous, volatile-free basis. The samples analyzed 
range from quartz-normative (7.07 weight Vo Q) to 
nepheline-normative (7.35 weight o/o Ne). Major varia 
tion in the chemistry of the Vigrass Lake rocks are in the 
large-ion lithophile elements and in silica. These are 
likely a result of postmagmatic processes that have 
mobilized these elements.

Representative samples from Vigrass Lake plotted 
on the chondrite-normalized REE diagram (Figure 409.4) 
indicate that they are LREE enriched. These rocks form 
a fairly tight group and show no Eu anomaly consistent 
with the high oxidation state of the Timiskaming group 
magmatism as proposed by Hattori and Levesque (l 989).

BIDGOOD

Major element analyses of the least altered Bidgood rocks 
(see Table 409.1) indicate that they have high CO2 
contents (2.17 to 8.15 weight Vo) and have clearly been 
substantially carbonatized. The Bidgood rocks are all 
feldspathoid-bearing trachytes based on the classifica 
tion of Streckeisen (1979) with 4.22 to 7.06 weight 0Xo 
normative nepheline on an anhydrous volative-free ba 
sis.

REE contents (see Figure 409.4) show that the 
Bidgood rocks are more LREE enriched than those of the 
Vigrass unit, but have similar HREE contents and have 
no Eu anomaly.
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Table 409.1. Representative whole rock analyses from the 3 study areas.
Sample
BIDGOOD
BID-4
BID-18
BID-38

MALONE
CLEG-3
CLEG-9
CLEG-22
CLEG-24

VIGRASS
MSC-8
MSC-24
MSC-28
MSC-30

Si02

46.70
50.18
52.16

55.72
56.54
56.93
61.40

50.64
52.48
52.37
51.23

TI02

0.76
0.65
0.53

0.50
0.52
0.46
0.47

0.85
0.84
0.88
0.87

AI203

15.00
18.08
20.15

13.23
13.46
14.14
15.35

13.69
13.70
13.95
14.12

Fe203

8.90
7.48
5.98

5.61
6.00
4.57
4.76

8.88
8.29
9.07
9.32

MnO

0.18
0.13
0.10

0.11
0.09
0.07
0.05

0.15
0.12
0.13
0.14

MgO

3.76
2.45
1.68

6.11
5.70
4.15
5.47

5.39
5.25
5.73
4.93

CaO

6.41
4.23
2.77

4.58
4.59
3.99
1.11

6.97
6.70
6.38
6.65

K*0

4.66
6.22
7.91

4.23
3.99
3.63
2.48

4.97
4.13
2.17
3.74

Na^

3.12
3.70
3.37

4.38
4.15
4.76
4.94

3.08
3.92
1.37
4.52

P*o5

0.50
0.58
0.32

0.29
0.30
0.28
0.26

0.53
0.52
0.55
0.56

LO.I.

9.74
5.48
4.09

5.37
4.86
6.67
3.98

3.96
3.67
2.08
4.06

Total

99.73
99.18
99.06

100.13
100.20
99.95

100.27

99.11
99.62
99.68

100.14

MALONE LAKE
TTie REE distribution of the trachytes from Malone Lake 
(see Figure 409.4) has a similar trend to those from the 
rocks of the Vigrass and Bidgood localities except for 
relative depletion in the heavy REE.

Mineral Chemistry
Minerals that have been analyzed form each of the areas 
to date are: Vigrass Lake — clinopyroxene, feldspar, 
amphibole, chlorite, mica, apatite and oxides; Bidgood 
— feldspar, chlorite, mica and phases within the 
"pseudoleucite"; Malone Lake — phlogopite, feldspar 
and apatite. Representative mineral analyses are shown 
in Tables 409.2, 409.3 and 409.4.

CLINOPYROXENE

Relict clinopyroxene phenocrysts from the Vigrass Lake 
trachytes are considered to be an original igneous texture 
based upon their compositions (see Table 409.2). These 
pyroxenes are diopside (Morimoto 1989) and fall within 
a narrow compositional range comparable with that 
reported for clinopyroxene from potassium-rich rocks 
(e.g., Holm 1982) of leucitite to phonolite composition.

Clinopyroxene was not observed in the rocks of 
Bidgood and Malone localities.

FELDSPAR
In the Vigrass Lake rocks feldspar is restricted to the 
groundmass as small (0. l mm) anhedral grains that are

virtually pure albite (mean 99.84*J6 Ab) and potassium 
feldspar (mean 96.46*fc Or) (see Table 409.2). The 
maximum anorthite is 2.81 07o. These feldspars are slightly 
barium rich with 1 5Vb having more than l weight Vo BaO 
and a maximum BaO content of 2.87 weight Vo BaO in 
a feldspar near the top of the flow.

The feldspars in the Bidgood trachyte are also essen 
tially of end-member albite and potassium feldspar com 
positions except that they may occur as phenocrysts and 
that the potassium feldspar has higher BaO contents than 
those in the Vigrass trachytes (see Table 409.3). Analy 
ses of a single euhedral potassium feldspar grain, about 
6 mm across, had 7.5 weight Vo BaO. The rim of this 
grain is barium-poor suggesting: 1) that growth of this 
grain occurred pre- and post-crystallization of accessory 
barite present in this rock, 2) that barium-rich to barium- 
poor zonation occurred during magmatic stage cooling, 
or 3) that this is a postmagmatic phenomenon caused by 
metamorphism or alteration (Smith and Parsons 1974; 
Snow and Kidman 1991). The maximum BaO (8.31 
weight 07o) in the Bidgood feldspar was found in a small 
grain bounding the "pseudoleucite" in these rocks.

Morphologically some of the Bidgood feldspar ap 
pears to be of igneous origin. High barium feldspars are 
common in many potassium-rich alkaline igneous prov 
inces (cf. Holm 1982).

In the Malone Lake rocks, feldspar also occurs as the 
near end-member compositions as euhedral to subhedral 
phenocrysts of albite (up to 1.2 mm across) and of 
potassium feldspar (l to 3 mm across). Many of these 
grains are altered to sericite, albite and calcite. Analyses 
of unaltered potassium feldspar (see Table 409.4) indi 
cate that these are also barium enriched like those from 
the Bidgood area.
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Table 409.2. Representative mineral analyses from the Vigrass unit
Mineral
Sample
Si02
Ti02
A'2O3
C'A
MnO
FeOT
MgO
CaO
BaO
SrO
Kp
Na2O
PA
F
CI
Total
-0-F+CI
Total

Orthoclase
MSC-3

65.62
0.00

18.03
N/A
N/A

0.06
N/A

0.08
0.86

N/A
15.22
0.26

N/A
N/A
N/A
100.15

FeOT represents all Fe as

Albite
MSC-8

66.97
N/A

19.56
N/A
N/A

0.29
N/A

0.00
0.00

N/A
0.07

11.59
N/A
N/A
N/A
99.62

FeO.

Diopside
MSC-26
58.07

0.75
4.05
0.05
0.31
8.71

13.81
21.30

N/A
N/A

0.00
0.80

N/A
N/A
N/A

99.71

Chlorite
MSC-29-1

27.24
0.00

17.09
0.01
0.34

20.41
19.51
0.02
0.00

N/A
0.08
0.03

N/A
0.25
0.01

85.22
0.11

85.11

Mica
MSC-25-2

54.76
0.73

19.22
0.00
0.04
3.52
0.65
1.40
0.03

N/A
7.35
5.13

N/A
0.00
0.01

96.79
0.01

96.78

Actinolite
MSC-8

33.04
0.05
0.87
0.08
0.39

12.61
15.68
12.92

N/A
N/A

0.05
0.35

N/A
0.14
0.00

98.29
0.06

98.28

Apatite
MSC-8
0.84

N/A
0.00

N/A
0.30
0.45
0.22

54.27
0.04
0.04
0.00
0.08

38.18
3.99
0.03

97.72
1.69

96.03

Table 409.3. Representative mineral analyses from the B id good unit.

Mineral
Sample
Si02
Ti02
AI2O3
Cr202
MnO
FeOT

MgO
CaO
BaO
SrO
Kp
N^O
P2O6
F
CI
Total
-O-F+CI
Total

Orthoclase
KK-1

64.90
N/A

18.48
N/A
N/A

0.01
N/A

0.04
1.09

N/A
15.42
0.28

N/A
N/A
N/A
100.22

Albite
BID-24

66.97
N/A

19.31
N/A
N/A

0.54
N/A

0.46
0.04

N/A
0.38

11.77
N/A
N/A
N/A

99.47

Ba-Felds
BID-4

58.07
N/A
20.55

N/A
N/A

0.03
N/A

0.01
7.51

N/A
12.45
0.46

N/A
N/A
N/A
99.08

Chlorite
BID-4
27.24

0.18
18.58
0.17
0.03

24.60
17.02
0.05
0.00

N/A
0.20
0.01

N/A
0.35
0.02

88.45
0.15

88.30

Wh. Mica
BID-38

54.76
0.13

22.84
0.00
0.00
4.08
1.91
0.16
0.06

N/A
8.22
3.40

N/A
0.00
0.02

95.60
0.00

95.60

Biotite
BID-24

33.04
0.97

17.27
0.06
0.24

16.53
15.85
0.05
0.11

N/A
7.25
0.07

N/A
1.12
0.01

92.57
0.47

92.10

Apatite*
BID-22

0.84
N/A

0.00
N/A

.020
0.22
0.00

51.06
0.18
2.74
0.01
0.13

39.37
3.62
0.14

98.51
1.56

96.95

FeOT represents all Fe as FeO.
Apatite* represents Population 2 - High Sr apatite microphenocrysts.
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Table 409.4. Representative mineral analyses from the Malone Lake area, Mcvittie Township.
Mineral 
Sample

Si02 
Ti02

CrA
MnO
FeOT

MgO 
CaO
BaO
SrO
K20

PA
F
CI
Total

-C^F+CI
Total

K-spar 
MC9C1

54.34 
N/A 
21.42

N/A 
N/A

0.16
N/A 

0.00
11.60

N/A
11.14 
0.39

N/A 
N/A
N/A
99.05

K-spar 
MC22CIR

63.31 
N/A 

19.63
N/A 
N/A

0.00
N/A 

0.04
1.55

N/A
14.67 
0.22

N/A 
N/A
N/A
99.42

Albite 
MC22CIR

69.82 
N/A 

19.70
N/A 
N/A

0.00
N/A 

0.02
0.00

N/A
0.23 

11.51
N/A 
N/A
N/A
101.28

Biotite 
12MICASJ

39.34 
0.98 

14.14
1.35 
0.09

12.62
17.04 

N/A
0.15

N/A
8.93 

N/A
N/A 

0.41
0.00

94.92

0.41
94.51

Apatite 
#13

0.40 
N/A 

0.02
N/A 
N/A

0.27
0.36 

54.1 1
N/A

0.09
0.03 
0.29

40.83 
2.55
0.95

100.00

1.29
98.73

MICA
The metavolcanic rocks of the Timiskaming group con 
tain a variety of micas ranging from muscovite and 
biotite at Vigrass Lake that are likely attributable to 
secondary metamorphic-metasomatic processes, to phl 
ogopite in the Malone Lake rocks that is likely magmatic 
in origin.

In the Vigrass Lake rocks, small amounts of tiny (less 
than 40 um) biotite are observed in backscattered images 
and have been analyzed (see Table 409.2). These are low 
fluorine micas that are likely a result of prograde meta 
morphism which may have reached pressure-tempera 
ture conditions of the biotite isograd. Unfortunately, 
these conditions are not well constrained in rocks of this 
composition.

Muscovite is more common in the Bidgood rocks 
than in those from Vigrass Lake. Table 409.3 indicates 
that these micas are high in the paragonite end member 
(up to 44%). Low F and CI contents characterize these 
micas and associated clay minerals.

Biotite is also present in the Bidgood rocks in which 
it is commonly replaced by chlorite. This mica has a high 
MgO content, modest TiO2 (l to 2 weight ^o), F values 
consistently around l .5 weight 07o and negligible CI. A 
single large (1.4 mm) grain with ragged edges and 
surrounded by iron oxides was sufficiently rich in mag 
nesium to classify as phlogopite (Deer et al. 1966). This 
phlogopite contained an inclusion of chromite that ap 
pears to represent a magmatic phase.

Phlogopite occurs as phenocryst (up to 1.5 mm) in 
the Malone Lake rocks. These are high in TiO2 (0.74 to 
5.8 weight 07o) and Cr2O3 (O to l .67 weight 07o) (see Table 
409.4). The high TiO2 and Cr2O3 contents of the phlogo 
pite suggest it is likely of magmatic rather than 
postmagmatic origin because such micas are common in 
some potassium-rich magmatic rocks.

AMPHIBOLE
In the rocks from Vigrass Lake, amphibole occurs in the 
groundmass and as rims of the relict clinopyroxene. Most 
amphibole is actinolite in composition (see Table 409.2) 
based on the classification of Leake (1978), but a single 
analyses proved to bemagnesio-cummingtonite interme 
diate between actinolite and thecummingtonite-grunerite 
series. This may represent a fine intergrowth of these 
secondary amphiboles during uralitization of the 
clinopyroxene (Klein and Hurlbut 1985).

Primary zoned amphibole is believed to occur in a 
clast within a tuffaceous unit that overlies the Vigrass 
Lake flow (K. Barron, personal communication). This 
clast may represent the hornblende trachyte flow ob 
served by Cooke (1966).

CHLORITE
Chlorite occurs in all the rocks sampled a Vigrass Lake 
as a replacement of diopside, in the groundmass, and as 
a retrograde replacement of actinolite. The chlorite is of
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fairly constrained composition (see Table 409.2) with 
Mg values of 57 to 61, low F and negligible CI.

Chlorite in the Bidgood rocks is less common and 
has more A12O3 then the chlorite at Vigrass Lake (see 
Table 409.3).

APATITE
Apatite is very common in all Vigrass Lake rocks occur 
ring as small euhedral laths and basal sections in the 
clinopyroxenes and in the groundmass. Excepting for 
CaO, PjOs and halogens, the apatite has few impurities 
(see Table 409.2). One apatite from a pyroxene syenite 
pod had anomalous SrO (up to 6.71 weight 96). These 
apatites are high in F (fluorapatites) and have F: C l ratios 
greater than 20: l. The morphology and high F contents 
suggest that these apatites are remnant igneous minerals.

Two distinct apatite compositions are present in the 
Bidgood trachytes (see Table 409.3). The first is very 
comparable to the Vigrass Lake apatite, the second is 
larger in size with embayed crystal boundaries and 
higher SrO contents (up to 3.38 weight ^0. They also 
contain numerous inclusions of barite, celestite-barite 
and carbonates too small to analyze. Inclusions of low Sr 
apatite can be observed in backscatter imagery as well as 
some Sr zonation (decreased S r toward the rim). Fluo 
rine contents are comparable in both apatite populations 
(mean of 3.41 weight (fo).

Apatite from Malone Lake rocks also occurs as 2 
generations of small (less than l mm), euhedral grains— 
as microphenocrysts, and as inclusions in the phlogopite 
and feldspar. Analyses of these apatites (see Table 409.4) 
are similar to those of Vigrass Lake and Bidgood with 
l .72 to4.69 weight Vo F and O to l .42 weight 06 CI. These 
are likely of magmatic origin.

DISCUSSION
Study of the 3 relatively fresh suites from the Timiskaming 
alkalic rocks indicates that primary igneous pyroxenes, 
feldspars, phlogopite and apatite are locally preserved. 
Pyroxene and feldspar compositions provide good evi 
dence for the alkalic characteristics of the Timiskaming 
group metavolcanic rocks, however, no feldspathoids 
have been unequivocally recognized in the present study. 
Using the classification of Streckeisen (1979), these 
rocks are trachyte to foid-bearing trachyte based on 
anhydrous CIPW norms, calculated using GPP (Geist et 
al. 1985).

Variation of A1203 versus SiO2 in augite from Vigrass 
Lake (Figure 409.5) defines subalkalic to alkalic trends 
(LeBas 1982). High BaO contents (up to 8.31 weight Wo) 
of feldspars are similar to barium contents of feldspars 
in other alkalic suites such as the leucite phonolites 
of the Roman Province (Holm 1982). The origin of 
"pseudoleucite", identified by Cooke and Moorhouse 
(1969) on a basis of morphology and the bulk rock

CPX Analyses - Vigrass Unit

CM
O 
of)

57.0

55.0

53.0

51.0

49.0

47.0

45.0

Subalkalic

x Peralkaline

0.0 2.0 4.0 6.0 
Al 203 wt 07o

8.0 10.0

Figure 409.5. Variation of A12O} versus SiO2 in augite from Vigrass Lake showing alkaline to subalkaline trend (LeBas 1982).
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Figure 409.6. Representative samples from the Vigrass, Bidgood and McVittie (Malone Lake) areas plotted on a MORB-normalized extended element 
plot (Pearce 1983). Data from the Timiskaming group metavolcanic rocks are compared with trachyte suites from a) the Gregory Rift, East Africa (Baker 
etal. 1977) and b) trachytes from the Batu Tava volcano, Sundra arc (Stolzet al. 1988). Dotted b'ne represents the subduction component from the example 
of the South Sandwich island arc (Pearce 1983).
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chemistry plotting in the leucite Held in the system 
NaAlSiO4-KAlSiO4-SiO2, at atmospheric pressure is 
unclear since no nepheline has been identified.

In the Vigrass and Bidgood suites, variability of 
elements such as K2O, SiO2, Sr is relatively high in 
comparison to variation in REE, suggesting that the 
former elements have been mobile. Alteration and meta 
somatism render it difficult to classify the Timiskaming 
trachytes according to conventional classification sys 
tems.

Recent studies of Timiskaming magmatism 
(Capdevila et al. 1982; Corfu et al. 1991) have suggested 
that the tectonic setting of this group of rocks relates to 
an island arc as opposed to a rift-related setting. Data 
from the Timiskaming trachytes (Figure 409.6) are com 
pared with trachytes from the continental Gregory Rift, 
East Africa (Baker et al. 1977) and the back arc volcanic 
rocks of the Sundra Arc, Indonesia (Stolz et al. 1988). 
The Timiskaming group metavolcanic rocks display en 
richment of Ba, Sr, K, Rb, Th and depletion of Nb similar 
to rocks of the Sundra arc suite. These characteristics 
contrast with the relative enrichment of Nb and deple 
tion of Ba and Sr in the East African rocks. Enrichment 
of LILE and depletion of Nb in the arc rocks is generally 
attributed to the selective transfer of elements to the 
mantle wedge above the subduction zone by slab-derived 
fluids (Pearce 1983). Trachytes from Mcvittie Township 
display high Mg values, high Cr and also have phlogopite 
phenocrysts with high Cr and Mg values. These charac 
teristics suggest that the trachytes have not undergone 
extensive fractional crystallization. The high Cr and Mg 
values combined with enriched LILE and light REE are 
similar to other Neoarchean volcanic and plutonic suites 
considered to be derived from partial melting of enriched 
mantle sources (Shirez and Hanson 1984; Stern and 
Hanson 1990).
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Biotite Associated with Gold Deposits at Kirkland Lake
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Ottawa-Carleton Geoscience Centre, Department of Earth Sciences, University of Ottawa, Ottawa, Ontario.

Numerous recent studies have demonstrated that the fluids responsible for the gold mineraliza 
tion in the Kirkland Lake area were strongly oxidizing. Evidence in support of this includes 
fractionation of sulphur isotopes, occurrence of minute barite-celestine phases, and other 
mineralogical or geochemical indicators that, in general, are not readily accessible to explorationists. 
It would therefore be useful to seek simple, inexpensive and yet reliable indicators of the oxidizing 
alteration associated with the Kirkland Lake deposits. The occurrence of hydrothermal biotite with 
an unusual green pleochroism in many of the felsic porphyritic rocks hosting the mineralization 
may prove to be such an indicator. The green pleochroism in biotite is known to be caused by high 
magnesium and ferrie iron (Fe3*) contents, compositional features that both indicate crystalliza 
tion under highly oxidizing conditions. This project is aimed at documenting the occurrence of 
green-pleochroic hydrothermal biotite in the igneous rocks associated with the gold deposits in 
the Kirkland Lake area, and assessing its usefulness as an indicator of oxidizing alteration. This 
will involve principally the chemical analysis of biotite samples, the determination of Fe^/Fe2* 
values by Mossbauer spectroscopy and the quantification of pleochroism by optical spectro 
photometry.

INTRODUCTION
Many recent studies of the gold deposits at Kirkland Lake 
have demonstrated that the ore fluids were particularly 
oxidizing. Cameron and Hattori (1987) found that 
sulphides from the Kirkland Lake ores were depleted in 
34S, an indication of isotopic fractionation with oxidized 
sulphate phases. More recently, the occurrence of hydro 
thermal barite-celestine intergrowths was documented 
at Kirkland Lake (Hattori 1989).

Approximately 97% of the ore at Kirkland Lake is 
hosted by syn- to late-tectonic syenite intrusions within 
and adjacent to the Kirkland Lake-Larder Lake fault 
zone (Hodgson 1986). Not surprisingly, numerous ge 
netic links have been proposed between these plutons 
and the ores (Hodgson 1983; Cameron and Carrigan 
1987; Cameron and Hattori 1987; Colvine et al. 1988).

Interestingly, a detailed mineralogical study of the 
Murdock Creek intrusion, a syenite pluton located 2 km 
south of the Macassa Mine, revealed that the magmas 
were strongly oxidized (Rowins et al. 1991). This need 
not imply, however, that the oxidizing fluids responsible 
for the gold deposits originated from the syenite plutons. 
Cameron (1989a, 1989b) and Colvine et al. (1988) have 
proposed models where both the oxidizing fluids and 
oxidized magmas would originate from CO2 fluxing of 
the lower crust and would then be funneled upward, 
through the crust, by large-scale shear zones.

Regardless of the exact nature of the association 
between the syenite plutons and the ore deposits, there

remains strong evidence that the Kirkland Lake ores 
were precipitated by strongly oxidizing fluids. Conse 
quently, there is an urgent need to seek and develop 
reliable mineralogical indicators of this hydrothermal 
oxidation for mineral exploration programs.

Biotite is probably the most powerful mineral for 
documenting oxidation in both magmas and hydrother 
mal fluids. At Kirkland Lake, it occurs as both primary 
phenocrysts in many of the felsic plutonic rocks, and also 
as a hydrothermal phase, crystallizing as fine, euhedral 
masses or partly replacing primary biotite. For many 
years, the experimental work of Wones and Eugster 
(1965) has allowed semi-quantitative determinations of 
oxygen fugacity from the Fe2*-Fe3*-Mg and FeAFe+Mg) 
composition of magmatic or hydrothermal biotite. This 
biotite oxygen geobarometer has been applied to innu 
merable ore deposits, but it requires considerable effort. 
First, the biotite must be separated and concentrated 
from the rock, a difficult task especially when grains have 
composite magmatic and hydrothermal origins, or if the 
mineral is partly chloritized. Second, the determination 
of Fe3*7Fe2* ratios in biotite is, in general, not easily 
performed and is subject to much analytical uncertainty. 
The usual wet-chemical Wilson titration method (Wil 
son 1960), although capable of rendering good results 
when meticulously performed, is often unreliable under 
usual circumstances (Lalonde and Rancour! 1990).

Mossbauer spectroscopy, an alternative method ca 
pable of rendering site-specific information and amazing 
accuracy, is not widely available and until very recently, 
was plagued by insufficient calibration and erroneous
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fundamental assumptions (Lalonde and Rancourt 1990; 
Rancourt 1989; Rancourt and Ping 1991; Rancourt et al. 
1992). This method also requires tedious mineral sepa 
ration and purification.

Fortunately, the optical properties of biotite may 
provide us with a simpler, inexpensive and yet reliable 
method of qualitatively evaluating oxygen fugacity that is 
particularly well suited to mineral exploration programs. 
The pleochroism of biotite has been known, for many 
years, to be strongly influenced by the composition of the 
mineral (Hall 1941; Hayama 1959). In a recently com 
pleted study of the composition and pleochroism of 
biotite from granitic rocks, Lalonde and Bernard (in 
press) concluded that red biotite was typical of reduced 
peraluminous granitic plutons whereas in oxidized 
metaluminous rocks, the biotite was green or brownish 
green.

In his MSc study on the magmatic and hydrothermal 
wall-rock alteration at the Lake Shore Mine in Kirkland 
Lake, Hicks (1990) documented the occurrence of un 
usually green-pleochroic biotite in and near the hydro 
thermal ore-veins. He also reported that primary phe- 
nocrysts of biotite were red. Thomson et al. (l 950) also 
commented on the alteration of primary biotite to green 
biotite in their report on the geology of the main ore zone 
at Kirkland Lake. Previous work on the colour-composi 
tion relationships in biotite (Hayama 1959; Lalonde and 
Bernard, in press) demonstrates that this green colour is 
indicative of high Fe3* contents. Although Hicks (1990) 
did not obtain Fe3*-Fe2* data, his chemical analyses (see 
below) suggest abnormally high contents of ferrie iron 
(Fe3*), consistent with strong oxidation. In short, the 
green hydrothermal biotite from the ore veins at Kirkland 
Lake holds much potential as an indicator of strong 
oxidation, a feature believed to be diagnostic of the 
mineralization in this mining camp.

This characteristic green pleochroic colour is strik 
ing and is observed in a standard petrographic thin 
section with the simplest microscope. It is important not 
to confuse this green-pleochroic biotite, which is the 
object of this project, with the green-coloured chromian 
muscovite, usually called fuchsite, that also occurs in 
many rocks of the area, for example, at the Kerr- 
Addision Mine in Virginiatown. Whereas the fuchsite is 
visibly green in hand specimen, the green-pleochroic 
biotite discussed in this paper is extremely fine-grained 
and would appear much like any other fine-grained dark 
mica in hand specimen.

OBJECTIVES OF THIS PROJECT
This project has clear objectives; it is aimed at assessing 
the potential of mica pleochroism as an indicator of 
oxidation in hydrot hermal gold-mineralized systems in 
the Kirkland Lake mining area. Previous work has dem 
onstrated clear relationships between the optical trans 
mission spectrum of biotite in visible wavelengths and 
the composition of the mineral. If the pleochroic colour

of hydrothermal biotite at Kirkland Lake can be related 
to compositional parameters which reflect oxygen fugac 
ity such as Fe3* content and F eAFe+Mg) ratio, then the 
pleochroic colour of mica could prove to be a simple, 
inexpensive, widely applicable and powerful exploration 
tool in identifying oxidized hydrothermal systems that 
are favourable to gold mineralization.

This project is to be conducted in 3 major steps. 
First, biotite specimens will be obtained from numerous 
mineralized zones in the Kirkland Lake area and also 
from the plutonic host-rocks. Several lamprophyre dikes 
will also be sampled as they also contain green-pleoch 
roic biotite and could have, according to some authors 
(Rock and Groves 1988), played a role in the mineraliza 
tion. Second, the biotite specimens will be analyzed for 
major element composition with the electron micro 
probe and for Fe^/Fe2* ratios by Mossbauer spectros 
copy. Third, the pleochroic colour of the biotite speci 
mens will be quantified by optical transmission spectro 
photometry. Colour-composition relationships will then 
be explored and the usefulness of pleochroism as an 
exploration indicator of hydrothermal oxidation will be 
assessed.

OCCURRENCE OF BIOTITE
A total of 37 rock specimens were collected during the 
1991 Held season. These include 27 specimens of the 
felsic hypabyssal and plutonic rocks associated with the 
mineralization along the Kirkland Lake-Larder Lake 
fault zone that were collected from Swastika in the west, 
toward Kirkland Lake and up to King Kirkland in the 
east. These specimens are from the augite syenite, syenite 
porphyry, quartz-feldspar porphyry and quartz porphyry 
units of Thomson (1950). The remaining 10 specimens 
are from lamprophyre dikes in the area. Also included are 
samples from the 6900 level of the Macassa Mine and 
from a biotite-rich syenite in Matachewan. Further sam 
pling will be conducted during 1992.

In the felsic hypabyssal and plutonic rocks, primary 
(magmatic) and hydrothermal biotite are recognized. 
The primary biotite occurs as small, euhedral plates, 
typically less than l mm across, with a distinct red, 
reddish-brown or brown pleochroism. This type of bi 
otite was found at all of the sampling sites. The hydro 
thermal biotite is, in contrast, green pleochroic in colour, 
and is much more restricted in occurrence. It was found 
associated with, or in the immediate vicinity of gold 
deposits, at the Teck-Hughes, Eastmaque, Macassa and 
Lake Shore properties. It occurs in numerous habits, 
including fine, anhedral crystals rimming phenocryst of 
primary biotite, irregular-shaped aggregates of fine 
grained anhedral crystals that are believed to be replace 
ments of an unknown earlier mineral (Photo 411.1), and 
also extremely fine, disseminated crystals in the felsic 
groundmass of the felsic rocks. The colour and habit of 
this hydrothermal biotite are such that it is easily con 
fused with chlorite; the higher birefringence of the biotite 
is, however, a distinctive characteristic.
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Photo 411.1. Photomicrograph of an aggregate of extremely fine, hy 
drothermal green biotite, apatite and magnetite in augite syenite from the 
Teck-Hughes property. Note the small crystal of dark-coloured primary 
biotite to the bottom right of the aggregate. Plane polarized light Field of 
view is 1.5 mm.

Green-pleochroic biotite is also found as primary 
crystals in many of the lamprophyre dikes that outcrop in 
the area, and in a foliated mafic syenite from a gold 
property near Matachewan. In the lamprophyre dikes, 
biotite is ubiquitous and occurs as large subhedral to 
euhedral phenocrysts, up to 3 cm across, and as smaller 
crystals in the fine-grained mafic groundmass. In the 
Matachewan syenite, the biotite forms large subhedral 
crystals up to 2 mm in length that define an excellent 
planar fabric. In both of these rocks (i.e., lamprophyre 
and mafic syenite) the pleochroism of the biotite is deep- 
green to brownish-green in colour, and is more saturated 
than in the hydrothermal biotite.

COMPOSITION OF BIOTITE
At present, 44 analyses of biotite from felsic and syenide 
porphyritic rocks of the Kirkland Lake area have been 
obtained with the electron microprobe. The mean of 
these analyses, according to their locality, are presented 
in Table 411.1. Biotite from the lamprophyre dikes has 
yet to be analyzed. Also included in Table 411.1 are 28 
analyses of green, hydrothermal biotite and primary red 
biotite from the Lake Shore Mine reported by Hicks 
(1990).

All of the micas analyzed are unusually magnesium- 
rich considering they are from granitic and syenitic 
rocks. In the total aluminum (sum of octahedral and 
tetrahedral aluminum) versus FeV(Fe*Mg) diagram (Fig 
ure 411.1), commonly used to portray the composition 
of iron-bearing trioctahedral micas, all of the biotite 
analyses cluster at low aluminum-contents and Fe/ 
(Fe+Mg) values, near the phlogopite-biotite boundary 
(horizontal dashed line in Figure 411.1). Values of Fe/ 
(Fe+Mg) range from 0.08 to 0.46. Since many of the 
micas have FeAFe+Mg) less than 0.33, they are strictly 
phlogopite in the sense of Deer et al. (1962). Despite this, 
and for the sake of simplicity, they are collectively 
referred to as biotite in this report. The strong magne 
sium-enrichment of the Kirkland Lake micas is probably 
their most significant compositional characteristic since

it implies, according to the work of Wones and Eugster 
(1965), extremely high oxygen fugacities.

Although Fe3* and Fe2* contents have yet to be 
determined (they will be measured by Mossbauer spec 
troscopy), the microprobe analyses nevertheless suggest 
high Fe3* contents. This is because recalculations of the 
mineral compositions, assuming 22 oxygens and all iron 
as Fe2*, yield formulae with high octahedral sheet occu 
pancies (o-occupancies), that in some cases, exceed the 
maximum value of 6 (Figure 411.2 and Table 411. l). Of 
all the green-pleochroic biotite specimens analyzed, 360Xo 
have o-occupancies greate rthan or equal to 6. This is in 
contrast with the primary red or brown biotites from the 
same rocks that all have o-occupancies less than 6. Such 
an excess of cations in the octahedral sheet would be 
expected if during the recalculation of a ferrie iron-rich 
mica, all iron was assumed as Fe2*, as was done here.

Another significant compositional feature of the 
biotite samples analyzed is the contrasting titanium 
contents of the green hydrothermal and primary red or 
brown biotite. The mean titanium content of primary red 
or brown biotite is 0.375 atoms per formula unit (a/fu) 
in contrast to only 0.135 a/fu in the green hydrothermal 
biotite. This compositional distinction is illustrated on 
Figure 411.3, a plot of FeAFe+Mg) versus total titanium 
(sum of octahedral and tetrahedral titanium). High tita 
nium contents are known to provoke red colouration in 
biotite (Hall 1941; Hayama 1959).

Although microprobe analyses of the biotite from 
the lamprophyre dikes has not yet been performed, 
preliminary Mossbauer work on the biotite from a dike 
immediately south of the Macassa Mine shows an impor 
tant spectral contribution of octahedral ferrie iro n (Fe3*) 
(Figure 411.4). Preliminary fitting of this spectrum sug 
gests a Fe3YFe2* ratio corresponding to the hematite- 
magnetite oxygen fugacity buffer.

DISCUSSION
The green hydrothermal biotite described in this initial 
report has much potential to become a simple indicator 
of hydrothermal oxidation in the rocks of the Kirkland 
Lake area. This mica is extremely magnesium-rich. Since 
it coexists with potassium-feldspar and magnetite, this 
strong magnesium-enrichment is indicative of crystalli 
zation under very high oxygen fugacities (Wones and 
Eugster 1965). This is also consistent with the high 
occupancies of the octahedral sheet in the green-pleo 
chroic biotite which suggests high ferrie iron (Fe3*) 
contents. Mossbauer spectroscopy of this hydrothermal 
biotite will confirm high ferrie iron contents.

While abundant evidence indicates that the green 
hydrothermal biotite crystallized under oxidizing condi 
tions, what remains to be determined with greater cer 
tainty is its association with the gold mineralization. 
During the initial sampling work, green hydrothermal 
biotite was found only in producing or past-producing 
mines, or in their immediate vicinity. Furthermore, in his
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Table 411.1. Chemical composition and mineral formulae of biotite from the Kirkland Lake area. Mineral formulae 
based on 22 oxygens and 2 (OH,F,C1). All iron assumed as Fe2*.
Specimen LKGR LKRD THGR THRD EMGR

Oxide ( weight ^t)
SiO2 38.63 36.92 38.22 35.66 39.69
TiO2 1.42 3.47 0.81 4.77 0.72
AlaO3 13.13 13.26 12.97 13.44 11.57
Cr2O3 0.55 0.07 n.a. n.a. n.a.
FeOTOT 12.73 16.03 14.75 17.36 14.69
MnO 0.09 0.13 0.16 0.14 0.15
MgO 18.56 14.69 16.74 12.99 17.25
CaO n.d. 0.01 0.06 0.02 0.13
Nap 0.03 0.07 0.05 0.13 0.04
K2O 9.19 9.08 9.72 9.55 9.87
H2O 4.00 4.02 3.64 3.58 3.75
F 0.17 n.d. 0.78 0.75 0.57
CI n.d. n.d. 0.01 0.01 0.01
OF.CI 0.07 n.d. 0.33 0.32 0.24
Total 98.58 97.76 98.26 98.73 98.68

Mineral formulae based on 22 oxygens
Si4* 5.76 5.65 5.83 5.51 6.00
W* 2.24 2.35 2.17 2.44 2.00
Ti4* 0.05
Z A site 8.00 8.00 8.00 8.00 8.00

"Al3* 0.07 0.03 0.16 0.06
Ti4* 0.16 0.40 0.09 0.51 0.08
Cr3* 0.06 0.01
Fe2* 1.59 2.05 1.88 2.24 1.86
Mn2* 0.01 0.02 0.02 0.02 0.02
Mg2* 4.13 3.35 3.80 2.99 3.89
Z O site 6.02 5.86 5.95 5.75 5.91

Ga2* 0.01 0.02
Na* 0.01 0.02 0.02 0.04 0.01
K* 1.75 1.77 1.89 1.88 1.90
Z A site 1.76 1.79 1.92 1.92 1.93

OH- 3.92 4.00 3.62 3.63 3.72
F- 0.08 0.38 0.37 0.27ci-

Fe7(Fe*Mg) 0.28 0.38 0.33 0.43 0.32
ALOT 2.31 2.39 2.33 2.44 2.06
TiTOT 0.16 0.40 0.09 0.55 0.08

note: n.a. - not analyzed
n.d. - not detected

Specimen legend:
LKGR Lake Shore Mine, green hydrothermal biotite, mean of 21 (Hicks
LKRD Lake Shore Mine, red primary biotite, mean of 7 (Hicks 1 990)
THGR Teck-Hughes property, green hydrothermal biotite, mean of 10
THRD Teck-Hughes property, red primary biotite, mean of 6
EMGR Eastmaque property, green hydrothermal biotite, mean of 4
EMRD Eastmaque property, red primary biotite, mean of 3
MCGR Macassa Mine, green hydrothermal biotite, mean of 4
MCRD Macassa Mine, brown primary biotite, mean of 8
MTGR Matachewan area, green primary biotite, mean of 3

EMRD

36.14
4.18

13.22
n.a.

16.15
0.14

14.03
0.05
0.07
9.50
3.68
0.61
0.01
0.26

98.05

5.57
2.40
0.03
8.00

0.46

2.08
0.02
3.23
5.79

0.01
0.02
1.87
1.90

3.70
0.30

0.39
2.40
0.49

1990)

MCGR

40.31
1.31

12.52
0.03

13.84
0.17

17.58
0.09
0.03
9.82
3.67
0.81
0.01
0.34

100.52

5.95
2.05

8.00

0.13
0.15

1.71
0.02
3.87
5.87

0.01
0.01
1.85
1.87

3.62
0.38

0.31
2.18
0.15

MCRD

38.66
0.89

13.57
n.a.

9.87
0.04

19.27
0.04
0.05

10.58
3.17
1.86
0.02
0.78

98.80

5.81
2.19

8.00

0.21
0.10

1.24

4.31
5.87

0.01
0.01
2.03
2.05

3.11
0.88

0.22
2.40
0.10

MTGR

37.93
1.45

14.50
n.a.

15.63
0.35

13.71
0.02
0.09

10.07
3.66
0.69
0.03
0.30

98.43

5.79
2.21

8.00

0.41
0.17

2.00
0.05
3.12
5.74

0.03
1.96
1.99

3.66
0.33
0.01

0.39
2.61
0.17
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study of the alteration at the Lake Shore Mine, Hicks 
(1990) documented an increase in abundance of green 
biotite toward the mineralized veins. Despite these initial 
observations, this question requires further work and 
will be addressed during the 1992 Held season.

It is also interesting to note the magnesium-rich 
nature of the primary biotite in the other rock units. In 
the felsic porphyritic rocks around the Kirkland Lake 
deposits, the primary red or brownish-red biotite is very 
magnesium-rich, although generally not as much as the 
green hydrothermal biotite. Green primary biotite in the 
mafic syenite at Matachewan is also magnesium-rich. 
These micas demonstrate that the magmas also under 
went strong oxidation. Although it is generally recog 
nized that die fluids responsible for the mineralization at 
Kirkland Lake did not originate directly from the plu 
tonic rocks in the vicinity because of time constraints, it 
is nevertheless interesting to observe that oxidation did 
prevail in the area over time, from magmatic to hydro 
thermal events.

Future work to be done in this project will include, 
as mentioned above, detailed sampling to verify the 
spatial association of green hydrothermal biotite with the 
gold mineralization. In addition, Mossbauer spectros 
copy of all the mica samples will determine the Fe^/Fe2* 
values. For the green hydrothermal biotite, this will 
require specialized analytical procedures because of the 
difficulty in separating large quantities of the mica. 
Finally, the colour of all the micas will be quantified by 
optical spectrophotometry. This last aspect, which is 
motivated by an ongoing interest of the author into the 
physical causes of colour in trioctahedral micas, should 
allow us to determine more specifically what composi 
tional features cause the unusual green pleochroism in 
the hydrothermal biotite and in some primary biotite 
from the area.
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A bacterium, Serratia sp., which was isolated from the tailings pond at the Golden Giant Mine, 
Marathon, Ont., demonstrated cyanide degrading ability in excess of 200 ppm free cyanide in 
laboratory sim ulation. This suggests that this organism has a role in natural cyanide detoxification 
of tailings leachates. Laboratory studies revealed that, under saturating conditions for the 
bacterial surface, this bacterium could rapidly precipitate ionic gold (13 jig/250 ug [dry weight] 
bacteria) as native gold. Interestingly, this reduction continued even when gold concentrations 
were increased to toxic levels (i.e., greater than or equal to 2 ppm). To model the natural mine 
tailings environment, Serratia sp. was grown in the presence of soluble gold-cyanide complexes 
to evaluate the stability of these complexes in the presence of the cyanide-degrading bacterium. 
We found that Serratia sp. could withstand up to 100 ppm of the cyanide-complexed gold. The 
immobilization of gold to a level of approximately 0.1 iig/250 ng (dry weight) bacteria in this model 
system was most likely due to specific immobilization by the cyanide-degrading enzyme system.

INTRODUCTION
The nucleation of gold in soils and sediments resulting in 
the formation of placer gold has been attributed to 
bacteria (Watterson 1991). It has been hypothesized that 
Pedomicrobium sp. are responsible for this biogeochemi 
cal process (Watterson 1991) but the specific mecha 
nism of gold uptake has not been determined. Watterson 
(1991), implicated the humic acid-rich Alaskan soils as 
sources of mobile complexed gold for eventual placer 
gold formation because the extremely reactive (unstable) 
nature of ionic gold under typical environmental condi 
tions would negate transport through aqueous systems. 
An alternative mechanism would involve two different 
sets of natural bacterial populations. The first set would 
be a specialized group of bacteria which produce cyanide 
as by-products of their metabolism (Knowles and Bunch 
1986) and would solubilize gold for transport. The 
second set would be another specialized group capable of 
degrading cyanide (Harris and Knowles 1983a,1983b; 
Meyers et al. 1991) and these would be the catalysts for 
the formation of placer gold.

The Golden Giant Mine employs a cyanidation pro 
cess in its gold mining operation. Although most of the 
residual cyanide from the gold mining operation is immo 
bilized as ferrie and cupric hydroxycyanide precipitates, 
residual free cyanide (15-20 ppm) and trace levels of 
soluble gold-cyanide complexes are also released to the 
tailings pond. Detoxification of free cyanide within these 
tailings relies on natural, primarily biological, degradative 
processes. The goals of this study were: l) to examine the

role of bacteria in cyanide detoxification at the Golden 
Giant Mine; and 2) to determine the stability of gold- 
cyanide complexes in the presence of cyanide-degrading 
bacteria.

METHODS
Isolation of Heterotrophic Bacteria
Water samples from the tailings pond and the groundwa- 
ter collection pond were pour plated using M9 minimal 
salts (GIBCO Laboratories, Grand Island, New York) 
supplemented with l.S^oglucose (carbon source), Q.05% 
yeast extract (cofactor source)(Difco Laboratories, De 
troit, Michigan), and trace metals. Isolated bacterial 
strains were maintained on Nutrient Agar (Difco Labo 
ratories, Detroit, Michigan).

Characterization of Cyanide- 
Degrading Bacteria
Bacterial isolates from the water samples were grown as 
a liquid culture in 0.05 M Hepes (Calbiochem-Behring, 
La Jolla, California), t.5% glucose, G.05% yeast extract 
and trace minerals supplemented with l mM (26 ppm) 
free cyanide. Cultures were grown at room temperature 
with shaking (200 rpm). Bacterial growth was moni 
tored by optical density at 600 nm (OD^nm) using a PYE 
UNICAM PU 8600 UV/VIS spectrophotometer. 
Growth in the presence of cyanide was indicative of
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cyanide-resistant bacteria. For comparison to our isolate, 
a cyanide-sensitive bacterium Pseudomonas aeruginosa 
PAO1, was also subjected to cyanide. Cyanide degrada 
tion was monitored using a Cyanid-Test kit (Merck & 
Co., Inc., Rahway, New Jersey).

Identification of Cyanide- 
Degrading Bacteria
The cyanide-degrading isolates were identified using the 
VTTEK* Gram-negative GNI identification system.

Interaction Between Serratia sp. 
and Ionic Gold
Serratia sp. cells were harvested from Nutrient Agar 
plates and suspended in dH2O to an ODoxmm - 0.2* 0.01. 
Ionic gold as AuCl3 (Au3*; 0.2 ppm, 2 ppm, 20 ppm and 
200 ppm) was added to 0.9 mL of the bacterial suspen 
sion (250 ug dry weight; l .0 mL final volume) and the 
reaction mixtures were incubated at room temperature 
for l h. The bacterial cells were collected by centrifuga- 
tion (14,000 X g) and examined by atomic absorption 
spectroscopy (AAS) for the presence of gold. Samples 
were also prepared for transmission electron microscopy 
(TEM). The toxicity of ionic gold to Serratia sp. was 
studied as a percent survival in the presence of 2 ppm and 
20 ppm ionic gold with concomitant metal analyses.

Interaction Between Serratia sp. 
and Gold-Cyanide Complexes
Serratia sp. was grown in liquid culture containing either 
no cyanide, 2 mM sodium cyanide or 2 mM sodium 
cyanide * 0.5 mM ionic gold (pre-mixed to complex the

gold). ODfioonm and cyanide determinations as well as the 
production of bioprecipitated gold were monitored over 
48 h. The bacterial cells were also examined by TEM and 
energy-dispersive X-ray spectroscopy (EDS).

Transmission Electron Microscopy 
(TEM)
Bacterial cells were examined as unstained whole mounts 
to evaluate electron density through gold accumulation. 
Routine TEM was performed using a Philips EM300 
while energy dispersive X-ray spectroscopy (EDS) for 
elemental analysis was performed on a Philips EM400T 
equipped with a LINK X-ray microanalyser.

RESULTS
The annual cycle (high in winter and low in summer) of 
total cyanide in the Golden Giant Mine tailings pond 
(Figure 418.1) suggested that natural biological pro 
cesses detoxify residual cyanide in the mining process 
water effluent. The isolation of an efficient cyanide- 
degrading bacterium (Figure 418.2) from the tailings 
region indicated that microbial bioremediation of re 
sidual cyanide occurs at the Golden Giant Mine. This 
bacterium was found to resist and degrade up to l O mM 
(260 ppm) free cyanide (Figure 418.3). It was identified 
asSerratia sp., a member of the family Enterobacteriaceae.

The interaction between Serratia sp. and ionic gold 
was examined to serve as a control for the 
biomineralization capacity of this bacterium for gold. 
These bacteria immobilized up to 13 ppm of ionic gold 
per 250 ug (dry weight) bacteria (Figure 418.4). The 
gold was immobilized as fine-grain (nm) colloids (Photo 
418.1) within the bacterial cells and was identified as

Figure 418.1. Hie concentration of total cyanide in the tailings pond at the Golden Giant Mine against time (yean) since the deposition of tailings began 
in 1985. The cyanide concentrations are now reduced to trace levels during the summer months when bioremediation of cyanide is most active.
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Figure 418.2. Growth (OD^^^) of Serratia sp. (isolated from the tailings pond) for 6 h in the presence of l mM (50 ppm) sodium cyanide. Serratia sp. 
demonstrated enhanced growth in comparison to the Pseudomonas aeruginosa (PA01), a cyanide-sensitive bacterium.
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Figure 4183. Growth (OD^^) of Serratia sp. in the presence of increasing concentrations of sodium cyanide monitored over three days. Serratia sp. 
survived exposures of up to 10 mM (260 ppm) of free cyanide.
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Figure 418.4. Immobilization of ionic gold from solution by Serratia sp. (250 \ig dry weight) in the presence of l mL of 0.2 ppm, 2 ppm, 20 ppm and 
200 ppm ionic gold f or l h.
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native gold using EDS analysis (Figure 418.5). Ionic gold 
was found to be extremely toxic to the bacterial cells. 
Concentrations of 2 ppm and 20 ppm ionic gold killed 
SQP/o and 10007o of the bacterial cells within l h and l 
min, respectively (Rgure 418.6). TTie immobilization 
kinetics of the ionic gold by Serra t ia sp. during the 
toxicity experiment demonstrated that dead bacterial 
cells still precipitated ionic gold from solution over time 
(Rgure 418.7). In particular, the period between the 30 
min sample and the 60 min sample saw a drastic increase 
(approximately 10096) in the immobilization of ionic 
gold.

In contrast to unbound ionic gold, which demon 
strated toxicity toward Serratia sp. (see Figure 418.6), 
100 ppm of cyanide-complexed gold was not highly toxic 
toward this bacterium. Reduced growth of Serratia sp. 
was observed in the presence of 0.5 mM ionic gold (100 
ppm) complexed with 2 mM (52 ppm) sodium cyanide 
when compared with a cyanide grown culture (Figure 
418.8). Serratia sp. degraded all of the detectable cya 
nide in both culture systems within 48 h (Figure 418.9). 
TEM examination of Serratia sp. revealed increased 
electron density in the cells grown in the presence of 
complexed gold (Photo 418.2B) in comparison to the 
cyanide grown cells (Photo 418.2A). Although EDS did 
not reveal a cellular gold signal in the gold-cyanide test 
system (data not shown), AAS did identify the presence 
of low levels of gold (less than l ppm) associated with the 
bacterial cells.

DISCUSSION
Natural bioremediation of cyanide-containing effluents 
occurs at the Golden Giant Mine. Since the tailings 
inception (1985), the cyanide concentrations have de 
creased from year to year down to trace levels (less than 
l ppm; see Figure 418.1) during the summer months 
when bioremediation is most vigorous. An active cya 

nide-degrading microbial population (including Serratia 
sp.; see Figures 418.2 and 418.3) is likely responsible for 
this progressive reduction.

Serratia sp. provided significant reducing power for 
the immobilization of ionic gold to its native form. 
However, the mechanism of gold mineralization is un 
usual in two aspects: l) the gold was distributed through 
put the inside of the bacteria (see Photo 418. l) and 2) the 
immobilization of gold occurred as two phases over time 
(see Figure 418.7). Internal immobilization of gold is 
contrary to most biomineralization processes which oc 
cur at the outer surface of bacteria (Ferris et al. 1989). 
Presumably, during the first phase of gold mineraliza 
tion, the gold enters the cells and exhibits a toxic effect 
(see Figures 418.6 and 418.7; time ~ l min). This 
resulted in the immobilization of 3 ppm of native gold. 
The second phase is unusual in that it continues in dead 
cells (see Figures 418.6 and 418.7; time as 30 min). A 
possible explanation for this phenomenon is that the 
initial exposure to gold saturates and complexes the cell 
surface which destroys the semi-permeable membrane 
barrier (phase 1). More gold is able to penetrate the 
intracellular substance and complex with it; this new 
complex acts as the catalyst for the continued nucleation 
of gold (phase 2), seen as colloids of native gold (see 
Figure 418.5) in Photo 418.1.

Although Serratia sp. is capable of degrading free 
cyanide (see Figures 418.2 and 418.3), it does not seem 
able to degrade significant quantities of cyanide- 
complexed gold. Degradation of these complexes would 
destabilize the gold and allow for gold biomineralization 
to occur. In our laboratory model, only trace levels of 
gold (approximately 0.1 ppm/25 O ug dry weight bacteria 
[mL bacterial culture]) were immobilized from a growth 
medium containing 100 ppm of complexed gold. Since 
ionic gold, as it precipitates to colloidal gold, is toxic to 
cells, and since no fine-grained gold was seen in cells 
during this experiment, it is possible that Serratia sp. has

Photo 418.1. Unstained TEM micrograph of Serratia sp. incubated in 
the presence of 20 ppm ionic gold for l h at room temperature. Note the fine- 
grained colloidal material (bar scale s 100 nm).

Figure 418.5. EDS spectrum of the colloidal material present in the cells 
in Photo 418.1. The phosphorus, sulphur and calcium signals are biologi 
cally derived. The copper and iron signals are front the support grid.
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Figure 418.7. The immobilization of ionic gold by Serratia sp. incubated in the presence of 2 ppm and 20 ppm gold against time (min). The 
immobilization of gold in the 20 ppm experiment appears to be biphasic.
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Figure 418.8. Growth curves of Serratia sp. on glucose (control), glucose plus 2 mM (l 00 ppm) sodium cyanide, and on glucose plus (0.5 mM [100 ppm] 
ionic gold and 2 mM sodium cyanide) against time (h). Complexed gold was found to be non-toxic to Serratia sp.
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Figure 418.9. Cyanide concentrations determined during the growth of Serratia sp. in the presence of 2 mM sodium cyanide (CM) and 0.5 mM ionic 
gold plus 2 mM sodium cyanide (AuCN) against time (h) demonstrating the degradation of detectable cyanide.

Photo 418.2. A) Unstained TEM micrograph of Serratia sp. grown in the presence of glucose plus 2 mM (100 ppm) sodium cyanide. B) Unstained TEM 
micrograph of Serratia sp. grown in the presence of glucose plus (2 mM sodium cyanide premixed with 0.5 mM ionic gold) (bar scales — 100 run).

evolved a mechanism whereby the cyanide substituent is 
cleaved from the cyanide-gold complex (to be used as a 
nutrient) and the ionic gold thus formed is immediately 
neutralized by special complexing agents within the cell. 
Due to its close proximity to the destabilized gold, the 
cyanide-degrading enzyme complex is likely responsible 
for most of the gold biomineralization observed in this 
test system. With a specific mechanism for gold precipi 
tation, the toxicity of the gold would be reduced, colloi 
dal gold would not form, but the cell would increase its 
electron density for TEM.

Several different bacteria have demonstrated the 
ability to degrade free cyanide. Dorr and Knowles (1989) 
described two different enzymes; a cyanide oxygenase 
and a cyanase, both of which detoxify free cyanide. The 
specificity of these enzymes toward metal-cyanide com 
plexes has not yet been determined, however, Rollinson 
et al. (1987) and Silva-Avaloset al. (1990) demonstrated 
that several cyanide-degrading bacteria were able to

digest nickel-cyanide complexes. In our study, degrada 
tion of gold-cyanide complexes was evident through gold 
biomineralization (Figure 418.10). This demonstrates 
that cyanide-degrading bacteria can scavenge (precipi 
tate) trace level of gold from soluble gold-cyanide com 
plexes.
FUTURE STUDIES
Future studies will concentrate on the following ques 
tions and rationale.
1. Can Serratia sp. immobilize gold from very dilute 

solutions containing very low (ppb) concentrations of 
gold-cyanide complexes? This would define the effi 
ciency limits of gold biomineralization by cyanide- 
degrading bacteria.

2. What is the actual mechanism of cyanide degrada 
tion? By identifying the cyanide-degrading enzyme in 
Serratia sp., we can determine whether the low level
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Figure 418.10. The immobilization of gold from solution by Serratia sp. grown in the presence of glucose plus (0.5 mM ionic gold and 2 mM sodium 
cyanide) against time (h).

of gold biomineralization observed in the gold-cya 
nide model was the result of enzyme toxicity or of the 
amount of enzyme produced by the bacteria.

3. Can we optimize the conditions for cyanide degrada 
tion (enzyme activity) to enhance biomineralization 
of cyanide-complexed gold? Through physiological 
(nutrition, temperature and pH) and/or genetic ma 
nipulation (recombinant DNA technology), we should 
be able to improve on the cyanide-degrading capacity 
of Serratia sp. Preliminary nutritional studies suggest 
that cyanide degradation is enhanced by near starva 
tion conditions. By carefully controlling the growth of 
Serratia sp., more efficient cyanide degradation (and 
gold biomineralization) should be achieved.
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Conversion Factors for Measurements in 
Ontario Geological Survey Publications

Conversion from SI to Imperial

57 unit Multiplied by Gives

Conversion from Imperial to SI

Imperial unit Multiplied by Gives

LENGTH
mm
cm
m
m
km

0.039 37
0.393 70
3.28084
0.049 709 7
0.621 371

inches
inches
feet
chains
miles (statute)

inch
inch
foot
chain
mile (statute)

25.4
2.54
0.3048

20.1168
1.609344

mm
cm
m
m
km

AREA
1 cm2
1 m2
1km2
lha

0.1550
10.763 9
0.386 10
2.471 054

square inches
square feet
square miles
acres

1 square inch
1 square foot
1 square mile
1 acre

6.451 6
0.092 903 04
2.589 988
0.404 685 6

cm2
m2
km2
ha

VOLUME
1 cm3
1 m3
1 m3

0.061 02
35.3147

1.3080

cubic inches
cubic feet
cubic yards

1 cubic inch
1 cubic foot
1 cubic yard

16.387 064
0.02831685
0.764 555

cm 3
m 3
m3

CAPACITY
1 L
1 L
1 L

1.759755
0.879 877
0.21 9 969

pints
quarts
gallons

1 pint
1 quart
1 gallon

0.568261
1.136522
4.546 090

L
L
L

MASS
lg
lg
1kg
1kg
It
1kg
It

0.035 273 96
0.03215075
2.204 62
0.001 102 3
1.102311
0.00098421
0.984 206 5

ounces (avdp)
ounces (troy)
pounds (avdp)
tons (short)
tons (short)
tons (long)
tons (long)

ounce (avdp)
ounce (troy)
pound (avdp)
ton (short)
ton (short)
ton (long)
ton (long)

28.349 523
31.1034768
0.453 592 37

907.184 74
0.907 184 74

1016.0469088
1.0160469088

g
g
kg
kg
t
kg
t

CONCENTRATION
Ig/i

Ig/t

0.0291666

0.583 333 33

ounce (troy)/ 
ton (short)
pennyweights/ 
ton (short)

1 ounce (troy)/ 
ton (short)
1 pennyweight/ 
ton (short)

34.2857142

1.7142857

gA

gA

OTHER USEFUL CONVERSION FACTORS 
l ounce (troy per ton) (short) 20.0 pennyweights per ton (short) 
l pennyweight per ton (short) 0.05 ounces (troy) per ton (short)

Note: Conversion factors that are in bold type are exact. The conversion factors have been taken from or have 
been derived from factors given in the Metric Practice Guide for the Canadian Mining and Metallurgical 
Industries, published by the Mining Association of Canada in co-operation with the Coal Association of Canada.
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